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Preface

Malignant transformation is associated with genomic instability in part related to
underlying defects in DNA repair. While such defects may promote the evolution
of oncogenesis, they may also be exploited for therapeutic benefit through the iden-
tification of targetable synthetic lethal interactions. The clinical benefit afforded
by inhibitors of poly(ADP-ribose) polymerase (PARP) enzymes in BRCA1/2 and
other homologous recombination repair (HRR)-defective tumor cells has served
as proof-of-principle for the concept of synthetic lethality. Seminal preclinical
findings were first described in 2005, leading to an established role for PARP
inhibitors in the armamentarium for HRR-deficient ovarian, breast, prostate, and
pancreatic cancers. Additionally, while foundational science has led to important
clinical progress, the availability of PARP inhibitor pharmacological agents has
enabled an improved basic understanding of HRR and of other DNA repair and
DNA damage response pathways. These advances have been made through the
study of the mechanisms by which PARP inhibitors induce cytotoxicity, as well as
by elucidation of mechanisms of intrinsic and acquired resistance. This work has
also facilitated the identification of combinatorial strategies that may ultimately
enhance response or overcome resistance.

In this volume, we have assembled chapters authored by leaders in the field
that review accomplishments achieved over the past two decades of basic discov-
ery and clinical work, and that point to new strategies poised to translate to benefit
for patients with cancers harboring DNA repair deficiencies. These chapters focus
on multiple pressing issues for the field beginning with the evolution of PARP
inhibitor drug development, the biology of synthetic lethality, our current under-
standing of mechanisms of PARP inhibitor resistance, and the development of
predictive biomarkers for response to these agents (Chaps. 1–4). Thereafter, indi-
vidual chapters review up-to-date evidence supporting the use of PARP inhibitors
in appropriate subsets of patients with ovarian, breast, prostate, and pancreatic
cancers (Chaps. 5–8). Subsequently, the complex state of the field of combinato-
rial strategy development is addressed, including combinations of PARP inhibitors
with chemotherapy, HRR targeting agents, other agents targeting the DNA dam-
age response, as well as with immunotherapy. These sections, Chaps. 9–12, cover
mechanisms of synergism, supporting preclinical data, as well as available clin-
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ical results, including both efficacy and toxicity considerations. Finally, reviews
are presented in Chaps. 13–17 that cover other targets beyond PARP enzymes for
which preclinical and clinical data are now accumulating, including the oxida-
tive DNA repair protein human MutT homolog 1 (MTH1), ataxia telangiectasia
and Rad3-related (ATR), polymerase theta (POLθ), DNA-PK, and the Werner
syndrome ATP-dependent helicase (WRN).

The field of DNA repair and DNA damage response pathway targeting with
pharmacological agents is rapidly moving forward. Additionally, there is growing
recognition of larger numbers of patients who may ultimately benefit from these
agents. These include individuals with pathogenic germline variants in DNA repair
genes whose tumors may harbor functional DNA repair deficiencies based on
inherited predisposition, who may be identified as germline testing becomes more
widespread. Similarly, many somatic alterations that could also lead to functional
DNA repair deficiency have yet to be characterized. Consequently, we present in
this volume an authoritative state-of-the-art review of the field, with the goal of
providing a foundation for a wide audience, as basic, translational, and clinical
science continue to evolve.

Houston, USA
Boston, USA

Timothy A. Yap
Geoffrey I. Shapiro
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1Evolution of the Development
of PARP Inhibitors

Ruth Plummer

1.1 Introduction

The poly (ADP-ribose)polymerases (PARPs), a family of highly conserved
enzymes found in plants and animals, were first described nearly 60 years ago
[1]. This family of enzymes has multiple roles within the cell, being involved in
the maintenance of genomic stability, regulation of DNA repair, telomer replication
and cellular transport [2, 3], and longevity [4]. However, it is now known that there
are at least 22 ADP-ribosylating enzymes with a variety of cellular functions, with
some now known to be mono-ribosylating, hence the family now being known
generically as ADPRTs ((ADP-ribosyl)-transferases) rather than PARPs [5]. The
NAD+ catalytic binding site is the most highly conserved region of the family of
enzymes.

The common action of the poly-ribosylators is to form polymers of ADP-ribose
from NAD+ on acceptor molecules, which include glutamate residues on the PARP
enzyme itself—automodification. The common mechanism of action of all PARP
enzymes is shown in Fig. 1.1, NAD+ binds in the catalytic site and is cleaved to
release nicotinamide and ADP-ribose. This monomer subunit is then attached to
other subunits to form long branched or linear polymers.

PARP-1 is the most abundant form of the enzyme and is highly conserved
between species. It is located in the nucleus, acting as a “molecular nick sensor”
to signal DNA single strand breaks and assist in their repair [6]. A second nuclear
PARP (PARP-2) was discovered in the late 1990s [7].
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B

Fig. 1.1 Catalytic mechanism of PARP enzymes. A) PARP cleaves NAD+releasing nicotinamide
and covalently attaches linear and branched polymers of ADP-ribose, which may>100 units long,
to acceptor proteins. B) charge distribution on polymer

It is now known that both PARP-1 and PARP-2, the two nuclear forms of the
enzyme, function as part of the DNA Damage Response signalling pathway, pro-
tecting the genome. PARP-1 and 2 double knockout is embryologically lethal [8],
showing the essential nature of these enzymes. Single knockout animals are viable
but have increased sensitivity to DNA-damaging agents with cell lines developed
from the animals showing increased genomic instability [9–11].

Although much of the early research into the function of PARP was focussed
on the role of activation in inflammation and acute injury it was evidence that loss
of PARP, or its inhibition, increased sensitivity to DNA damaging agents which
led to the development of PARP inhibitors as potential anti-cancer agents. The
first description of inhibition of this reaction, using the nicotinamide analogue and
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weak PARP inhibitor, 3-amino-benzamide, enhancing the cytotoxicity of a DNA
damaging agent was by Durkacz et al. in 1980 [12], and this seminal paper had the
visionary conclusion that inhibition of PARP might be a way to overcome resis-
tance to chemotherapy and improve cancer treatment outcomes. In the concluding
paragraph of this paper the authors suggested that this “potentiation of cell killing
by alkylating agents and PARP inhibitors may be of use in the treatment of human
leukaemia”. This concept of chemo- or indeed radio-potentiation led to the active
development of potential clinical compounds.

Chicken PARP-1 protein was purified in 1996 [13] with human PARP-1 being
cloned in 2001 [14]. This enabled crystal structures to be developed and ratio-
nal drug design of the next generation of more potent inhibitors. Hence over the
1990s and early 2000s a number of academic groups and pharma developed series
of potent inhibitors, with the majority of the first series of molecules being compet-
itive inhibitors of NAD+ at the highly conserved substrate binding site, (reviewed
in [15, 16]. For this reason, the first generation of PARP inhibitors to be granted
drug registration inhibit multiple PARP enzymes [17].

PARP inhibitors therefore first entered the clinic in 2003 in combination with
DNA damaging cytotoxic agents, based on the early preclinical data showing both
chemo- and radio-potentiation with this class of compounds. At the time there was
also considerable ongoing preclinical research and interest in potential clinical
indications outside cancer medicine based on the observations of the protective
effects of PARP inhibition or the PARP knockout mutation in cerebral ischaemia,
endotoxic shock, inflammatory disorders and reperfusion injury (reviewed in [18,
19]. The activation of PARP-1 and its putative role in necrotic cell death has led
to the suggestion that PARP inhibitors might prevent such activation and decrease
resultant cell death. It has been suggested that such agents could be used as a
neuroprotective agent after ischaemic stroke and traumatic brain injury, could be
cardioprotective after myocardial infarction, and could be used in the treatment of
Alzheimer’s disease and endotoxic shock (reviewed in [19]) although these clinical
indications have not been actively explored to date. The two modes for cell kill
where PARPs play a critical role and hence the potential clinical applications are
summarised in Fig. 1.2.

Further research, happening in parallel to the first early cancer medicine clin-
ical trials, identified the potential single agent activity in the context of synthetic
lethality which is where the clinical development of the class of compounds
has subsequently been most successful and emerging data on a potential role of
PARP in signalling through immune activation has led to a third area of clinical
interest—combination with immunotherapy.

These first chemo-potentiation studies and the evolution of preclinical science
widening the field of potential clinical applications are summarised below, with
reference to the other relevant chapters in this manuscript where current clinical
applications for this class of agents is covered in more detail.
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Fig. 1.2 PARP activation in response to DNA damage and potential clinical scenarios when PARP
inhibition may be of benefit

1.2 FIH/FIC Trials and PARP Inhibition Biomarker
Development—Chemo Potentiation

It was in an attempt to demonstrate the potentiation of the antitumour effect of the
monofunctional alkylating agent, temozolomide, that PARP inhibitors first entered
clinical trials in cancer patients. At this time, given there was no data to sup-
port single agent PARP inhibitor activity and the concept of synthetic lethality
between PARP and BRCA defects had not emerged, it was considered ethical to
perform a first-in-human combination study. In addition, the investigators were
able to demonstrate a clear mechanistic rationale for the potentiation proposed
when discussing with regulatory authorities.

Temozolomide methylates DNA at the O6- and N7-position of guanine and the
N3-position of adenine. The most cytotoxic of these lesions is O6-methylguanine,
because, unless it is repaired by MGMT prior to replication, it will miss-pair
triggering the mismatch repair (MMR) proteins to initiate futile repair cycles,
resulting in apoptosis [20]. It is now recognised that MGMT methylation is a pre-
dictive biomarker of temozolomide resistance [21]. The N-methylpurines, (~80%
of the methylation species), are targets for BER and usually rapidly repaired by
PARP-1 and 2 playing no role in cytotoxicity with single agent use of temoxolo-
mide. The hypothesis that blocking the repair of these methylation species with a
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PARP inhibitor would lead to chemopotentiation was backed by a range of pre-
clinical studies. PD128763 and NU1025 increased temozolomide-induced DNA
strand breakage and caused a four to seven-fold potentiation of cytotoxicity [22].
CEP-6800 and GPI 15427 increased temozolomide-induced DNA damage and
cytotoxicity or growth inhibition in human glioblastoma cells and enhanced the
antitumour activity of temozolomide in mice bearing gliomas, including intracra-
nially implanted tumours [23, 24]. It was this background, together with the lack
of evidence at the time of any single agent activity in preclinical models, led to
rucaparib entering the clinic in 2003 in a pharmacodynamically driven dose finding
study in combination with temozolomide [25].

This potent tricyclic indole PARP inhibitor, (AG014699, PF-01367338), was
developed in collaboration between Newcastle University, Cancer Research UK
and Agouron Pharmacueticals (part of Pfizer GRD) and subsequently by Clovis
Oncology, and was the first-in-class PARP inhibitor to enter clinical development
in 2003. The trial was designed to explore combination dosing—however it had
a novel phase 0/I design and included a single agent test dose was given in cycle
one to allow safety, pharmacokinetic (PK) and pharmacodynamic (PD) evaluation
[25]. This study was also one of the first to be driven by a pharmacodynamic end-
point, establishing a PARP inhibitory dose of the novel agent, before attempting to
evaluate the maximum tolerated dose (MTD) of the combination. PARP inhibition
in surrogate normal tissues, peripheral blood lymphocytes (PBLs), was a primary
endpoint of the study with a >50% inhibition for 24 hours being the target based on
the preclinical efficacy studies. Inhibition of the target enzyme was demonstrated
in peripheral blood cells and tumour biopsies and the combination taken into a
phase II study in metastatic melanoma. However, this second trial demonstrated
enhanced temozolomide-induced myelosuppression when full dose temozolomide
was combined with a PARP inhibitory does of AG014699 to a wider population
of patients. Following a 25% dose reduction of the temozolomide dose the regi-
men was well tolerated and this small phase II study reported an increase in the
response rate and median time to progression compared to temozolomide alone
[26]. These data have not been further progressed in the clinic following the shift
in focus of PARP inhibitor development towards single agent activity and away
from chemo-combinations.

This enhanced normal tissue toxicity recapitulated experience with previous
DNA damage response modulators, O6-benzyl guanine and lomaguatrib [27–30]
and has been a common theme with all DDR inhibitors when clinical development
has tried to safely combine with a DNA damaging agents. Enhanced normal tissue
toxicity, especially myelosuppression, is a predictable but common dose-limiting
problem.

In an NCI-sponsored combination study of olaparib with cisplatin and gemc-
itabine, dose-limiting toxicity of myelosuppression was reported at the first dose
level explored. The investigators de-escalated the dose to establish a MTD [31].
Similarly, veliparib in combination with topotecan, was also investigated by the
NCI, and dose-limiting myelosuppression was observed at the first dose level and



6 R. Plummer

the MTD established with the PARP inhibitory dose was a significantly reduced
dose of topotecan at 0.6 mg/m2 days 1–5 [32].

Enhanced normal tissue toxicity has also been reported with olaparib in com-
bination with dacarbazine [33] cyclophosphamide [34] and paclitaxel [35]. In the
case of the latter agent, it may be that inhibition of telomerase (PARP-4) is respon-
sible for this enhanced toxicity as inhibition of SSB repair would not be expected
to increase the myelosuppression caused by an antimitotic agent. As discussed
above the majority of PARP inhibitors in the clinic target the highly conserved
substrate binding site in the enzyme family and will therefore inhibit to differing
degrees various enzymes in the ADP-ribosylating family.

First reports of the agent iniparib (BSI-201 (BiPar, Sanofi Aventis) in combina-
tion with carboplatin and gemcitabine did not present this toxicity challenge [36,
37]. Clinical trials with this agent explored an intermittent twice weekly schedule
and reported no increase in normal tissue toxicity [37, 38]. A randomised phase
II study of a total 120 triple negative breast cancer patients where treatment with
BSI-201 on the biweekly schedule (days 1, 4, 8, 11) combined with carboplatin
(AUC2) and gemcitabine 1000 mg/m2 days 1 and 8 was compared to treatment
with carboplatin and gemcitabine alone showed an increased objective response
rate (48 v 16%, p = 0.002), median progression free survival (6.9 v 3.3 months,
p < 0.0001) and overall survival (9.6 v 7.5 months, p = 0.0005). However, this
striking result was not recapitulated in the phase III confirmatory study [39] and
recent studies investigating its mechanism of action suggest that iniparib should
not be considered a PARP inhibitor [40, 41].

All these early studies with proven PARP inhibitors demonstrated the same
clinical challenge—inhibiting the repair of DNA strand breaks also enhances nor-
mal tissue toxicity especially myelosuppression, which is dose limiting with many
cytotoxic agents. In addition, the complexities of the iniparib development story
may further have reduced enthusiasm for investigators and drug developers pur-
suing this potential mode of action for the clinical utility of PARP inhibitors and
this avenue of clinical utility was largely abandoned for a number of years and the
focus of clinical development moved to single agent use. The subsequent progress
more recently in chemo-combinations is discussed in more detail in Chap. 9.

1.3 Emergence of Concept of Synthetic Lethality
and Change in Development Path

The publication in 2005 of paired papers in Nature from the academic research
groups in Sheffield/Newcastle and ICR, London/Cambridge revolutionised the
clinical development of PARP inhibitors [42, 43]. These preclinical cell line and
xenograft experiments demonstrated that cells which have lost the homologous
recombination DSB repair pathway due to BRCA 1 or 2 mutations are hyper-
sensitive to blockade of single strand break repair with a PARP inhibitor. The
proposed mechanism of cytotoxicity is that blocking the repair of spontaneously
occurring SSB leads to the formation of double strand breaks at the replication fork
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in dividing cells. In normal or heterozygote cells the DSB repair mechanisms can
resolve the lesion and DNA replication and cell division continues. However, in
cells where DSB repair is not functional, such as those with a homozygous muta-
tion in BRCA1 or BRCA2, the loss of two DNA repair pathways causes synthetic
lethality and cell death [42, 43].

This observation was first tested clinically with Olaparib (KU59436, AZD2281;
KuDos/AstraZeneca). This agent was the second drug in the class to enter the
clinic in 2005 and the investigators based their phase I trial design on the preclin-
ical results described above. Therefore they did a single agent, continuous dosing
phase I escalation study with an expanded cohort of patients with known germ
line mutations in BRCA1 or BRCA2 genes. These patients have presumed loss of
the second allele by mutation or methylation as a tumour-forming event [44]. This
study used an oral formulation of an inhibitor and explored dosing from 10 mg
daily for two out of three weeks, increasing to 600 mg twice daily on a continuous
dosing schedule to achieve optimal PK and PD parameters. Dose limiting toxicities
were myelosuppression and central nervous system side effects. The recommended
phase II dose is 400 mg twice daily as continuous dosing, using the original cap-
sule formulation of Olaparib. 9/23 patients developed confirmed partial responses
on this phase I study, all of these had confirmed BRCA mutations, and this rep-
resented a 39% response rate in this population. Toxicities were similar in the
germline BRCA-mutated and normal population. The investigators also demon-
strated an increase in γH2AX foci in plucked eyebrow hair follicles 6 hours after
olaparib treatment. These foci indicate the accumulation of DNA double strand
breaks, indicating a proof of mechanism of the process of synthetic lethality where
preservation of SSB by PARP inhibition leads to the formation of DNA DSB. It
must be noted that this mechanistic proof was demonstrated in normal tissue not in
the tumour. These data do raise a concern over the potential dangers of continuous
dosing over a long period if there is accumulation of DNA damage within normal
tissue, with a theoretical risk of secondary malignancies.

This early sign of single agent activity in genomically selected populations was
confirmed by 2 small phase II studies of olaparib in BRCA1 or BRCA2 mutant
carriers in breast and ovarian cancer respectively. These studies were also the first
to indicate that dose and therefore degree and duration of PARP inhibition may
be important when used in the context of synthetic lethality. Both these studies
explored response and toxicity in two sequential cohorts of patients treated with
400 mg twice daily and 100 mg twice daily. The activity as a single agent was
confirmed in the 400 mg cohorts but there was less activity in the lower dose
cohorts suggesting that the degree of PARP inhibition is important for response.
In the breast cancer study 27 patients with metastatic disease were treated at each
of the doses. The response rate in the 400 mg cohort was 41%, falling to 22% with
the lower dose [45]. Toxicities were less on the lower dose cohort but mild overall,
with fatigue, nausea and vomiting the commonest toxicities with this generally
well tolerated agent. This dose response was confirmed in the ovarian study where
33 patients were treated at 400 mg bd and 24 at 100 mg bd with a 33% confirmed
partial response rate at the higher dose and 13% at the lower dose [46]. Further
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confirmation of this strategy to induce synthetic lethality was also demonstrated
in a phase II study with rucaparib [47], although initially in this trial rucaparib
was in use as an intravenous preparation limiting the ability to give prolonged
coverage, which has been shown to be important in this context both clinically
and preclinically [48].

The early demonstration of efficacy, with good tolerability, utilising the concept
of synthetic lethality has certainly driven the development of subsequent PARP
inhibitors to enter the clinic and also the first registrations of this new class of anti-
cancer agents. The clinical development path and current indications are described
in more detail in Chaps. 2, 5, 6, 7 and 8.

1.4 Interaction with the Immune System—Widening
the Field

The most recent “evolution” in the clinical development of the PARP inhibitors has
arisen from the hypothesis that PARP inhibition can cause activation of interferon
pathways—causing immune activation similar to that seen after a viral infection.
This “signature” was first reported by the group in Belfast exploring signatures
observed in breast cancer samples following DNA damage [49] and was proposed
by them as a potential clinical scenario to explore. The activation of the cGAS
STING pathway using PARP inhibitors has subsequently been confirms by mul-
tiple groups [50, 51], and, in addition, it has been shown that PARP inhibition
can also increase PDL-1 expression in tumour models [52, 53]. These observa-
tions have led to multiple clinical trials combining PARP inhibitors with immune
checkpoint inhibitors [54]—and this field is reviewed in detail in Chap. 12.

1.5 Conclusion

PARP inhibitors have been in clinical development in cancer medicine for nearly
20 years, with now four approved agents, olaparib, rucaparib, niraparib, tala-
zoparib, and multiple others in clinical development. The history of their clinical
development illustrates the importance of translational research and the bench to
bedside approach of cancer drug development. Whilst the class of agents entered
the clinic in the early 2000s as chemo-potentiating agents based on the available
preclinical data and clinical development paths rapidly adapted to parallel preclin-
ical research. As is illustrated in the following chapters we now have a powerful
class of drugs available to patients in our armamentarium to treat cancer and ongo-
ing clinical development is increasing the groups of patients who may benefit from
treatment with a PARP inhibitor.
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2Exploiting Cancer Synthetic Lethality
in Cancer—Lessons Learnt
from PARP Inhibitors

Stephen J. Pettitt, Colm J. Ryan, and Christopher J. Lord

2.1 Introduction

One of the more pervasive hallmarks of many cancers are defects in the complex
network of proteins and processes comprising the DNA damage response (DDR)
network that normally maintain the integrity of the genome. Defects in the DDR
likely foster tumourigenesis by enabling mutations to occur that give cells new,
oncogenic, properties and historically were identified by noting that many can-
cers have highly disordered genomes and are sensitive to agents that cause DNA
damage (e.g. radiotherapy or DNA-damaging chemotherapies) [1]. More recently
though, the molecular basis of cancer-specific defects in DNA repair has been
established by the identification of multiple cancer driver genes whose dysfunction
either causes defects in the DDR (e.g. tumour suppressors such as the “caretak-
ers”, BRCA1, BRCA2, PALB2, RAD51C, RAD51D, the Fanconi’s Anaemia (FANC)
family of genes and ATM), those whose dysfunction contributes to the formation
of cancer by disturbing the normal progression, repair and restart of replication
forks e.g. CCNE1 (a phenotype known as replication fork stress [2]) and those
genes whose dysfunction allows the result of these DDR defects (i.e. mutations
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and gross chromosomal rearrangements) to be passed onto daughter cells (‘gate-
keepers” such as p53). Rather ironically, many of the vulnerabilities that arise in
cancer cells because of a dysregulated DDR, include the targeting of components
of the DDR itself [3]. Aside from the use of radiotherapy and classical chemother-
apies (which target DDR defects by overwhelming tumour cells with DNA damage
they are unable to effectively repair) perhaps the most well-understood example
of a cancer-specific DDR defect being therapeutically targeted via inhibition of a
DDR component is that of PARP inhibitors (PARPi) that inhibit the function of
the DNA repair protein PARP1 [4]. As discussed throughout this book, PARPi are
particularly effective in killing tumour cells [5, 6] and treating cancers [7] that
have defects in the genes that control DNA repair by homologous recombination
(HR e.g. BRCA1, BRCA2, PALB2, RAD51C, RAD51D etc.). Moreover, the sensi-
tivity of HR defective tumours to PARPi provides perhaps the best example of the
application of the synthetic lethal principle, the biological concept that describes
how a particular combination (or “synthesis”) of defects in a cell causes cell death
(e.g. defect in BRCA1/2 plus inhibition of PARP1, the target of PARPi), whereas
the same defects, when occurring in isolation, do not [8–11].

The details of how the BRCA/PARPi synthetic lethality was identified and how
this effect has been exploited therapeutically are discussed in detail throughout
this book. Here we discuss what lessons have been learnt from studying this par-
ticular synthetic lethality and how these lessons and principles could inform how
inhibitors of other DNA repair proteins could be used.

2.2 Lesson 1: Synthetic Lethal Penetrance Is Important

For a synthetic lethal interaction to be of practical use in biomarker-driven cancer
treatment, loss of one partner should be highly predictive of profound vulnera-
bility to loss or inhibition of the other, regardless of other molecular differences
that may exist in different tumours and patients In genetic terms, this is referred
to as highly penetrant or robust [12]. For example, one of the features of the
BRCA1/BRCA2 plus PARPi synthetic lethality is that the effect achieved is pro-
found in a number of contexts including cell lines from multiple cancer types (e.g.
breast, ovarian, pancreatic), cell lines from different species and in both in vitro and
in vivo model systems [5, 6, 13]. One of the lessons learnt from large-scale shRNA,
CRISPR-Cas9 and drug sensitivity screens is that such highly penetrant cancer-
associated synthetic lethality effects are the rarity rather than the norm. This issue
of penetrance has been one of the challenges that has limited the identification of
actionable synthetic lethal interactions associated with commonly occurring onco-
genes such as KRAS, where a number of real and profound synthetic lethal effects
have been identified, but these tend to be private to individual model systems [14].
It is therefore important to discriminate experimentally identified synthetic lethal
interactions that are private to a very particular context (e.g. seen in one isogenic
system) from those that apply more generally. These latter, highly penetrant, inter-
actions can be identified empirically by validating interactions across large panels
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of cell lines, tumour organoids, tumour xenografts etc. or by using genetic pertur-
bation technologies to assess how robust a synthetic lethal effect is in the face of
mutation (Fig. 2.1).

Based on these principles and observations from large-scale genetic perturbation
screens, heuristics for the identification of such highly penetrant effects have been
proposed, including: (i) the molecular pathway targetted being broadly essential or
having an essential role in tumours, (ii) the synthetic lethal partners having a close
functional relationship such as membership of a common pathway; (iii) lack of cell
type specificity in expression of the synthetic lethal genes and (iv) conservation
of synthetic lethal effects across species barriers [12]. While these heuristics seem
like intuitive approaches to identify more penetrant effects, to date only the use of
a close functional relationship (as suggested by a protein–protein interaction) has
been empirically demonstrated to have utility in identifying robust synthetic lethals
[15]. The routine assessment of penetrance when describing a synthetic lethality
is likely to be important in ensuring that only robust effects are progressed to

A.

B.

Cell line 1 Cell line 2 Cell line 3 Cell line 4 Cell line 5 Cell line 6 Cell line 7

All cell lines have mutation in Gene A

Is synthetic 
lethality with 
Gene B seen ?

C. Cell Lines as above PDO 1 PDO 2 Tumour bearing mice

Fig. 2.1 Synthetic lethal penetrance.A. Illustration of the principle of genetic synthetic lethality.
Deletion of either gene A or gene B is viable, but deletion of both in the same cell results in loss of
viability. B. A low penetrance synthetic lethal effect operates in a limited range of cell line models,
likely due to further dependency on genetic background or cell type. C. Ideally, a therapeutically
useful synthetic lethality is applicable across a wide range of cell line backgrounds, tumour and
in vivo models
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biomarker-driven trials. For example, a number of newer DNA repair inhibitors
are now either in pre-clinical or clinical development as synthetic lethal treatments
for cancer, including inhibitors of ATM, ATR, DNAPK or Polθ (see other chapters
in this book). Based on the understanding that the penetrance of a synthetic lethal
interaction might determine its eventual clinical effectiveness, determining how
penetrant the synthetic lethal interactions are with these inhibitors might be seen
as a key objective.

2.3 Lesson 2: Synthetic Lethal Phenocopy Effects Provide
Additional Indications for DDR Inhibitors

Prior to the discovery of the BRCA/PARPi synthetic lethality [5, 6], the concept
of BRCAness was defined, i.e. the existence of tumours that do not have germ-
line mutations in either BRCA1 or BRCA2 (gBRCAm) but which exhibit many of
the phenotypes of gBRCAm cancers [16]. These phenotypes include histological
features, transcriptomic profiles that resemble gBRCAm cancers, a defect in homol-
ogous recombination, distinct mutational patterns or scars in the genome that are
a consequence of defective HR, or indeed sensitivity to drugs such as platinum
salts that target defective HR [16, 17]. The introduction of PARPi into clinical use
and large-scale tumour genomic DNA sequencing has extended this definition to
include those cancers that exhibit PARPi sensitivity and the wider group of cancers
that have mutations that also impair HR [17]. For example, shortly after the iden-
tification of synthetic lethality between PARPi and BRCA1 or BRCA2 defects, a
small-scale short-hairpin (sh)RNA interference screen demonstrated that defects in
any one of a series of genes involved in HR (RAD51, RAD54, DSS1, RPA1, NBS1,
ATR, ATM, CHK1, CHK2, FANCD2, FANCA, or FANCC) cause PARPi synthetic
lethality [18], observations confirmed by hypothesis-driven experiments [19–22]
as well as a whole genome shRNA screen, where 74 DDR genes, significantly
enriched in those involved in HR (e.g. CDK12, RAD51C, RAD51D) were impli-
cated in PARPi sensitivity [23]. Similar sets of genes have been demonstrated
to control PARPi sensitivity in more recent genome-wide CRISPR screening
approaches, which has further revealed the role of genes outside the well-known
HR regulators, such as the RNASEH2 family [24].

The appeal of phenocopies from a therapeutic point of view is to exapand the
number of patients that could potentially benefit from a synthetic lethal therapy.
For example, a “BRCAness” gene panel is now approved to direct the use of
a PARPi in castration resistant prostate cancer, whereas in gynaecological can-
cers, signatures of genomic instability derived from tumour sequencing data are
used to select patients for PARPi treatment, even in the absence of a germ-line
or somatic BRCA1/2 mutation [4]. This observation that multiple members of a
specific pathway may display similar synthetic lethal effects is consistent with
systematic studies in model organisms [25, 26], suggesting that it is unlikely to
be specific to PARPi. The same phenocopy paradigm might therefore be used to
direct the use of some of the newer DDR inhibitors in development. For example,
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ATR inhibitor synthetic lethality is seen in models of gynaecological cancer that
have a mutation in the SWI/SNF tumour suppressor gene ARID1A [27]. The SWI/
SNF complex is involved in chromatin remodeling and includes proteins encoded
by other tumour suppressors such as SMARCA4 and PBRM1. Defects in these
genes cause ATRi sensitivity [28–30] as do defects in other SWI/SNF complex
proteins present in synovial sarcomas [31]. As such, some consideration could be
given to whether ATRi synthetic lethality is a common feature of “SWI/SNFness”
in the same way that BRCAness is characterised by PARPi sensitivity.

2.4 Lesson 3: Resistance Can Emerge via Modulation
of Either Synthetic Lethal Partner

The first clinical approval for a PARPi was in 2014 [32] and so at the time of
writing (2021) PARPi have only been in widespread clinical use for a relatively
short time. Because of this, the ability to study and understand how drug resis-
tance to a synthetic lethal DDR therapy has been limited, when compared to, for
example, standard-of-care targeted therapies such as endocrine agents that have
been in use for decades. Nevertheless, there is some understanding of how PARPi
resistance occurs, most of which has been delineated by pre-clinical investigation.
Although this is discussed in other chapters of this book, in brief, PARPi resis-
tance can occur via: (i) modulation of the drug target, PARP1 itself, for example
via mutations in PARP1 or via changes in PARP1 PARylation caused by loss of
PARG [33]; (ii) modulation of the synthetic lethal partner, for example, via loss
of BRCA1 promoter hypermethylation or reversion mutation that restores the open
reading frame and function of a BRCAness gene; (iii) compensatory changes in
other DNA repair genes, such as TP53BP1, MAD2L2, SHLD1/2/3, that restore HR
in BRCA1 mutant tumour cells [34]; (iv) pharmacokinetic changes that reduce the
cellular concentration of PARPi, such as upregulation of P-glycoprotein pumps
[35] (Fig. 2.2). In totality, the discovery of these different mechanisms suggests
that for synthetic lethal treatments, drug resistance might not simply emerge via
modulation of the drug target or the drug itself, as is common for many other
targeted therapies, but also via modulation of the synthetic lethal partner (e.g.
reversion mutation), a phenomenon termed synthetic lethal resistance [36]. It will
be interesting to see whether resistance to other synthetic lethal effects in cancer
also emerges via synthetic lethal resistance or whether modulation of drug and/or
drug target is a more dominant mechanism; of course, whether this occurs might
be very dependent upon the precise synthetic lethal pairing under consideration as
it is possible that: (i) some drug targets do not tolerate mutations that restore func-
tion and/or prevent inhibition; (ii) some cancer driver genes involved in synthetic
lethal interactions are not able to revert, as their continued dysfunction is critical
to the fitness of the tumour cell. Nevertheless, the study of how drug resistance
develops in the BRCA/PARP inhibitor synthetic lethality has certainly indicated
that a focus on just the drug target might not be wise when one is looking for
mechanisms of drug resistance.
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A.
Drug target PARP1

Synthetic lethal gene
(e.g. BRCA1)

Viable Viable Synthetic lethal

Resistance via drug and/or 
drug target
e.g. Drug efflux
e.g. PARP1 mutation
e.g. PARG loss

Resistance via synthetic 
lethal target
e.g. synthetic lethal gene 
reversion
e.g. alterations in other genes 
in network

B.

C.

Fig. 2.2 Resistance to synthetic lethal therapies can occur via modulation of either partner.
A. An example synthetic lethal interaction exploited via a drug inhibiting one of the partners (e.g.
PARP1-BRCA1). B. Resistance occurring via effects proximal to the drug target, e.g. resistance-
causing PARP1 mutation or upregulation of drug efflux.C. Resistance may also occur by bypassing
the genetic mutation, e.g. via reversion mutation or pathway bypass of the synthetic lethal partner

2.5 Lesson 4: Synthetic Lethal Interactions that Appear
to Be Digenic Are Probably Polygenic and Complex

Knowingly or not, when synthetic lethal interactions in cancer are discussed there
is often an implicit assumption that a phenotype controlled by only two genes (a
digenic effect) is being considered. Of course, for a fully penetrant effect (e.g.
defect in gene A + defect in gene B always causes cell death with no excep-
tions) the synthetic lethality is indeed digenic. However, it is likely that many of
the synthetic lethal effects currently being developed as cancer therapies are actu-
ally polygenic, i.e. like many cellular phenotypes these are controlled by multiple
genes. Furthermore, they may also be complex, i.e. influenced by both genetic and
environmental factors and potentially interactions between the two. Strictly speak-
ing, the fact that a synthetic lethal effect is not fully penetrant (there are some
contexts where dysfunction in A and B do not cause cell death), implies other
modifiers, either genetic or environmental, are involved. Indeed, we already know
this to be the case for PARPi synthetic lethality. For example, the synthetic lethal
interaction between BRCA1 and PARPi in model systems is not simply a digenic
interaction between BRCA1 and PARP1 but is a polygenic phenotype controlled
by additional genes such as 53BP1, REV7, SHLD1/2/3 etc. Likewise, the ultimate
therapeutic effect of PARPi in in vivo models of gBRCAm cancer is modified by
the presence or absence of an adaptive immune response [37], suggesting an even
more complex interaction between BRCA genes, PARP1 and the genes and envi-
ronmental factors that control the immune response. Whether this is the case for
many other synthetic lethal effects in cancer remains to be empirically established,
but given that none identified thus far appear fully penetrant, the suggestion is that
most are indeed polygenic and/or complex. What does this mean for the continued
study of and application of synthetic lethal effects in cancer? Two obvious things:
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(i) the likely polygenicity and complexity of cancer synthetic lethals suggests that
trying to identify modifiers of an apparently digenic synthetic lethal effect might
be very worthwhile, especially if the aim is to develop predictive biomarkers that
effectively stratify patients for treatment; and (ii) an acceptance that the most accu-
rate biomarkers of a favourable response to a synthetic lethal treatment are likely
to be polygenic biomarkers that take into account not just the status of the drug
target and its synthetic lethal cancer driver gene, but also the known polygenic
modifiers of the synthetic lethality.

2.6 Lesson 5: Drug Resistance Could Be Targeted
via Evolutionary Double Binds

The observation of synthetic lethality in cancer suggests that although a cancer
driver gene alteration might provide a tumour cell with a fitness advantage, it also
imparts a synthetic lethal vulnerability. The same logic could also be applied to
thinking about how to target therapy resistance. For example, the study of drug
resistance to PARPi has shown that although loss of 53BP1, REV7, SHLD1/2/3
etc. cause PARPi resistance in BRCA1m cells, these alterations also impart ATR
inhibitor [38], Polθ inhibitor [39, 40] or radiosensitivity [41] onto tumour cells. In
evolutionary terms, this could be viewed as a double bind [42]; the selective pres-
sure of an initial treatment (PARPi) forces the evolution of a tumour cell population
down a particular molecular route (e.g. loss of 53BP1), which whilst initially pro-
viding a fitness advantage to the cell, also imposes a phenotypic fitness cost, which
in this case is (for example) Polθ inhibitor sensitivity [39, 40]. This example also
neatly illustrates why the study of therapy resistance to synthetic lethal effects is
necessary—not just so that biomarkers can be identified that could monitor the
early emerge of therapy resistant tumour clones, but also so that new vulnerabili-
ties put in place by the resistance mechanism can be therapeutically exploited. Is
this something peculiar to PARPi? Almost certainly not; much of what is known
about double binds when applied to cancer treatment has come from the study of
targeted treatments that exploit effects such as oncogene addiction [42]. Never-
theless, the concept of double binds might be very relevant to optimising not just
PARPi synthetic lethality but also other DDR inhibitor related synthetic lethals.
For example, early studies examining ATR inhibitor resistance identified loss of
CDC25 as a driver [43]. Whilst loss of CDC25 allows cells to stall the cell cycle
to repair DNA damage prior to mitosis (something that is less likely when an ATR
inhibitor is present), it does now impose a dependency upon the WEE1 cell cycle
checkpoint kinase, which can be exploited using WEE1 inhibitors [43].
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2.7 Horizon Scanning—What’s Next ?

There remain several highly mutated tumour suppressor genes for which a syn-
thetic lethal target has yet to be identified and/or developed. Chief among these is
p53—although it is likely that many active cancer treatments target p53 deficiency
to some extent, there are no agents for which a p53 defect is a sensitive and spe-
cific biomarker of efficacy. As synthetic lethal effects are typically identified by
comparing models with an alteration of a driver gene to models without that alter-
ation, the near ubiquitous deregulation of the p53 pathway can make this approach
problematic. Loss of p53, or some phenocopy thereof, is likely so critical to the
cancer phenotype (or even immortalisation of normal cells in culture) that cur-
rently used models and methods of synthetic lethal identification in cell lines may
be ill equipped to identify these effects. This has also presented difficulties with
other common tumour suppressor genes such as RB1 as most cancer cell lines har-
bour a genetic alteration of at least one member of the RB pathway. Nonetheless
several recent studies have identified promising synthetic lethal effects associating
mutation of RB1 with increased sensitivity to Aurora A/B, TSC2 or SKP2 inhibi-
tion [44–48]. As with tumour suppressors, the identification of highly-penetrant
synthetic lethal interactions for a number of common oncogenes (KRAS, MYC)
also remains challenging.

While synthetic lethality serves well as a principle for identifying genetic
vulnerabilities in cancer, there are several ways in which the concept could be
developed to better suit the genetic diversity encountered in tumours and the
tools available for therapy. The synthetic lethal experimental approach is often
predicated on cells having exactly one null mutation in a query gene and being
effectively assessed against a large number of null mutations in other genes to dis-
cover synthetic lethal partners. However, cancers develop from a diverse range of
cell types, acquire multiple driver mutations, are associated with stromal cells and
may have mutations that do not lead to complete loss of function. These charac-
teristics can be taken into account to some extent in the analysis and prioritisation
of synthetic lethal interactions.

One possibility to tackle the problem of multiple driver events in cells is to
combine synthetic lethal treatments. This strategy could either exploit synthetic
lethal interactions with two driver mutations in distinct pathways or consider a
particular common combination of alterations as a single “query” for synthetic
lethal discovery. For example, although KRAS mutations are uncommon in BRCA-
associated breast and ovarian cancers, they occur frequently in pancreatic cancers
with BRCA-gene mutations. This may represent an opportunity, which would not
be present in breast or ovarian cancer, for combination of PARP inhibitors with
agents targeting KRAS mutations such as MEK inhibitors.

In the example above, two interventions would be combined that target separate
mutations that occur within the same tumour (MEK inhibitors targeting RAS muta-
tions; PARP inhibitors targeting BRCA1/2 mutations). Such an approach relies
primarily on the identification of pairwise synthetic lethal relationships. However,
it is also possible, and indeed likely, that individual driver gene alterations may
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sensitise cells to specific combinations of therapies. For example, KRAS mutation
has been shown in preclinical models to be associated with increased sensitivity
to a combination of CHEK1 and MK2 inhibitors [49]. Such higher-order synthetic
lethal effects could potentially be exploited therapeutically, but the major challenge
is in identifying them. The space of possible combinations of drugs to test is enor-
mous, and therefore approaches to prioritise those most likely to be synergistic in
specific contexts are required.
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3Mechanisms of PARP Inhibitor
Resistance

Mark J. O’Connor and Josep V. Forment

3.1 Introduction

Poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) represent the first can-
cer medicines based on the targeting of the DNA Damage Response (DDR) and
have transformed the therapeutic landscape for advanced ovarian cancer as well as
expanding treatment options for other tumor types, including breast, pancreatic and
prostate cancer. In spite of the success of PARPi, not all patients can gain clinical
benefit from them, either because of primary resistance, or because of acquired
resistance during treatment.

The mechanism of action of PARPi as single agents was originally described as
a synthetic lethality (SL) relationship between mutations in the breast cancer sus-
ceptibility and tumour suppressor genes BRCA1 and BRCA2 (BRCA genes) when
combined with the inhibition of PARP enzymes [1, 2]. Later, this SL relationship
was extended to other genes that played a role in the homologous recombination
repair (HRR) of DNA double-strand breaks (DSBs) [3]. Cancers that do not con-
tain defined HRR deficiencies (HRD) are unlikely to respond well to single-agent
PARPi in preclinical models [4] or as monotherapy in the clinic [5–8]. Thus, HRR
proficiency (HRP), represents a primary mechanism of resistance to PARPi. While
there have been a number of additional PARPi resistance mechanisms described
over the last 15 years, it has emerged that the majority of those observed in clini-
cal material, either samples analysed directly from patients or from patient-derived
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tumour models, involve reactivation of HRR to some degree or other, leading to
effective DNA DSB repair following PARPi treatment and consequently PARPi
resistance.

3.2 Overview of PARP Inhibitor Mechanisms of Resistance

The first PARPi to be tested as monotherapy in BRCA-deficient cancer patients
was olaparib [8] with the Phase 1 clinical trial initiated in 2005. The first mecha-
nism of PARPi resistance published was in 2008 and this described the emergence
of secondary mutations within the BRCA genes that led to a regain of function
[9–11]. Since then, there have been a number of PARPi resistance mechanisms
described (Fig. 3.1). These can be divided into those where the BRCA function-
ality (or HRR proficiency) status of the tumor cells is key in determining PARPi
response, or those operating independently of HRR status. Not all of these pro-
posed mechanisms of resistance have had the same level of validation, some being
observed only in cancer cell lines in vitro, others also in patient-derived in vivo
models, and only a small number identified in patient’s tumour samples directly
from the clinic. Here, we will focus primarily on mechanisms of resistance that
modulate tumor BRCA/HRR status and are consistently observed clinically or in
patient-derived xenograft (PDX) models in relevant disease settings.

Patients In vivo In vitro
Mechanism confirmed in:

PDX

Independent of BRCA/HRR status Dependent on HRR status 

Increased drug efflux 
(MDR1 overexpression)

Low levels of trapped 
PARP1 on DNA

Epithelial mesenchymal 
transition (EMT)

Loss of SLFN11

PARG deficiency

Secondary reversion 
mutations in HRR genes

DDR rewiring 
(53BP1/Shieldin complex)

Replication fork
protection

Restored HRR gene 
expression

BRCA1 hypomorphs

Fig. 3.1 Mechanisms of PARP inhibitor resistance can be divided into those that are independent
of HRR status and those that are not. MDR (multi-drug resistance); HRR (homologous recombi-
nation repair); DDR (DNA damage response); PDX (Patient Derived eXplant in vivo models)
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3.3 BRCA/HRR-Independent Mechanisms of PARPi Resistance

3.3.1 Increased P-glycoprotein Expression and Drug Efflux

Olaparib resistance was first observed in BRCA1 and BRCA2 knockout (KO)
genetically engineered mouse models (GEMMs) after long-term treatment dura-
tion. Olaparib is a P-glycoprotein (P-gp) substrate and the mouse ATP-binding
cassette (ABC) drug efflux transporter P-glycoprotein ABCB1, also known as
MDR1 in humans, can be upregulated in response to drug treatment. Overexpres-
sion of P-gp was one of the earlier mechanisms of PARPi resistance to be described
[12, 13]. Indeed, the propensity for this to drive olaparib resistance in these syn-
geneic mouse models effectively masked the ability to identify other mechanisms
of PARPi resistance. The generation of AZD2461, an olaparib-related PARP1/
2 inhibitor, that was not a substrate for P-gp [14], has facilitated the discovery
of several additional potential routes by which PARPi resistance in BRCA1 and
BRCA2 KO GEMMs can be generated, as described in the sections below.

Many drugs, including some PARPi, are ABC drug efflux substrates. Upregu-
lation of MDR1 has been found in small numbers of chemotherapy-resistant and/
or PARPi-resistant high-grade serous ovarian cancer patient tumours [15, 16]. In
the case of PARPi-resistant tumours, MDR1 overexpression was accompanied by
other alterations linked to resistance [15] and as such, it is still not clear how
clinically relevant this mechanism of PARPi resistance may be.

3.3.2 Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT), where epithelial cells lose their cell
polarity and gain migratory and invasive properties, is essential for numerous
developmental processes [17] but it is also associated with cancer metastasis and
drug resistance [18]. Two independent studies using BRCA2 KO GEMMs identi-
fied EMT as being associated with PARPi resistance [19, 20]. In the first, a subset
of mammary tumors generated in the K14cre; Brca2; Tp53 KO mice were charac-
terized as EMT-like sarcomatoid and were associated with multi-drug resistance,
including to the PARPi olaparib. However, in this case, poor response was associ-
ated with high P-gp expression and could be overcome using a P-gp inhibitor in
combination with olaparib [19]. In the second study, the use of the non-P-gp sub-
strate PARPi AZD2461 in a BlgCre Brca2/Tp53-mutant mouse mammary model
resulted in an increase in the proportion of metaplastic spindle cell carcinoma cells
that was also associated with an increase in P-gp expression. However, the increase
in P-gp was not the cause of resistance to PARPi, since there was no impact on
tumour PARPi levels or the level of PARP1 PARylation inhibition in the resistant
tumours. Moreover, in this study, there was also no observable downregulation
of PARP1 levels or the re-establishment of DNA DSB repair by HRR associated
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with tumour outgrowth, suggesting PARPi resistance was likely a product of an as-
yet unidentified mechanism associated with a rapid transition to the mesenchymal
phenotype [20].

In addition to these two studies in GEMMs, a study in small-cell lung cancer
PDX models and cell lines has also identified a link between EMT and PARPi
resistance [21]. In the same study, high SLFN11 expression levels were associated
with PARPi response and resistance with low levels of SLFN11.

3.3.3 Loss of SLFN11 Expression

A member of the schlaffen (SLFN) family of proteins, found only in mammals,
SLFN11 is a putative nuclear DNA/RNA helicase, the expression level of which
has one of the strongest genomic correlations with sensitivity to anti-replicative
agents such as topotecan, etoposide, cisplatin and PARPi [22]. As indicated by its
name (schlaffen is German for ‘sleep’), SLFN11 enforces irreversible cell cycle
arrest in S-phase upon the induction of DNA damage that can induce replica-
tion stress [22]. Under these circumstances SLFN11, recruited to chromatin by
phospho-RPA, binds the extended single strand DNA that results following repli-
cation fork stalling, and arrests replication by blocking the replicative helicase
complex. Loss of SLFN11 has been proposed to induce resistance to a variety of
DNA damaging agents (but not radiation) as well as PARPi [23, 24], presumably
by removing this important protective mechanism against genome instability [22].
The relevance of SLFN11 as a mechanism of resistance, both in PDX models and
in the clinic, is still to be determined, since there was no obvious correlation with
PARPi resistance in a large cohort of breast PDX models [24] and only a trend
for the correlation of high SLFN11 expression with better progression-free sur-
vival (PFS) in an ovarian cancer maintenance trial where olaparib treatment was
compared to placebo [25]. Further analyses of both the SLFN11 mechanism and
importance as a biomarker of PARPi response are needed.

3.3.4 Low Levels of Trapped PARP1 on DNA

PARPi that demonstrate monotherapy activity in the clinic in HRD cancers, not
only inhibit PARP enzymatic activity (inhibition of poly(ADP-ribose) (PAR) for-
mation) but also physically trap PARP onto DNA [26]. The importance of PARP
trapping as an integral component of PARPi activity has previously been described
[27–29]. The implication is that the potential for PARPi-associated DNA replica-
tion fork stalling and DSB induction will be influenced by the number of PARP
trapping events, which in turn could be determined by the cellular levels of PARP
protein, the number of genomic DNA single-strand breaks (SSBs) and the ability
of PARP protein to bind to them. This is supported by evidence that low lev-
els of basal total or activated PARP1 (determined by either total PARP1 protein
and/or PARP1 auto-PARylation) is associated with poor PARP inhibitor response
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[30, 31]. Genetic backgrounds that can act as modifiers of PARPi response
in HRD cancer cell backgrounds have been identified, a recent example being
the loss of 2’-Deoxynucleoside 5’-Phosphate N-Hydrolase 1 (DNPH1), a hydro-
lase that removes a specific modified nucleotide, 5-hydroxymethyl-deoxyuridine
monophosphate (hmdU), which when removed by the SMUG1 glycosylase results
in increased DNA SSBs, PARP trapping and HRD cancer cell death [32]. It is
therefore likely that the reverse is also true, and the loss of glycosylases that gen-
erate DNA SSBs, such as MUTYH, have been linked to a decrease in DNA SSB
formation and PARP activation [33]. More recently, in vitro studies have shown
that PARP1 mutant proteins that have lost their ability to bind DNA also confer
resistance to PARPi [34, 35]. How frequently a reduction in PARP trapping is
associated with PARPi response is difficult to gauge currently, since there is little
in the way of clinical evidence for it.

3.3.5 PARG Deficiency

Poly(ADP-ribose) glycohydrolase (PARG) essentially catalyses the opposite reac-
tion of PARPs (1 and 2) by degrading PAR chains [36]. PARG loss associated
with PARPi resistance has been described in a BRCA2 KO GEMM model treated
with AZD2461 [37]. Mechanistically, it has been shown that loss of PARG expres-
sion allows for some PARylation to occur even in the presence of PARPi, including
PARP1 auto-PARylation, important to allow PARP1 dissociation from DNA facili-
tating DNA repair. Consequently, PARG deficiency led to reduced PARP1 trapping
and DNA damage accumulation [37]. To date, there is little evidence that this
mechanism represents an important one in the clinic.

3.4 BRCA/HRR-Dependent Mechanisms of PARPi Resistance

3.4.1 The Importance of Dynamic Markers of HRR Status

As described earlier, the primary driver of PARPi single agent sensitivity in a tumor
is HRD and for innate resistance it is HRP. As we shall see from the examples
below, current literature suggests that in most cases, acquired resistance will likely
result from the reactivation of HRR and that there are multiple mechanisms by
which this can occur. Moreover, reactivation of HRR can occur in the presence
of the original BRCA1, BRCA2 or non-BRCA HRR gene mutations or genomic
‘scars’ associated with HRD, making it difficult to predict the current HRR status
in the tumour and therefore likely response to PARPi.

In order to overcome these limitations, there are current efforts to develop
dynamic functional biomarkers of HRR status for use in the clinic. One such
promising approach that has already been extremely useful in preclinical stud-
ies of PARPi resistance, is the quantification of the RAD51 protein in discrete,
sub-nuclear structures termed “foci” by immunofluorescence (IF) microscopy [38,
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39]. RAD51 is a key mediator of HRR and its recruitment to DNA damage sites by
the complex of BRCA1-PALB2-BRCA2 proteins, is essential for effective repair
of DNA DSBs by HRR (Fig. 3.2). This recruitment can be measured by IF using
RAD51-specific antibodies on FFPE sections at baseline without the need to apply
exogenous DNA damage to the samples, providing an indicator of HRR status—
low RAD51 counts predicting HRD and better PARPi sensitivity than those with
high RAD51 foci counts [38, 39] (Fig. 3.2). This greatly simplifies its application
in clinical material and early comparisons with existing, less dynamic approaches
for correlative potential with PARPi response are encouraging [40]. Although there
is still some way to go before RAD51 IF assays can become straight forward in
determining the HRR status of cancers to make treatment decisions, it has been
demonstrated to be extremely effective in PDX models, where an impressive cor-
relation with PARPi responses could be observed [4]. Although most of these
analyses have been carried out in tumours of breast cancer origin, emerging data
suggest that the same could be applied to tumours of prostate [41] or ovarian ori-
gin [42]. Restoration of RAD51 foci formation, and HRP as a key mechanism of
acquired PARPi resistance in the clinic, has still to be fully addressed (primar-
ily due to the challenges of accessing post-PARPi treated tumour biopsies). There
have been reports of restoration of RAD51 foci in breast cancer tumours collected
on PARPi and platinum agent progression [43]. In this section, the use of RAD51
foci analysis has facilitated our understanding of how different mechanisms can
lead to HRR reactivation and PARPi resistance.

3.4.2 Secondary Reversion Mutations in HRR Genes

Sensitivity to PARPi due to mutations in HRR genes can be reversed if secondary
mutations occur within the mutated gene in a manner that restores function (the so-
called reversion mutations, see Fig. 3.3) and were one of the earliest mechanisms
of PARPi and/or platinum resistance described [9–11]. Most of the information on
reversion mutations come from the study of germline BRCA gene mutations, which
are mostly missense or nonsense mutations or small insertions-deletions that lead
to frameshifts and premature STOP codons. This likely explains the prevalence of
reversion mutations as a mechanism of resistance since they can either delete or
reverse the original mutation to either partially, or fully, restore BRCA function.
Consistent with this, reversion mutations have been shown to restore RAD51 foci
formation [43].

Since those first descriptions of revertant mutations, BRCA reversions have
been identified in many tumours from patients progressing on PARPi treatment
in all of the disease settings where PARPi are approved, making this the only
clinically validated mechanism of resistance to PARPi described to date [44, 45].
Given that ovarian cancer is where PARPi have been approved the longest, it is
not surprising that the majority of reversions have been identified in this disease
setting, where they account for approximately 25% of the cases of progression
after platinum or PARPi treatment [45]. Interestingly, a study of long-term patient
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Fig. 3.2 RAD51 is a key mediator of HRR, and detection of foci is an indicator of functionality
and PARP inhibitor response (A) Schematic of the different stages of homologous recombination
repair (HRR) and the proteins involved in this mechanism of DNA double strand break (DSB)
repair. (B) HRR pathway status can be assessed at multiple levels from gene sequencing to mea-
suring genomic rearrangements but quantification of nuclear RAD51 foci in S/G2 phase cells is a
representation of HRR functionality and likely response to PARP inhibitors
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Fig. 3.3 Secondary reversion mutations of BRCA genes restore BRCA functionality and lead to
PARP inhibitor resistance. (A) Using BRCA1 as an example, a primary loss of function (LoF) muta-
tion can result in a frameshift mutation or premature termination (STOP) codon. A subsequent
(secondary) mutation, for example a deletion, can restore the downstream reading frame of the
gene and may lead to a restoration, or part restoration, of function. (B) A high proportion of sec-
ondary BRCA reversion mutations identified in clinical samples from patients who have progressed
on PARP inhibitor or platinum treatment have been associated with a microhomology end-joining
(MMEJ) signature

responders to PARPi has identified the enrichment of structural variants of BRCA
mutations, such as homozygous deletions of the entire locus, that are inherently
incapable of undergoing reversion [46].

Reversions have not only been detected in tumours with BRCA mutations but
also in tumours with mutations in other HRR genes such as PALB2 [47], RAD51C
and RAD51D [48] (Fig. 3.2). It can be argued that these observations provide evi-
dence that non-BRCA HRR gene mutations are also driving sensitivity to PARPi
and represent bona fide biomarkers for selecting patients for PARPi therapy. Fol-
lowing PARPi approvals in tumour indications beyond ovarian cancer, namely,
breast, pancreatic and prostate cancer, it will be important to confirm the fre-
quency of reversion mutations driving resistance in these disease settings. Since
these reversion mutations are often found at low allelic frequencies in all disease
settings, understanding the true prevalence of HRR gene reversions is likely to be
dependent on the use of advances in DNA sequencing quality and depth, using
non-invasive methods to follow cancer progression, such as liquid biopsies [49].

Recently, an important insight into the mechanism by which HRR gene rever-
sions may arise has been described [44, 45]. The detailed analyses of a large
number of clinical tumor sample reversion events, highlighted that most amino
acid sequences encoded by exon 11 in BRCA1 and BRCA2 are dispensable to gen-
erate resistance to platinum or PARPi, whereas other regions were more refractory
to sizeable amino acid losses. Importantly, these findings highlighted the role of
mutagenic micro-homology end-joining (MMEJ) repair in generating reversions,
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especially in those in the BRCA2 gene, where just under 60% of the reversion
mutations were associated with microhomologies with around 30% being observed
in the BRCA1 gene [45] (see Fig. 3.3).

3.4.3 Restoration of HRR Gene Expression

HRR gene silencing resulting from promoter hypermethylation has previously been
described for BRCA1 and RAD51C in ovarian and breast tumours [50] and is
associated with HRD [51] and PARPi sensitivity [52, 53]. In addition, a recently
published study has highlighted XRCC3 deficiency as a driver of PARPi sensitivity
and that in prostate cancer there is evidence for a high incidence of gene silencing
due to promoter methylation [54].

A potential mechanism of resistance to PARPi in these tumours would be the
reactivation of gene expression through loss of promoter hypermethylation. Indeed,
analyses of paired biopsies pre- and post-platinum progression of ovarian cancer
have shown that loss of silencing of BRCA1 is linked to platinum resistance [16].
No such correlation has yet been established in post-PARPi clinical progressions,
but there have been several cases of acquired PARPi resistance in PDX models of
breast [38, 55] and ovarian [56] cancer where this has been observed, with restored
BRCA1 expression correlating with regained ability of the tumour to form RAD51
foci [38]. In addition to the demethylation of the previously silenced BRCA1 gene
promoter as a cause of re-expression, it has also been observed that gene fusions
placing BRCA1 under the transcriptional control of a heterologous promoter can
restore expression and the acquisition of PARPi resistance [56].

3.4.4 Expression of BRCA1 Hypomorphs

A hypomorph is a gene or protein variant with partial activity compared with the
corresponding wild-type version. In the case of BRCA1, there is evidence that
BRCA1 hypomorphic proteins may increase cancer risk following loss of the wild
type allele and these have been characterized and shown to have one or more
entire domains missing [57–61] (see Fig. 3.4). BRCA1 has a complex and multi-
faceted role within HRR and has several well-defined functions that contribute
towards overall proficiency [62], although the coiled-coil domain that facilitates
the interaction between BRCA1 and PALB2, and therefore RAD51 loading onto
DNA, appears to be the most critical for HRR-dependent DNA DSB repair. In
contrast, loss of the BRCA1 RING domain and exon 11 are defective for the
fork protection role of BRCA1 but retain the ability to provide residual HRR
and can play a role in PARPi resistance. Some BRCA1 missense mutations have
been shown to produce full-length proteins but with hypomorphic activity, such
as the BRCA1C61G mutant that lacks a functional RING domain. This hypomorph
is associated with an increased risk of breast and ovarian cancer and normally
confers PARPi sensitivity. However, over-expression of this hypomorph results
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Fig. 3.4 BRCA hypomorph expression can provide resistance to PARP inhibitors. Both the
BRCA1 (shown here) and BRCA2 proteins contain multiple domains involved in various aspects
of DNA double strand break (DSB) repair and replication fork biology. BRCA hypomorphs either
consist of protein truncations or domain function mutations that lead to sub-optimal functional-
ity compared to wild type protein. Hypomorphs are associated with increased cancer risk but can
retain sufficient DSB repair function to confer PARP inhibitor resistance. The different domains
highlighted are the RING (E3-ubiquitin ligase interaction), CCD (coiled-coil for PALB2/RAD51
binding) and BRCT (for phospho-peptide, DNA and PAR binding)

in PARPi resistance [63]. In situations where the BRCA1 hypomorphic mutant
protein is not expressed at high enough levels to confer HRR activity, secondary
mutations that restore the reading frame and expression of the full-length protein
could promote PARPi resistance [64]. There are fewer reports on the existence of
BRCA2 hypomorphs and the limited number of studies linking them to resistance
are only from in vitro settings [65].

Although initially BRCA1 hypomorphs were only described in vitro, there are
now several reports of their identification in PARPi-resistant PDX models, where
they occur at high frequency and are linked to the restoration of RAD51 foci [38,
39]. There is a need to develop capabilities to detect the various BRCA1 hypo-
morphs in patient samples as well as testing in preclinical models the levels of
PARPi resistance that can be achieved in vivo by expressing these hypomorphs.
Emerging data suggest in fact that the ectopic overexpression of truncated BRCA1
proteins only provides partial or low levels of HRR and PARPi resistance. Thus,
BRCA1 hypomorphs may promote more robust PARPi resistance when in combi-
nation with additional events. Consistent with this is the observation that reductions
in 53BP1 protein levels have been seen in conjunction with BRCA1 hypomorph
expression [61, 62].
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3.4.5 DDR Re-wiring to Promote End-Resection and HRR

In the previous sections, we have described the mechanisms of PARPi resistance
that led to reactivation of HRR and the presence of basal RAD51 foci by altering
the BRCA genes and/or the levels of expression of BRCA proteins. These paths
to PARPi resistance represent the majority of observed cases, at least in PDX
models. However, alternative ways to regaining HRR proficiency, specifically in
BRCA1 mutated cancer cells, have been described that do not affect the original
BRCA1 mutant status of the cell. The best studied mechanism involves the loss
of the TP53BP1 (53BP1) protein and the 53BP1-RIF1-shieldin complex. While
BRCA1 promotes processing of DNA DSBs, the 53BP1-RIF1-shieldin complex
inhibits it (Fig. 3.5, reviewed in [66]). Loss of 53BP1 as a mechanism of PARPi
resistance was first described in a Brca1 mutant mouse knockout model [67], but
since then there have been a plethora of examples where loss of the 53BP1-RIF1-
shieldin complex components results in restoration of RAD51 foci formation and
reactivation of HRR in the absence of fully functional BRCA1 protein [68–70].
To date, only 53BP1 loss has been identified in a clinical sample [43] and, since
all of these examples have been identified in breast cancer, it will be important
to understand their prevalence in other disease settings and the clinical relevance
of the other components of the 53BP1-RIF1-shieldin complex, other than 53BP1
itself and in backgrounds beyond BRCA1 mutated tumors [70].

DNA DSB in S/G2 phase

Homologous
Recombination Repair

Non-Homologous
End-joining Repair

53BP1 BRCA1 Repair

+ + HRR

+ - NHEJ

- - HRR

53BP1 and BRCA1 
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Fig. 3.5 The BRCA1/PALB2/BRCA2 and 53BP1/RIF1/SHLD complexes compete to decide
which DNA DSB repair pathway is utilized. BRCA1 and 53BP! Compete for the repair of DNA
double strand breaks (DSBs). In the presence of both complexes BRCA1 will drive the resection
of the DNA DSB end to facilitate RAD51 binding and homologous recombination repair (HRR).
In the absence of BRCA1, 53BP1 will initiate Non-homologous end-joining (NHEJ). Even in the
presence of BRCA1 deficiency, the loss of any of the 53BP1 RIF1 SHLD complex can result in
HRR, thus providing a mechanism of PARP inhibitor resistance
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3.4.6 Restoration of Replication Fork Protection

BRCA proteins play a role in DNA replication fork protection (RFP) that prevents
stalled and regressed replication forks from being degraded by the action of DNA
nucleases [71]. This activity is independent of their canonical roles in HRR as
shown by the existence of separation of function mutants [71–73]. As such, defi-
ciency in the recruitment of these nucleases to stalled replication forks, or defective
remodelling of the forks that is required for their processing, have been shown to
cause a moderate level of PARPi resistance in BRCA mutant cell lines [74]. How-
ever, the relevance of restoration of RFP acting as a driver of PARPi resistance is
potentially in question based on two observations. Firstly, separation of function
mutations in BRCA1 [75] or BRCA2 [71] that affect their RFP function, still leave
their HRR role intact and do not confer sensitivity to PARPi. Secondly, the loss of
53BP1, that causes PARPi resistance in BRCA1 mutant settings, restores RAD51
foci formation and HRR but not RFP [74]. Since this putative mechanism of resis-
tance has only been described in vitro, we will have to wait for further evidence
from in vivo data to be able to assess its likely importance in clinical settings.

3.5 Strategies to Overcome PARP Inhibitor Resistance

PARPi, particularly in earlier lines of therapy, are providing significant benefit
to patients [26]. Although many tumours eventually develop PARPi resistance,
current data support the idea that earlier use of PARPi results in more durable
responses [76, 77]. More recently, a synthetic lethal interaction between BRCA
mutations and loss of the key MMEJ DNA repair factor DNA polymerase theta
(Polθ) has been described [78, 79]. Given the importance of MMEJ in the genera-
tion of BRCA reversion mutations, the potential to delay or prevent this resistance
mechanism by combining a Polθ inhibitor with a PARPi in earlier lines of therapy
is a real opportunity [80]. There are a number of Polθ inhibitors either already in
the clinic or about to enter the clinic, so this concept can be tested.

In a number of the scenarios involving mechanisms of PARPi resistance
described in this chapter, the underlying mutations in BRCA or other HRR genes
remain. Even in those situations where in BRCA mutated cancers, there has been
sufficient HRR reactivated with the associated detection of RAD51, there remains
a deficiency in RFP and a dependency on replication stress proteins such as ATR
and WEE1 [81]. There are now a number of preclinical studies where combining
either ATR or WEE1 inhibitors with PARPi results in the re-sensitization of PARPi
resistant tumors [82–84]. Moreover, emerging data from clinical trials suggests
there is a real opportunity for these combinations in clinical settings [85, 86].

In addition, combinations with targeted therapies that can enhance the number
of DNA SSBs and provide tumor selective increases in cell kill offer opportunities
to enhance both activity and the therapeutic window of PARPi. One such exciting
example of this is the inhibition of DNPH1, a nucleotide sanitizer that normally
prevents incorporation of hmdU during replication and the inhibition of which



3 Mechanisms of PARP Inhibitor Resistance 37

leads to glycosylase-mediated generation of DNA SSBs. DNPH1 was identified
in a synthetic lethal screen with olaparib and its inhibition shown to potentiate
PARPi activity specifically in HRD cancer cell backgrounds. Moreover, inhibition
of DNPH1 and increased hmdU when combined with olaparib resulted in the abil-
ity to overcome 53BP1 loss, associated with PARPi resistance in a BRCA1 mutated
cell line model [32].

3.6 Conclusions

PARPi represent a new approach to the treatment of cancers harboring HRD.
Inevitably, we are now seeing emerging resistance to this targeted therapy. How-
ever, our increased understanding of the mechanisms of PARPi resistance in the
clinic means there are now a growing number of approaches in which this resis-
tance can be addressed. The wide range of PARPi resistance mechanisms described
in pre-clinical models is not matched by our understanding of how relevant many
of these models are in the clinic, since actual clinical data are relatively scarce. To
date, most clinical data confirm the prevalence of reversion mutations as a primary
driver of PARPi failure. The lack of clinical data highlight the need to evaluate
PARPi resistance in post-PARPi tumour biopsies. One way to do this would be
to increase the number of clinical trials in the post-PARPi patient population with
mandatory biopsies on enrolment, as it will be key to have a dynamic measure
of the tumour HRD status at the time of treatment to provide the best therapeutic
options going forward. In addition, this will have the benefit of revealing the true
diversity of resistance mechanisms in patients. Access to such samples, together
with improvements on sensitivity of new technologies such as DNA sequencing in
both solid and liquid biopsies and non-genetic methods of detection of resistance,
such as protein biomarkers or promoter methylation status, will help direct the
focus of pre-clinical and drug development efforts on the most clinically relevant
PARPi resistance mechanisms.
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4Development of Homologous
Recombination Functional Assays
for Targeting the DDR

Ailsa J. Oswald and Charlie Gourley

4.1 Introduction

Accurate identification of homologous recombination deficiency (HRD) has
become of increasing clinical importance since the discovery and development
of PARP inhibitors (PARPi) [1]. Somatic and germline mutations of BRCA1 and
BRCA2 are the archetypal defect of HRD [2]. However, it is clear that the HRD
phenotype extends beyond those with BRCA1/2 mutations in multiple cancer types
[1, 3, 4]. This has been starkly demonstrated in high grade serous ovarian cancer
(HGSOC), where around 50% of patients have genetic or epigenetic defects in
homologous recombination (HR) repair genes, with somatic or germline BRCA1/
2 mutations only accounting for around 20% of patients [2, 5, 6]. This concept
has been reinforced by outcomes in multiple clinical trials, where patients with
HGSOC and no BRCA1/2 mutation still benefitted from a PARPi [7, 8]. An accu-
rate method of identifying an HRD phenotype, beyond BRCA1/2 mutations, is
paramount to accurately stratify which patient cohorts are most likely to benefit
from PARPis [4].

Homologous recombination repair capability can change over a disease course,
particularly in relation to previous therapies. Therefore, a real-time readout of cur-
rent HR status is vital [9]. This is one of the major factors that has led to functional
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HR assays being an appealing strategy to identify HRD, in comparison to alter-
native methods that may represent historic HR status, such as genomic signatures
[4, 9].

In this chapter, we briefly outline different methods for measuring HRD and
the rationale for functional assays. We describe major pre-clinical advances in the
development of the main functional assay, the RAD51 foci assay. We discuss the
clinical applicability of assays and outline the challenges in the development of a
functional HR test ready for clinical practice.

4.2 Methods for Testing for Homologous Recombination
Deficiency

Clinical selection, by identifying those with platinum sensitive disease, has been
used historically as a method to assess likelihood of HRD. Specific methods for
HRD testing can be classified into mutational/methylation sequencing, genomic
scars/signatures or functional RAD51 assays.

4.2.1 Clinical Selection

Sensitivity to platinum confers a high likelihood of PARPi response, particularly
in HGSOC and this was the basis for patient selection in early PARPi clinical trials
[4]. Mechanistically, platinum agents create DNA crosslinks which can be repaired
by homologous recombination or by non-homologous end joining (NHEJ) [10].
Therefore, HRD tumours are often platinum sensitive [11]. However, the overlap
of sensitivity between platinum and PARPis is incomplete [12]. Clinically, some
patients who become resistant to PARPis still respond to platinum and vice versa
[13].

A further challenge with utilising platinum sensitivity as a clinical selection
biomarker relates to assessability of response. For example, in the situation where
a patient has had all visible tumour resected and is receiving adjuvant platinum
therapy, assessment of platinum sensitivity is not possible. Also, if PARPi therapy
is to be started soon after the end of adjuvant chemotherapy then the duration of
platinum response (historically a marker of platinum sensitivity) cannot inform the
PARPi treatment decision.

4.2.2 Sequencing

Panel-based sequencing for deleterious mutations in key HRD genes (certainly
BRCA1 and BRCA2 but often also including RAD51C, RAD51D, BRIP1 and
PALB2) is routinely performed in many countries around the world. While loss of
function events in BRCA1 and BRCA2 clearly result in HRD, the extent to which
loss of other genes encoding known pathway members functionally impact HRD is
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less clear. Preclinical data suggests that the extent of impact on PARPi sensitivity
from HRD gene knockout varies from gene to gene [14]. Also, in PARPi clinical
trials, the impact of loss of non-BRCA HRD genes on sensitivity varies from dis-
ease to disease and from study to study [15–18]. In HGSOC, the extent of benefit
in patients with non-BRCA HRD gene defects appears to be less than for BRCA1/
2 but is greater in the relapsed disease setting than it is in the first line setting
[15, 17]. In addition, this testing modality does not identify all potentially PARPi
sensitive patients. There are clearly patients without mutations in recognised HRD
genes who still benefit from PARPi [17].

In HGSOC, there is evidence that BRCA1 or RAD51C methylation result in an
HRD phenotype [19]. However, utilising this as a biomarker for PARPi response
has produced contradictory results, with concerns regarding technical factors with
testing [19–22]. Therefore, the clinical validity of methylation of BRCA1/RAD51C
predicting PARPi sensitivity is currently unclear [9].

Beyond BRCA-associated cancers (such as HGSOC, breast, pancreas, prostate),
the role of mutational sequencing is less clear. In non BRCA-associated tumours,
the frequency of BRCA1/2 mutations is low (<5%) and mutational impact is less
clear [23]. There is also evidence of loss of BRCA1 and BRCA2 by structural
variation, which is not detectable by standard next generation sequencing (NGS),
in a variety of human cancers. This is associated with loss of gene expression and
may be another mechanism by which PARPi sensitivity can arise [24].

To summarise, in HGSOC, it is standard clinical practice to perform tumour
sequencing of BRCA1 and BRCA2 (plus often additional genes) and this will iden-
tify a proportion of patients highly likely to have an HRD phenotype [9, 25].
However, testing for this alone will fail to identify a significant proportion of
patients with HRD, in both HGSOC and other cancer types.

4.2.3 Genomic Scars/Signatures

Genomic scar assays and signatures identify HRD by measuring the underlying
genomic features, irrespective of aetiology. This relies on the concept that HRD
tumours are genomically unstable and DNA damage is likely to be repaired by
error-prone repair pathways, such as NHEJ. This results in abnormal copy num-
ber profiles, small insertions or deletions, and large chromosomal rearrangements
[5, 26].

A number of commercial genomic scar assays are available, such as the Myr-
iad myChoice® assay and FoundationOne® LOH. The myChoice® assay is a NGS
diagnostic test producing a genomic instability score (GIS), by algorithmic mea-
surement of loss of heterozygosity (LOH), telomeric allelic imbalance and large
scale transitions, from formalin-fixed paraffin embedded (FFPE) tumour samples
[27, 28].
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A major attraction of this method is the potential to identify HRD occurring
from a wide range of molecular mechanisms without having to identify these
individually. However, in HGSOC, there have been variable results from clinical
trials using these companion diagnostic tests. Their main limitation in pre-planned
exploratory subgroup analysis is a poor negative predictive value, with many tri-
als being unable to identify a BRCA-wild-type subgroup who did not benefit from
PARPis [7, 8, 29] However, the recent PAOLA-1 study, which tested the addition
of olaparib (PARPi) to bevacizumab in the first line setting, included a subgroup
analysis of HRD groups based on the myChoice® assay. This demonstrated an
improvement in progression free survival (PFS) from the addition of olaparib in
the HRD group, with no benefit in the homologous recombination proficient (HRP)
subgroup [30]. This has led to FDA approval of olaparib and bevacizumab in the
first line setting, in combination with the use of a HRD GIS assay [9, 30]. Recent
European consensus guidelines have recommended HRD testing by GIS, to aid
stratification of patients who may benefit from a PARPi [31].

In triple negative breast cancer (TNBC), the myChoice® assay was shown to
predict response to neo-adjuvant chemotherapy [11]. However, this assay does not
currently have licensed approval as a diagnostic companion in breast cancer.

Academically-developed signature based assays include HRDetect and classi-
fier of homologous recombination deficiency (CHORD), which both utilise whole
genome sequencing (WGS) data [3, 32]. HRDetect was developed using a breast
cancer cohort, with scoring associated with platinum response in patients with
advanced breast cancer [32, 33]. However, a major challenge with WGS technolo-
gies is they are largely reliant of fresh frozen tissue (as successful analysis using
FFPE material has been variable) [34].

Overall, GIS HRD assays are beginning to be incorporated into specific clin-
ical contexts as companion diagnostic tests to aid clinical decision-making [31].
However, use in different centres is variable and is limited to certain tumour types.
WGS based tests are not currently routinely used in clinical practice [9].

4.2.4 The Rationale for Functional HRD Assays

One of the major drawbacks of the genomic sequencing or scarring assays is that
they only demonstrate whether HRD was present at some time point, not nec-
essarily the current HRD status (which may change, for example as a result of
development of platinum or PARPi resistance mechanisms) [35]. Functional assays
have the benefit of theoretically giving a real-time readout of the HR functional-
ity, [4] therefore potentially identifying patients who are likely to benefit from the
initiation of a PARPi at that current time point.

HR is a dynamic process that can evolve, particularly in relation to previ-
ous treatments. For example, secondary HRD gene mutations, loss of BRCA1 or
RAD51C methylation or mutations in Shieldin complex genes can restore HR func-
tion which will impact on sensitivity to therapeutics such as PARPi [4, 35–38].
Furthermore, different molecular events may have variable effects on the extent
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of HR function restoration [35]. Instead of attempting to identify and quantify
the array of potential resistance mechanisms, it may be simpler to use func-
tional assays to elucidate the nett effect of these mechanisms on HR status at
any particular point in time.

4.3 Functional RAD51 Foci Assays: How Do They Work?

Homologous recombination (HR) is a high fidelity repair mechanism occurring in
the S and G2 cell cycle phases, with RAD51 playing a key role. RAD51 searches
for the homologous template and facilitates strand invasion into the sister chro-
matid to allow restoration of the original DNA sequence (Fig. 4.1). Vital proteins
involved in this process are encoded by genes such as BRCA1, BRCA2 and PALB2,
which positively regulate RAD51 [39]. RAD51 also functions at stalled replication
forks, by promoting replication fork reversal at times of fork-blocking lesions and
reversing the direction to continue replication [40].

Given that HR is complex, measuring the effect of a single downstream event
is the most appealing strategy to identify multiple potential alterations in upstream
mechanisms. This rationale has led to nuclear RAD51 quantification being the
most common functional biomarker test to determine functional HR status [41,
42, 43]. It allows assessment of the functional status of HR up to the stage of
RAD51 loading [40].

RAD51 foci are the visible distinct protein cluster that can be visualised by
immunofluorescence (IF) [41]. Visible foci indicate a tumour is likely to be HR
proficient and likely PARPi resistant. If a tumour is HRD, the RAD51 foci will be
absent because RAD51 will not be loaded on the areas of single stranded DNA
breakage, as illustrated in Fig. 4.2 [43].

In practice, developing these assays has been technically challenging. In sub-
sequent sections, we outline the development of RAD51 assays; firstly, the
pre-clinical in vitro development and secondly, the clinical applicability and utility.

4.4 RAD51 Foci Assays: Pre-Clinical Data and Method
Considerations

Over the last decade, various methods for RAD51 foci assays have been described
(Table 4.1). We outline key method developments and considerations, along with
supportive pre-clinical data.

4.4.1 Co-staining

At the times of DSB, histone H2AX is phosphorylated to γH2AX [45]. This sen-
sitive indicator of DNA DSB can be visualised by IF as γH2AX foci and is often
reported with RAD51 assays [41]. This allows confirmation that an absent RAD51
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Fig. 4.1 Role of RAD51 in homologous recombination. A. Homologous recombination, a high
fidelity process, is cell cycle phase dependent and only occurs in S/G2 phase. DNA double strand
break occurs, from exogenous sources (e.g. irradiation or cytotoxic chemotherapy) or endogenous
sources (e.g. replicative stress). DNA damage sensors are activated and recruitment of DNA repair
proteins to the breakage area occurs. H2AX is phosphorylated to γH2AX by ATM and ATR [40].
BRCA1 is phosphorylated and activated by CHK2 and is involved in initiating the activation of
the HR pathway [44]. An alternative process to DNA double strand breaks is non-homologous
end joining (NHEJ), which is more error-prone (not visualised above). B. DNA ends are resected
by MRN complex (MRE11-RAD50-NBS) to form 3’ single strand DNA overhangs. C. These
overhangs are coated by replication protein A (RPA) that consists of RFA1, RFA2, RFA3. This
protects the single strand DNA from nucleases and prevents coiling. This forms a single strand
DNA nucleofilament. D. BRCA2 (with PALB2) is recruited to the area of breakage by BRCA1.
BRCA2 loads RAD51 onto the single strand DNA overhang, which displaces RPA. This forms
a RAD51 nucleoprotein filament. E. RAD51 then invades the sister chromatid, to identify the
matching homologous sequence. The strand invasion forms a displacement loop (D-loop). F. Once
the homologous sequence is invaded, RAD51 is displaced to allow DNA polymerase to repli-
cate the template. There will be crossover or non-crossover products, depending on whether the
homologous chromosomes exchange parts with each other. Image created with BioRender.com
(2022)
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Fig. 4.2 Immunofluorescence (IF) of two cancer cell lines demonstrating functional HR sta-
tus. UWB1.289 is a high grade serous ovarian cancer cell line, with a known germline BRCA1
mutation (exon 11). It is homologous recombination deficient, as illustrated by a single RAD51
focus in response to DNA damage. UWB1.289 + BRCA1 is derived from UWB1.289, in which
the wild type BRCA1 has been restored. This behaves as HR proficient, with multiple RAD51 foci
present in response to DNA damage. Above images were produced by authors and imaged using
Olympus FV3000 confocal (×60). Coverslips were stained for DAPI, EdU (measurement of DNA
synthesis), γH2AX and RAD51 after 4 hours of in vitro cisplatin exposure

focus is not simply due to a lack of DNA DSB occurring, which could erroneously
appear suggestive of HRD [46]. Furthermore, γH2AX levels have been utilised to
ensure variations in RAD51 foci are not simply related to pharmacokinetic varia-
tion of the DNA damage induction agent [47]. BRCA1 IF can also be performed,
in order to elucidate aetiology of RAD51 response [46].

HR is cell cycle dependent, with RAD51 foci only forming in S and G2 phases.
To control for variation in tumour proliferation, many studies co-stain for geminin
(GMN), which is only expressed in S and G2 phases [48]. Cyclin A2 has been used
as an alternative [49]. To adjust for proliferation rates, many studies use number of
GMN expressing cells as the denominator, with number of RAD51 positive cells
as the numerator [41].

The presence of stromal cells in sampling is a consideration, as their presence
could cause a false negative result. Some studies have performed serial haema-
toxylin and eosin stained sections to determine tumour areas by morphology, or
undergone cytokeratin 7 staining to identify epithelial cells [49, 50].

4.4.2 DNA Damage Induction

DDR pathways are dynamic and activated only at times of induced DNA damage.
In early stages of RAD51 assay development, it was questioned whether basal
levels of DNA damage would be sufficient to accurately identify HR status [42,
51]. This was observed in an early study by Graeser et al. who examined RAD51
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foci in patients with primary breast cancer, treated with neo-adjuvant chemother-
apy. On baseline biopsies, they were unfortunately unable to visualise foci in most
samples. They concluded the endogenous DNA damage level was below the sen-
sitivity level for their assay. Therefore, they performed assays only on biopsies
taken 24 hours after chemotherapy, as this would induce DNA damage [47].

Subsequent studies used ex-vivo radiation or ex-vivo systemic agents to induce
DNA damage (Table 4.1). However, in 2018, Cruz et al. reported RAD51 foci
testing in FFPE material without the requirement for DNA damage induction [46,
52]. They aimed to investigate in vivo mechanisms of PARPi resistance using
gBRCA1 mutated patient derived tumour xenografts (PDX). They unexpectedly
identified evidence of endogenous DNA damage in untreated samples, which
allowed RAD51 foci testing in PDX models. They also successfully tested ten
untreated patient FFPE samples without DNA damage induction [52]. In this PDX
cohort, RAD51 was highly effective at predicting PARPi response, with higher
percentages of RAD51 positive cells present in PARPi resistant tumours [52].

This relationship was further validated in a PDX cohort of 28 TNBC mod-
els from a mixture of molecular backgrounds [46]. Using a RAD51 score≤10%,
they identified 25% of models as HRD and similarly this was highly predictive
of PARPi response. They also scored RAD51 in clinical samples (n = 23) in
patients beyond gBRCA mutations, such as those with gPALB2 mutations and
high clinical suspicion of hereditary breast cancer. Around 60% (14/23) had HRD,
which included all 11 gPALB2 mutant samples and a sample with BRCA1 pro-
moter hypermethylation. Ultimately, their work demonstrated RAD51 assays could
successfully identify HRD effectively in patient FFPE samples (without exogenous
DNA damage) and could be used to identify HRD tumours (including those beyond
BRCA1/2 mutations) [46].

4.4.3 Tissue Source

RAD51 testing on FFPE samples is much more feasible for implementation into
clinical practice. However, many other studies relied on fresh tumour samples
(Table 4.1). This includes the functional REcombination CAPacity (RECAP) test,
which has demonstrated use in multiple tumour types [50, 53, 54].

The RECAP test initially reported on fresh breast tumour samples, using
ex-vivo irradiation and staining for RAD51/geminin [50]. In a feasibility study
(n = 125), they successfully tested 74% of samples and the main reason for test-
ing failure was lack of proliferating cells. They identified 19% as HRD, 76% HRP
and 5% HR-intermediate. Though BRCA1/2 mutations accounted for the majority
of HRD, there were 7/23 HRD patients for whom they could not explain the HRD
mechanism following extensive testing for BRCA1/2 genetic or epigenetic defects.
There was no matched clinical data to evaluate predictive value [53].

In ovarian cancer samples, the RECAP test included a protocol adaptation to
improve suitability for solid tumour/ascites and similarly around 70% met qual-
ity control. Of the HGSOC subtype (n = 39), 26% were scored as HRD, with
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8/9 having pathogenic BRCA1/2 mutations. No pathogenic variants were found in
HRP tumours. The HRD frequency reported in this study (26%) was significantly
lower than expected HRD prevalence [6]. Therefore, it is possible the RECAP test
underestimated HRD in this cohort [54]. The RECAP test has also been utilised in
endometrial cancers (n = 25), with HRD being identified in 24%. All except one
of the HRD cases had a pathogenic BRCA1 mutation or alteration in HR related
genes [55].

Following reports of successful RAD51 testing on FFPE samples without irra-
diation, those involved in developing the RECAP test aimed to adapt their methods
from fresh tissue to FFPE without irradiation, to improve the clinical feasibility
of testing [46, 52]. They reported the RAD51-FFPE test on 74 samples of ovarian
and endometrial cancer [56]. They optimised co-IF staining protocols and con-
firmed optimal threshold for defining HRD. Ninety five percent of diagnostic FFPE
tumour specimens passed quality control. Almost all (97%) of samples had satis-
factory γH2AX scores, suggesting sufficient endogenous DNA damage for testing.
Using matched RECAP data from fresh tissue, they recalibrated test parameters for
RAD51 foci cut off and HRD threshold (15%). These thresholds resulted in high
sensitivity for identifying BRCA-deficient (90%) and RECAP HRD (87%) cases.
However, specificity for BRCA-wild-type and RECAP-HRP was lower (68%, 73%)
and many RECAP HRP cases displayed low RAD51 FFPE scores. The reason
for this was unclear. Authors considered whether the DNA damage (tested by
γH2AX) in the low score RAD51-FFPE samples represented a sufficient substrate
for HR. Overall, their work continued to support the consensus RAD51 testing
is possible in FFPE tissue, without exogenous DNA damage and they demon-
strate effective use in further tumour types (such as endometrium). The next steps
for RAD51-FFPE testing will involve performance validation in large independent
study cohorts, ideally with matched clinical and genomic data [56].

Primary culture from ascites or pleural fluid and RAD51 foci testing has demon-
strated in-vitro sensitivity to PARP inhibitors in those identified as HRD [57].
However, utilising primary culture for RAD51 assays is not feasible in a rou-
tine clinical laboratory. Patient derived organoid HGSOC models have also been
described to measure RAD51 expression and replication fork stability (Table 4.1)
[58].

4.4.4 Other Method Considerations

4.4.4.1 Immunofluorescence Versus Immunohistochemistry
Immunofluorescence (IF) for RAD51 foci formation has been comprehensively
evaluated in multiple tissue sources (Table 4.1). More recently, immunohistochem-
istry (IHC) has been successfully tested, as described below and in Table 4.2 [59,
60].
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4.4.4.2 Timing of Fixation
In the context of DNA damage induction agents, the time to fixation is an important
consideration and summarised in Table 4.1. In vitro work suggests high levels of
RAD51 are present between 2 and 8 hours following DNA damage agents, with a
peak at around 4 hours [41].

4.5 Summary of Pre-clinical Development

Important technical factors in the development of RAD51 assays have included the
confirmation of DNA DSB by measuring γH2AX and accounting for the number
of proliferating cells by co-staining for geminin. The increasing evidence of sat-
isfactory assay performance in FFPE material, without the requirement for DNA
damage induction [46, 52, 56] has been a major step towards increasing feasibility
of performing testing on patient samples.

4.6 Clinical Applicability

Following promising pre-clinical development of RAD51 foci assays, there are
further considerations prior to use in clinical settings. These include correlation to
clinical outcomes, practical issues and evaluating how RAD51 foci assays com-
pare to and/or complement other testing modalities. The optimal clinical outcome
to measure a HRD test against would be PARPi benefit, as this has the greatest
clinical utility for accurate patient selection [9].

Until recently, correlation between RAD51 assays and clinical outcomes was
mainly from small observational cohorts (Table 4.2). However, recent studies have
performed testing on tumour samples from randomised controlled trials (RCT)
with more robust matched clinical data. These aim to validate RAD51 as a
predictive biomarker of treatment response.

4.6.1 Observational Data

4.6.1.1 Ovarian Cancer
An early study investigated HRD status by RAD51 IF in primary cultures from
ascitic fluid in chemotherapy naïve molecularly unselected patients (n = 50). In
their HRD group (51%), they noted higher platinum sensitivity rates and longer
median PFS from prospective observational data. At this time, PARPi were not
routinely use, but they demonstrated good correlation between in vitro platinum
and PARPi sensitivity [57].

In the RECAP ovarian study, they reported observational clinical outcomes
from a subgroup with newly diagnosed HGSOC who had undergone cytoreductive
surgery and platinum chemotherapy (n = 24). There were similar responses to first
line chemotherapy (81% HRP, 87% HRD group) but a trend towards higher rates
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of complete response to subsequent lines of chemotherapy and prolonged overall
survival (OS) in the HRD group. This is in keeping with previous data suggesting
superior outcomes in patients with HGSOC with BRCA1/2 mutations, who likely
have an HRD phenotype [63].

4.6.1.2 Breast Cancer
Two studies investigated RAD51 assays in patients with breast cancer undergo-
ing neo-adjuvant chemotherapy. Both studies demonstrated tumours that achieved
a complete pathological response (pathCR) with neo-adjuvant chemotherapy had
lower RAD51 scores [64, 47]. In those with a high RAD51 score, there was a 97%
negative predictive value for failure to achieve pathCR [47].

Waks et al. performed RAD51 foci testing in pre/post-treatment samples in a
small cohort of patients with BRCA1/2 mutant metastatic breast cancer and corre-
lated this with response to PARPi and/or platinum. They demonstrated the absence
or presence of RAD51 foci correlated well with response or resistance to DNA
damaging agents [59]. For example, three patients acquired RAD51 foci on their
post-PARPi biopsy and had subsequent platinum chemotherapy. All demonstrated
intrinsic platinum resistance. Though their study was small, it clearly illustrated
HRD as a dynamic process within individual patients in this unique study design
[59].

4.6.2 RAD51 Assays: Biomarker Development Utilising Phase II
Trial Datasets

To validate RAD51 as a predictive biomarker of therapy response, a number of
recent studies utilised tumour samples from RCTs and correlated these with clini-
cal outcomes. RAD51 testing was conducted as exploratory analysis within these
RCT populations, in a number of tumour types (ovary, breast and prostate). These
studies generally demonstrated two key developments. Firstly, they showed fea-
sibility of RAD51 testing in these tumour types, using FFPE material and no
requirement for exogenous DNA damage. Secondly, they demonstrated a corre-
lation between RAD51 scores and response to therapy (platinum chemotherapy
or PARPi), with a consistent method for RAD51 scoring adopted in a number of
these studies.

4.6.2.1 Ovarian Cancer
The CHIVA study investigated the addition of nintedanib to neo-adjuvant plat-
inum chemotherapy in advanced epithelial ovarian cancer. Using FFPE material,
testing RAD51 foci by IF was possible in 90% of samples (139/155) [65]. There
were 55% of patients with evidence of HRD by RAD51 assay, in keeping with
estimated prevalence from TCGA [6]. Tumours were considered HRD is<10% of
GMN positive cells had five or more RAD51 foci. There was a higher response
rate to neo-adjuvant platinum in the HRD compared with HRP group (37% versus
68%). Furthermore, the PFS in the HRD group was longer (20.8 months versus
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14.1 months) [65]. Fifteen percent of tumours had a BRCA1/2 mutation and of
these, 67% were RAD51 deficient. Interestingly, in those with a BRCA1/2 muta-
tion and high RAD51 score (suggestive of HRP), there was a significantly poorer
response rate to neo-adjuvant chemotherapy (17% versus 75%). Whether RAD51
assay could prospectively predict response to PARPi (as opposed to platinum
chemotherapy) in HGSOC is an important subsequent question.

4.6.2.2 Breast Cancer
PARP inhibitors are licensed in metastatic (HER2 negative) breast cancer in those
with BRCA1/2 mutations and there is significant interest in expanding their use
in this tumour type. This is of particular interest in TNBC, for two main rea-
sons. Firstly, the HRD phenotype in this patient group clearly extends beyond
those with BRCA mutations. Between 5 and 20% of patients with TNBC have a
gBRCA1 mutation, whilst HRD rates measured by HRDetect have been reported
as high as 59% [66–69]. Secondly, a previously unselected approach with PARPi
was unsuccessful, with a previous phase 2 study observing no benefit from PARPi
when given to an unselected heavily pre-treated advanced TNBC patient cohort
[70]. Three studies (GeparSixto, PEMETRAC, RIO) investigated RAD51 assays
in this patient group in relation to response to platinum or PARPi [71–73].

4.6.2.3 GeparSixto
This trial investigated the addition of carboplatin to neo-adjuvant chemotherapy
in TNBC. A retrospective blinded biomarker analysis for RAD51 assays was
conducted using FFPE samples laid on tissue microarrays. There was high lev-
els of endogenous DNA damage, with high γH2AX levels in all tumours. Using
the pre-defined RAD51 score ≤10%, they identified 61% of patients with HRD.
They investigated concordance between RAD51 score versus genomic HRD score
(Myriad MyChoice®) and analysed their relationship to patient outcomes (such as
survival, pathCR) [72].

In those with a BRCA1/2 mutation, 93% had a low RAD51 score suggestive
of HRD. In the BRCA wild-type group, 45% had HRD, likely due to defects in
other HR related genes or epigenetic silencing. When compared to the Myriad
MyChoice® assay, the RAD51 and genomic HRD score were 87% concordant.
Reasons for discordance could be due to restoration of HR in tumour evolution
or tumour heterogeneity. The pathCR was significantly higher with the addition of
carboplatin in the HRD group (66% versus 33%), with no significant difference
noted in the HRP group (39% versus 31%). When compared to genomic HRD
score or BRCA mutation status, the RAD51 test was more sensitive at predicting
pathCR [72]. It is widely recognised that pathCR to neo-adjuvant chemotherapy
is an important prognostic marker with a strong association with disease free sur-
vival and OS, particularly in TNBC or HER2 positive hormone receptor negative
tumours [74, 75].
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This study was supportive for the clinical validity of RAD51 as a functional
HRD marker and predictive biomarker of response to platinum in newly diag-
nosed TNBC. Given there is significant overlap between platinum sensitivity and
PARPi sensitivity, this study provides more evidence towards RAD51 testing as a
biomarker for PARPi response.

PETREMAC
The PETREMAC trial included patients with primary TNBC who received ola-
parib for up to 10 weeks prior to chemotherapy. Tumour biopsies underwent
targeted DNA sequencing and IF RAD51 foci testing (pre-defined cut off 10%).
There were 16/30 (53.3%) of patients identified as HRD by RAD51 testing.
RAD51 scores correlated well with PARPi response, with 14/16 patients having
complete or partial response [71].

Rio
This trial aimed to identify biomarkers of PARPi activity in sporadic TNBC, by
performing tests including; HRDetect, RAD51 foci and BRCA1 methylation [60].
Patients (n = 43) with newly diagnosed TNBC were given rucaparib for 2 weeks
prior to definitive treatment (surgery or neo-adjuvant chemotherapy). This study
used IHC for RAD51 and threshold was RAD51<20% (less than 20% geminin
positive cells having RAD51 foci deficiency). Of those identified with absent
RAD51 foci (17/22), 61% had a detectable HR defect, such as BRCA1/2 muta-
tion, BRCA1 methylation, gPALB2 mutation or RAD51C methylation. Though no
clinical outcomes have been reported, this study did demonstrate RAD51 foci
deficiency correlated well with HRDetect score [73].

4.6.2.4 Prostate Cancer
In metastatic castration resistant prostate cancer, the RAD51 assay was investigated
as a biomarker in the phase II TOPARP-B trial. This trial pre-screened patients
(n = 98) for DDR mutations using NGS panel. Patients received olaparib as a
single arm study. For 52 patients, they had tumour material from the same biopsy
for NGS where they could evaluate RAD51 via IF. RAD51 was evaluable in all
samples and 42% had low RAD51 scores (threshold<10% GMN positive cells
having≤5 RAD51 foci), suggestive of HRD. All patients with BRCA1/2 mutations
(n = 16) had low RAD51 score. Tumours with biallelic PALB2 mutations also had
evidence of HRD. There was a superior response rate to PARPis in the HRD group
(68% versus 23%). There was also an improvement in PFS (9.3 m versus 2.9 m)
and OS (17.4 m versus 9.5 m) in the HRD group compared to HRP [76].
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4.7 Final Considerations and Limitations

4.7.1 RAD51 Foci Testing in Other Tumour Types

RAD51 foci assays in FFPE material has been successfully performed without
exogenous DNA damage in cohorts of breast, ovary, endometrial and prostate can-
cer [55, 56, 65, 72, 76]. This is based on the hypothesis that genomic instability in
these tumours led to reasonable levels of endogenous DNA damage to allow test-
ing. However, in slowly proliferating tumours, this current method is likely to be
ineffective. For example, the recent CHIVA trial included patients with advanced
epithelial ovarian cancer and reported a small proportion of tumours (8/155) with
low γH2AX scores, which included two of the three grade 1 tumours included in
the study [65]. Further testing is required to elucidate how transferable the cur-
rent testing method would therefore be in other tumour types, depending on their
proliferation index and inherent genomic stability.

4.7.2 Accuracy of the RAD51 Foci Test

There are a number of reasons for potential inaccuracy of RAD51 foci in predicting
HR status and PARPi sensitivity. RAD51 assays will not detect defects in HR that
are further downstream of RAD51 loading to an area of DNA breakage [9]. Also,
PARPi sensitivity can occur via mechanisms that do not directly impact on HR,
for example ATM alterations or RNASEH2 [77, 78]. There have been RAD51-
independent mechanisms of PARPi resistance described such as loss of PARG,
mechanisms involving replication fork stabilisation or upregulation of MDR1, that
would not be identified using the RAD51 assay [79–81].

4.7.3 Where and When to Sample

A major challenge with all HRD tests is the potential for clonal heterogeneity
and subpopulations with different treatment sensitivity within tumours [82]. In
the context of functional HRD assays, this was illustrated by Tumiati et al. who
took multiple biopsy samples from different site, during the same surgery from
a treatment naive patient. One patient was classified overall as having a low HR
score but had striking variation of scores between sample sites. For example, the
left ovary was classified as HRD, peritoneal disease as HR-low and right ovary
as HRP. Clinically, the patient had a complete response to primary chemotherapy
following optimal debulking [49].

A similar observation was reported in the PEMETRAC study. As described
above, it included patients with primary TNBC treated with PARPi prior to surgery
or neoadjuvant chemotherapy. There was one patient with a low RAD51 score on
primary biopsy, suggestive of HRD, who had progressive disease (by RECIST
score) on a PARP inhibitor. Interestingly, they observed a significant regression
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of the primary tumour (suggestive of HRD) but progressive appearance of axillary
metastasis, which suggested HRP tumour subclones metastasizing to the axilla dur-
ing PARPi treatment [71]. Overall, this raises questions as to the appropriateness
of multi-site testing and interpretation of these results. This concept is especially
challenging in patients who are pre-treated with more potential for multiple tumour
subpopulations.

Given HR is a dynamic process, having current (as opposed to archival) samples
to test is preferable. However, repeat biopsies is not without technical challenges,
patient risk and resource implications. The timing of sampling therefore also
requires consideration and these factors will likely vary between tumour types.

4.7.4 Alternative Functional HRD Tests

The DNA fibre assay has also been investigated as a functional assay, which
demonstrates the replication fork phenotype [41]. Fork protection is mediated by
a number of proteins, many of which are also involved in HR (such as BRCA1,
BRCA2, RAD51). If there is unrepaired DNA damage and replication forks are
not protected from nucleases, the stalled replication forks will degrade. This assay
visualises this degradation process by IF, by incorporating labelled nucleoside ana-
logues [41, 58]. Replication fork degradation has been associated with sensitivity
to chemotherapy in BRCA-deficient tumours. Furthermore, replication fork pro-
tection in BRCA1 mutated cells has been associated with acquired platinum and
PARPi resistance [79]. Pre-clinical work has suggested fork instability may cor-
relate better to platinum sensitivity than PARPi sensitivity [58]. This assay also
requires fresh tissue [41].

4.8 Conclusion

Functional HRD assays, via the RAD51 foci assay, present a unique opportunity
for real-time readout of current HR status, regardless of underlying aetiology. Iden-
tification of HRD is becoming increasingly important with the profound benefits
demonstrated from PARPis in multiple tumour types.

Supportive pre-clinical data over the last decade has resulted in the success-
ful development of RAD51 foci assay testing which is possible in FFPE material
of specific tumour types, without the requirement for exogenous DNA damage
induction. Next steps will likely involve further validation of test performance in
larger cohorts and other tumour types. Correlation with prospective clinical data
and further comparison with other HRD testing modalities (such as genomic scars
or signatures) will be paramount. Other considerations in implementing functional
testing include the role of re-biopsy, how to expand testing to other tumour types
and how to identify RAD51 independent mechanism of PARPi resistance. Further-
more, PARPi are now often being trialled in combination with other agents, in an
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attempt to improve response and synergy. The predictive power of any HRD test
may vary in these different clinical contexts.

Given the complexity of HRD, it is unlikely one single type of test will provide
the definitive answer. Instead, the combination of results produced from genomic
data and functional assays, alongside a patient’s clinical background, is likely to
produce the most robust description of an individual’s HR status and likelihood of
PARPi sensitivity.

Abbreviations

BRCAmt BRCA mutant
BRCAwt BRCA wild-type
CHORD Classifier of homologous recombination deficiency
DSB Double strand breaks
FFPE Formalin-fixed paraffin embedded
GMN Geminin
GIS Genomic instability score
HGSOC High grade serous ovarian cancer
HR Homologous recombination
HRD Homologous recombination deficiency
HRP Homologous recombination proficient
IF Immunofluorescence
IHC Immunohistochemistry
LOH Loss of heterozygosity
NGS Next generation sequencing
NHEJ Non-homologous end joining
OS Overall survival
PARPi PARP inhibitor
pathCR Pathological complete response
PDX Patient derived tumour xenografts
PARP Poly ADP-Ribose polymerase
PFS Progression free survival
RECAP REcombination CAPacity
RPA Replication protein A
TCGA The cancer genome atlas
TNBC Triple negative breast cancer
WGS Whole genome sequencing



66 A. J. Oswald and C. Gourley

References

1. Gourley C, Balmaña J, Ledermann JA, Serra V, Dent R, Loibl S et al (2019) Moving from poly
(ADP-Ribose) polymerase inhibition to targeting DNA repair and DNA damage response in
cancer therapy. J Clin Oncol: official journal of the American Society of Clinical Oncology
37(25):2257–2269

2. Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D’Andrea AD (2015) Homologous recombi-
nation deficiency: exploiting the fundamental vulnerability of ovarian cancer. Cancer Discov
5(11):1137–1154

3. Nguyen L, Martens WM, Van Hoeck A, Cuppen E (2020) Pan-cancer landscape of homolo-
gous recombination deficiency. Nat Commun 11(1):5584

4. Gourley C, Miller RE, Hollis RL, Ledermann JA (2020) Role of Poly (ADP-Ribose) Poly-
merase inhibitors beyond BReast CAncer gene-mutated ovarian tumours: definition of homol-
ogous recombination deficiency? Curr Opin Oncol 32(5):442–450

5. Kanchi KL, Johnson KJ, Lu C, McLellan MD, Leiserson MDM, Wendl MC et al (2014)
Integrated analysis of germline and somatic variants in ovarian cancer. Nat Commun 5(1):3156

6. Cancer Genome Atlas Research N (2011) Integrated genomic analyses of ovarian carcinoma.
Nature 474(7353):609–15

7. González-Martín A, Pothuri B, Vergote I, DePont CR, Graybill W, Mirza MR et al (2019) Nira-
parib in patients with newly diagnosed advanced ovarian cancer. N Engl J Med 381(25):2391–
2402

8. Mirza MR, Monk BJ, Herrstedt J, Oza AM,Mahner S, Redondo A et al (2016) Niraparib main-
tenance therapy in platinum-sensitive, recurrent ovarian cancer. N Engl J Med 375(22):2154–
2164

9. Miller R, Leary A, Scott C, Serra V, Lord C, Bowtell D et al (2020) ESMO recommendations
on predictive biomarker testing for homologous recombination deficiency and PARP inhibitor
benefit in ovarian cancer. Ann Oncol 31

10. Dasari S, Tchounwou PB (2014) Cisplatin in cancer therapy: molecular mechanisms of action.
Eur J Pharmacol 740:364–378

11. Telli ML, Timms KM, Reid J, Hennessy B, Mills GB, Jensen KC et al (2016) Homologous
recombination deficiency (HRD) score predicts response to platinum-containing neoadjuvant
chemotherapy in patients with triple-negative breast cancer. Clin Cancer Res: an official jour-
nal of the American Association for Cancer Research 22(15):3764–3773

12. McMullen M, Karakasis K, Madariaga A, Oza AM (2020) Overcoming platinum and parp-
inhibitor resistance in ovarian cancer. Cancers 12(6):1607

13. Fong PC, Yap TA, Boss DS, Carden CP, Mergui-Roelvink M, Gourley C et al (2010)
Poly(ADP)-ribose polymerase inhibition: frequent durable responses in BRCA carrier ovarian
cancer correlating with platinum-free interval. J Clin Oncol: official journal of the American
Society of Clinical Oncology 28(15):2512–2519

14. McCabe N, Turner NC, Lord CJ, Kluzek K, Bialkowska A, Swift S et al (2006) Deficiency in
the repair of DNA damage by homologous recombination and sensitivity to poly(ADP-ribose)
polymerase inhibition. Cancer Res 66(16):8109–8115

15. Hodgson DR, Dougherty BA, Lai Z, Fielding A, Grinsted L, Spencer S et al (2018) Candi-
date biomarkers of PARP inhibitor sensitivity in ovarian cancer beyond the BRCA genes. Br
J Cancer 119(11):1401–1409

16. Swisher EM, Kwan TT, Oza AM, Tinker AV, Ray-Coquard I, Oaknin A et al (2021) Molecular
and clinical determinants of response and resistance to rucaparib for recurrent ovarian cancer
treatment in ARIEL2 (Parts 1 and 2). Nat Commun 12(1):2487

17. Pujade-Lauraine E, Brown J, Barnicle A, Rowe P, Lao-Sirieix P, Criscione S et al (2021)
Homologous recombination repair mutation gene panels (excluding BRCA) are not predictive
of maintenance olaparib plus bevacizumab efficacy in the first-line PAOLA-1/ENGOT-ov25
trial. Gynecol Oncol 162:S26–S27



4 Development of Homologous Recombination Functional Assays … 67

18. Mateo J, Porta N, Bianchini D, McGovern U, Elliott T, Jones R et al (2020) Olaparib in
patients with metastatic castration-resistant prostate cancer with DNA repair gene aberrations
(TOPARP-B): a multicentre, open-label, randomised, phase 2 trial. Lancet Oncol 21(1):162–
174

19. Bernards SS, Pennington KP, Harrell MI, Agnew KJ, Garcia RL, Norquist BM et al (2018)
Clinical characteristics and outcomes of patients with BRCA1 or RAD51C methylated versus
mutated ovarian carcinoma. Gynecol Oncol 148(2):281–285

20. Ruscito I, Dimitrova D, Vasconcelos I, Gellhaus K, Schwachula T, Bellati F et al (2014)
BRCA1 gene promoter methylation status in high-grade serous ovarian cancer patients–a study
of the tumour Bank ovarian cancer (TOC) and ovarian cancer diagnosis consortium (OVCAD).
Eur J Cancer 50(12):2090–2098

21. Cunningham J, Cicek M, Larson N, Davila J, Wang C, Larson M et al (2014) Clinical char-
acteristics of ovarian cancer classified by BRCA1, BRCA2 and RAD51C status. Sci Rep
4(1):1–7

22. Swisher EM, Lin KK, Oza AM, Scott CL, Giordano H, Sun J et al (2017) Rucaparib in
relapsed, platinum-sensitive high-grade ovarian carcinoma (ARIEL2 Part 1): an international,
multicentre, open-label, phase 2 trial. Lancet Oncol 18(1):75–87

23. Jonsson P, Bandlamudi C, Cheng ML, Srinivasan P, Chavan SS, Friedman ND et al (2019)
Tumour lineage shapes BRCA-mediated phenotypes. Nature 571(7766):576–579

24. Ewing A, Meynert A, Churchman M, Grimes G, Hollis RL, Herrington CS et al (2021) Struc-
tural variants at the BRCA1/2 loci are a common source of homologous repair deficiency in
high grade serous ovarian carcinoma. Clin Cancer Res: clincanres. CCR-20-4068-A.2020

25. Konstantinopoulos PA, Norquist B, Lacchetti C, Armstrong D, Grisham RN, Goodfellow PJ
et al (2020) Germline and somatic tumor testing in epithelial ovarian cancer: ASCO guideline.
J Clin Oncol 38(11):1222–1245

26. Abkevich V, Timms KM, Hennessy BT, Potter J, Carey MS, Meyer LA et al (2012) Patterns of
genomic loss of heterozygosity predict homologous recombination repair defects in epithelial
ovarian cancer. Br J Cancer 107(10):1776–1782

27. Marquard AM, Eklund AC, Joshi T, Krzystanek M, Favero F, Wang ZC et al (2015) Pan-cancer
analysis of genomic scar signatures associated with homologous recombination deficiency
suggests novel indications for existing cancer drugs. Biomark Res. 3:9

28. Watkins JA, Irshad S, Grigoriadis A, Tutt ANJ (2014) Genomic scars as biomarkers of homolo-
gous recombination deficiency and drug response in breast and ovarian cancers. Breast Cancer
Res 16(3):211

29. Coleman RL, Oza AM, Lorusso D, Aghajanian C, Oaknin A, Dean A et al (2017) Ruca-
parib maintenance treatment for recurrent ovarian carcinoma after response to platinum ther-
apy (ARIEL3): a randomised, double-blind, placebo-controlled, phase 3 trial. The Lancet
390(10106):1949–1961

30. Ray-Coquard I, Pautier P, Pignata S, Pérol D, González-Martín A, Berger R et al (2019)
Olaparib plus Bevacizumab as first-line maintenance in ovarian cancer. N Engl J Med
381(25):2416–2428

31. Colombo N, Ledermann JA (2021) Updated treatment recommendations for newly diag-
nosed epithelial ovarian carcinoma from the ESMO clinical practice guidelines. Ann Oncol
32(10):1300–1303

32. Davies H, Glodzik D, Morganella S, Yates LR, Staaf J, Zou X et al (2017) HRDetect is a pre-
dictor of BRCA1 and BRCA2 deficiency based on mutational signatures. Nat Med 23(4):517–
525

33. Zhao EY, Shen Y, Pleasance E, Kasaian K, Leelakumari S, Jones M et al (2017) Homologous
recombination deficiency and platinum-based therapy outcomes in advanced breast cancer.
Clin Cancer Res 23(24):7521

34. Robbe P, Popitsch N, Knight SJL, Antoniou P, Becq J, He M et al (2018) Clinical whole-
genome sequencing from routine formalin-fixed, paraffin-embedded specimens: pilot study for
the 100,000 genomes project. Genet Med 20(10):1196–1205



68 A. J. Oswald and C. Gourley

35. Mateo J, Lord CJ, Serra V, Tutt A, Balmaña J, Castroviejo-Bermejo M et al (2019) A decade
of clinical development of PARP inhibitors in perspective. Ann Oncol 30(9):1437–1447

36. Kondrashova O, Nguyen M, Shield-Artin K, Tinker AV, Teng NNH, Harrell MI et al (2017)
Secondary somatic mutations restoring RAD51C and RAD51D associated with acquired
resistance to the PARP inhibitor rucaparib in high-grade ovarian carcinoma. Cancer Discov
7(9):984–998

37. Domchek SM (2017) Reversion mutations with clinical use of PARP inhibitors: many genes,
many versions. Cancer Discov 7(9):937

38. Hurley RM, McGehee CD, Nesic K, Correia C, Weiskittel TM, Kelly RL et al (2021) Charac-
terization of a RAD51C-silenced high-grade serous ovarian cancer model during development
of PARP inhibitor resistance. NAR Cancer 3(3):zcab028

39. Lord CJ, Ashworth A (2012) The DNA damage response and cancer therapy. Nature
481(7381):287–294

40. Grundy MK, Buckanovich RJ, Bernstein KA (2020) Regulation and pharmacological targeting
of RAD51 in cancer. NAR Cancer 2(3)

41. Fuh K, Mullen M, Blachut B, Stover E, Konstantinopoulos P, Liu J et al (2020) Homologous
recombination deficiency real-time clinical assays, ready or not? Gynecol Oncol 159(3):877–
886

42. Lord CJ, Ashworth A (2016) BRCAness revisited. Nat Rev Cancer 16(2):110–120
43. Ladan MM, van Gent DC, Jager A (2021) Homologous recombination deficiency testing for

BRCA-like tumors: the road to clinical validation. Cancers 13(5):1004
44. Orhan E, Velazquez C, Tabet I, Sardet C, Theillet C (2021) Regulation of RAD51 at the

transcriptional and functional levels: what prospects for cancer therapy? Cancers 13(12):2930
45. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S et al (2008)

γH2AX and cancer. Nat Rev Cancer 8(12):957–967
46. Castroviejo-BermejoM, Cruz C, Llop-Guevara A, Gutiérrez-Enríquez S, DucyM, Ibrahim YH

et al (2018) A RAD51 assay feasible in routine tumor samples calls PARP inhibitor response
beyond BRCA mutation. EMBO Mol Med 10(12)

47. Graeser M, McCarthy A, Lord CJ, Savage K, Hills M, Salter J et al (2010) A marker of homol-
ogous recombination predicts pathologic complete response to neoadjuvant chemotherapy in
primary breast cancer. Clin Cancer Res: an official journal of the American Association for
Cancer Research 16(24):6159–6168

48. Gonzalez MA, Tachibana K-eK, Chin S-F, Callagy GM, Madine MA, Vowler SL et al (2004)
Geminin predicts adverse clinical outcome in breast cancer by reflecting cell cycle progression.
J Pathol 204

49. Tumiati M, Hietanen S, Hynninen J, Pietilä E, Färkkilä A, Kaipio K et al (2018) A func-
tional homologous recombination assay predicts primary chemotherapy response and long-
term survival in ovarian cancer patients. Clin Cancer Res: an official journal of the American
Association for Cancer Research 24(18):4482–4493

50. Naipal KA, Verkaik NS, Ameziane N, van Deurzen CH, Ter Brugge P, Meijers M et al
(2014) Functional ex vivo assay to select homologous recombination-deficient breast tumors
for PARP inhibitor treatment. Clin Cancer Res: an official journal of the American Association
for Cancer Research. 20(18):4816–4826

51. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB et al (2005) Targeting
the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 434(7035):917–
921

52. Cruz C, Castroviejo-Bermejo M, Gutiérrez-Enríquez S, Llop-Guevara A, Ibrahim YH, Gris-
Oliver A et al (2018) RAD51 foci as a functional biomarker of homologous recombination
repair and PARP inhibitor resistance in germline BRCA-mutated breast cancer. Ann Oncol
29(5):1203–1210

53. Meijer TG, Verkaik NS, Sieuwerts AM, van Riet J, Naipal KAT, van Deurzen CHM et al
(2018) Functional ex vivo assay reveals homologous recombination deficiency in breast cancer
beyond BRCA gene defects. Clin Cancer Res: an official journal of the American Association
for Cancer Research. 24(24):6277–6287



4 Development of Homologous Recombination Functional Assays … 69

54. van Wijk LM, Vermeulen S, Meijers M, van Diest MF, Ter Haar NT, de Jonge MM et al (2020)
The RECAP test rapidly and reliably identifies homologous recombination-deficient ovarian
carcinomas. Cancers (Basel) 12(10)

55. de Jonge MM, Auguste A, van Wijk LM, Schouten PC, Meijers M, Ter Haar NT et al (2019)
Frequent homologous recombination deficiency in high-grade endometrial carcinomas. Clin
Cancer Res: an official journal of the American Association for Cancer Research 25(3):1087–
1097

56. van Wijk LM, Kramer CJH, Vermeulen S, Ter Haar NT, de Jonge MM, Kroep JR et al (2021)
The RAD51-FFPE test; calibration of a functional homologous recombination deficiency test
on diagnostic endometrial and ovarian tumor blocks. Cancers (Basel) 13(12)

57. Mukhopadhyay A, Plummer ER, Elattar A, Soohoo S, Uzir B, Quinn JE et al (2012) Clin-
icopathological features of homologous recombination-deficient epithelial ovarian cancers:
sensitivity to PARP inhibitors, platinum, and survival. Can Res 72(22):5675

58. Hill SJ, Decker B, Roberts EA, Horowitz NS, Muto MG, Worley MJ Jr et al (2018) Predic-
tion of DNA repair inhibitor response in short-term patient-derived ovarian cancer organoids.
Cancer Discov 8(11):1404–1421

59. Waks AG, Cohen O, Kochupurakkal B, Kim D, Dunn CE, Buendia Buendia J et al
(2020) Reversion and non-reversion mechanisms of resistance to PARP inhibitor or platinum
chemotherapy in BRCA1/2-mutant metastatic breast cancer. Ann Oncol 31(5):590–598

60. Chopra N, Tovey H, Pearson A, Cutts R, Toms C, Proszek P et al (2020) Homologous recom-
bination DNA repair deficiency and PARP inhibition activity in primary triple negative breast
cancer. Nat Commun 11(1)

61. Mukhopadhyay A, Elattar A, Cerbinskaite A, Wilkinson SJ, Drew Y, Kyle S et al (2010)
Development of a functional assay for homologous recombination status in primary cul-
tures of epithelial ovarian tumor and correlation with sensitivity to poly(ADP-ribose) poly-
merase inhibitors. Clin Cancer Res: an official journal of the American Association for Cancer
Research 16(8):2344–2351

62. Patterson MJ, Sutton RE, Forrest I, Sharrock R, Lane M, Kaufmann A et al (2014) Assessing
the function of homologous recombination DNA repair in malignant pleural effusion (MPE)
samples. Br J Cancer 111(1):94–100

63. Hollis RL, Churchman M, Gourley C (2017) Distinct implications of different BRCA muta-
tions: efficacy of cytotoxic chemotherapy, PARP inhibition and clinical outcome in ovarian
cancer. Onco Targets Ther 10:2539–2551

64. Asakawa H, Koizumi H, Koike A, Takahashi M, Wu W, Iwase H et al (2010) Prediction of
breast cancer sensitivity to neoadjuvant chemotherapy based on status of DNA damage repair
proteins. Breast Cancer Res 12(2):R17

65. Blanc-Durand F, Yaniz E, Genestie C, Rouleau E, Berton D, Lortholary A et al (2021) Evalu-
ation of a RAD51 functional assay in advanced ovarian cancer, a GINECO/GINEGEPS study.
J Clin Oncol 39(15_suppl):5513

66. Armstrong N, Ryder S, Forbes C, Ross J, Quek RG (2019) A systematic review of the inter-
national prevalence of BRCA mutation in breast cancer. Clin Epidemiol 11:543–561

67. Hartman AR, Kaldate RR, Sailer LM, Painter L, Grier CE, Endsley RR et al (2012) Preva-
lence of BRCA mutations in an unselected population of triple-negative breast cancer. Cancer
118(11):2787–2795

68. Gonzalez-Angulo AM, Timms KM, Liu S, Chen H, Litton JK, Potter J et al (2011) Incidence
and outcome of BRCA mutations in unselected patients with triple receptor-negative breast
cancer. Clin Cancer Res: an official journal of the American Association for Cancer Research
17(5):1082–1089

69. Staaf J, Glodzik D, Bosch A, Vallon-Christersson J, Reuterswärd C, Häkkinen J et al (2019)
Whole-genome sequencing of triple-negative breast cancers in a population-based clinical
study. Nat Med 25(10):1526–1533



70 A. J. Oswald and C. Gourley

70. Gelmon KA, Tischkowitz M, Mackay H, Swenerton K, Robidoux A, Tonkin K et al (2011)
Olaparib in patients with recurrent high-grade serous or poorly differentiated ovarian car-
cinoma or triple-negative breast cancer: a phase 2, multicentre, open-label, non-randomised
study. Lancet Oncol 12(9):852–861

71. Eikesdal HP, Yndestad S, Elzawahry A, Llop-Guevara A, Gilje B, Blix ES et al (2021) Ola-
parib monotherapy as primary treatment in unselected triple negative breast cancer. Ann Oncol
32(2):240–249

72. Llop-Guevara A, Loibl S, Villacampa G, Vladimirova V, Schneeweiss A, Karn T et al (2021)
Association of RAD51 with homologous recombination deficiency (HRD) and clinical out-
comes in untreated triple-negative breast cancer (TNBC): analysis of the GeparSixto random-
ized clinical trial. Ann Oncol 32(12):1590–1596

73. Chopra N, Tovey H, Pearson A, Cutts R, Toms C, Proszek P et al (2020) Homologous recom-
bination DNA repair deficiency and PARP inhibition activity in primary triple negative breast
cancer. Nat Commun 11(1):2662

74. Broglio KR, Quintana M, Foster M, Olinger M, McGlothlin A, Berry SM et al (2016) Associ-
ation of pathologic complete response to neoadjuvant therapy in HER2-positive breast cancer
with long-term outcomes: a meta-analysis. JAMA Oncol 2(6):751–760

75. Cortazar P, Zhang L, Untch M, Mehta K, Costantino JP, Wolmark N et al (2014) Pathologi-
cal complete response and long-term clinical benefit in breast cancer: the CTNeoBC pooled
analysis. Lancet 384(9938):164–172

76. Carreira S, Porta N, Arce-Gallego S, Seed G, Llop-Guevara A, Bianchini D et al (2021)
Biomarkers associating with PARP inhibitor benefit in prostate cancer in the TOPARP-B trial.
Cancer Discov 11(11):2812–2827

77. Balmus G, Pilger D, Coates J, Demir M, Sczaniecka-Clift M, Barros AC et al (2019) ATM
orchestrates the DNA-damage response to counter toxic non-homologous end-joining at bro-
ken replication forks. Nat Commun 10(1):87

78. Zimmermann M, Murina O, Reijns MAM, Agathanggelou A, Challis R, Tarnauskaitė Ž
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5Clinical Application
of Poly(ADP-Ribose) Polymerase
(PARP) Inhibitors in Ovarian Cancer

Melissa M. Pham, Monica Avila, Emily Hinchcliff,
and Shannon N. Westin

5.1 Epithelial Ovarian Cancer

Epithelial ovarian cancer (EOC), which includes primary peritoneal and fallop-
ian tube carcinomas, is the fifth leading cause of cancer-related death in women
and the most lethal among all gynecologic cancers [1]. Women are often diag-
nosed at an advanced stage with higher disease burden, thus leading to significant
morbidity and mortality [2]. While EOC is initially responsive to platinum-based
chemotherapy, with response rates exceeding 80% when combined with optimal
cytoreductive surgery, over 70% of women will face relapse within three years
[2, 3]. Moreover, the majority of these women will ultimately die from their dis-
ease despite multiple lines of treatment [4]. Reported outcomes for patients with
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advanced disease include a median progression free survival (PFS) of between 16
and 21 months and a median overall survival (OS) between 32 and 57 months [5].

Deficiencies in the homologous recombination (HRD) DNA repair pathway are
relevant in approximately half of high grade serous ovarian carcinomas (HGSOC)
and 20% of HGSOC tumors harbor BRCA1/2 mutations, including both germline
and somatic aberrations [6]. Patients with BRCA1/2-mutated or HRD-associated
tumors have been shown to have exquisite sensitivity to poly(ADP-ribose) poly-
merase inhibitor (PARPi) treatment, with clinically relevant survival benefit [7, 8].
The use of PARPi has brought about practice-changing results in different treat-
ment settings—frontline maintenance therapy, maintenance therapy for patients
with recurrent platinum-sensitive disease, and treatment in the recurrent setting
[9].

5.2 Frontline Maintenance

The efficacy of PARPi as maintenance therapy in the upfront setting has been
established based on clinically significant progression free survival benefit demon-
strated in newly diagnosed ovarian cancer patients in multiple randomized phase
III trials (Table 5.1) [4, 9, 10]. Following the survival benefit demonstrated in
SOLO1, olaparib received FDA approval in 2018 for use as frontline maintenance
therapy in BRCA-mutated ovarian cancers [4]. Niraparib showed progression free
survival benefit in the PRIMA clinical trial regardless of BRCA1/2 mutation or
HRD status and was thus approved for use as frontline maintenance in all com-
ers in April 2020 [11]. After results from the PAOLA-1 trial, the combination of
bevacizumab and olaparib was FDA approved for use in the frontline maintenance
setting only for patients with HRD ovarian cancer [12].

5.2.1 SOLO1

Moore et al. explored the utility of olaparib in the maintenance setting of newly
diagnosed advanced ovarian cancer in SOLO1, an international, randomized,
double-blind phase III clinical trial. The study population included women with
germline or somatic BRCA1/2-mutant FIGO stage III or IV high grade serous
or endometrioid ovarian, primary peritoneal, or fallopian tube cancers with par-
tial response (PR) or complete response (CR) after platinum-based chemotherapy
[4]. Trial participants were randomly assigned in a 2:1 fashion to receive olaparib
tablets (300 mg twice daily) versus placebo until investigator-assessed disease pro-
gression by Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1,
or treatment-related toxicity. Treatment was otherwise discontinued at 24 months
unless there was ongoing clinical benefit with approved appeal to the medical
monitor [4].

A total of 391 patients underwent treatment randomization, with 260 partici-
pants assigned to the olaparib treatment arm and 131 participants to the placebo
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Table 5.1 Clinical trials evaluating PARPi for frontline maintenance therapy

Trial Eligibility criteria Treatment arms Results

SOLO1 High-grade serous or
endometrioid histology

1. Olaparib (300 mg
BID)

Median PFS

Stage III or IV disease 2. Placebo Germline or somatic
BRCA1/2 mutation:

Complete or partial
response to
chemotherapy

HR for disease
progression or death
0.30; 95% CI:
0.23–0.41, P < 0.001

Received
platinum-based
chemotherapy without
bevacizumab

Deleterious or
suspected deleterious
germline or somatic
BRCA1/2 mutation

Primary endpoint: PFS

Secondary endpoint: second PFS, OS, TFST, TSST, health related QOL

PRIMA/
ENGOT-OV26

High-grade serous or
endometrioid histology

1. Niraparib (300 mg
daily)

Median PFS

Stage III or IV disease 2. Placebo HRD cohort:

Patients required to
have inoperable
disease, residual
disease after surgery, or
received NACT if stage
III disease

21.9 v 10.4 months
(HR 0.43; 95% CI:
0.31–0.59, P < 0.001)

Complete or partial
response to
chemotherapy

Overall cohort:

Received 6–9 cycles of
chemotherapy

13.8 v 8.2 months (HR
0.62; 95% CI:
0.50–0.76, P < 0.001)

Subgroup analysis:
HRD (BRCA1/2
mutation or score > 42
on Myriad myChoice
test), HRP or HR
unknown

(continued)
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Table 5.1 (continued)

Trial Eligibility criteria Treatment arms Results

Primary endpoint: PFS

Secondary endpoint: OS, TFST, second PFS, patient-reported outcomes

PAOLA-1/
ENGOT-OV25

High-grade serous or
endometrioid
histology; or other
nonmucinous epithelial
histology with gBRCA
mutation

1. Olaparib (300 mg
BID) + bevacizumab
maintenance

Median PFS

Stage III or IV disease 2. Placebo +
bevacizumab
maintenance

Overall cohort:

Complete or partial
response to
chemotherapy

22.1 v 16.6 months
(HR 0.59; 95% CI:
0.49–0.72, P < 0.001)

Received bevacizumab
as part of treatment

sBRCA1/2mutant
cohort

HRD and BRCA1/2
testing

37.2 v 21.7 months
(HR 0.31; 95% CI:
0.20–0.47)

BRCA1/2 wildtype
cohort

18.9 v 16.0 months
(HR 0.71; 95% CI:
0.58–0.88)

HRD cohort

37.2 v 17.7 months
(HR 0.33; 95% CI:
0.25–0.45)

HRD positive,
BRCA1/2 wildtype
cohort

28.1. v 16.6 months
(HR 0.43; 95% CI:
0.28–0.66)

Primary endpoint: PFS

Secondary endpoint: time to progression, patient-reported outcomes

VELIA/
GOG-3005

High-grade serous
histology

1. Carboplatin, paclitaxel
+ veliparib, followed by
veliparib maintenance

Median PFS

Stage III or IV disease 2. Carboplatin, paclitaxel
+ veliparib, followed by
placebo maintenance

Overall cohort

(continued)
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Table 5.1 (continued)

Trial Eligibility criteria Treatment arms Results

Patients enrolled before
treatment; required 6
cycles of treatment

3. Carboplatin, paclitaxel
+ placebo, followed by
placebo maintenance

23.5 v 17.3 months
(HR 0.68; 95% CI:
0.56–0.83, P < 0.001)

Patient s/p tumor
debulking surgery

gBRCA1/2mutant
cohort

HRD and BRCA1/2
testing

34.7 v 22.0 months
(HR 0.44; 95% CI:
0.28–0.68, P < 0.001)

HRD cohort

31.9 v 20.5 months
(HR 0.57; 95% CI:
0.43–0.76, P < 0.001)

Primary endpoint: PFS in veliparib throughout group v control analyzed
sequentially (BRCA-mutant, HRD, ITT cohorts)

Secondary endpoint: OS in veliparib throughout v control, PFS/OS in
veliparib combo group v control, disease related symptom score

Abbreviations gBRCA1/2 (germline BRCA1/2); sBRCA1/2 (somatic BRCA1/2); NACT (neoadju-
vant chemotherapy); TFST (time to first subsequent therapy), TSST (time to second subsequent
therapy); ITT (intention to treat)

arm. Germline BRCA1/2 (gBRCA1/2) mutations were present in 388 patients and
somatic mutations were found in 2 patients. At a median follow up of 41 months,
treatment with olaparib in the maintenance setting provided profound clinical ben-
efit to women with newly diagnosed BRCA1/2-mutated advanced ovarian cancer.
With the primary analysis, the Kaplan–Meier estimate of freedom from disease
progression and death at 3 years was 60% in the olaparib group compared to 27%
in the placebo group (HR 0.30; 95% CI: 0.23 to 0.41; P < 0.001) [4]. The point
estimate of PFS in the olaparib treatment arm was nearly 36 months longer than
the placebo arm [4]. In a five-year post-hoc follow up analysis, the median PFS
for the olaparib arm was 56.0 months (95% CI; 41.9-not reached) v 13.8 months
(11.1–18.2 months) in the placebo group (HR 0.33; 95% CI: 0.25–0.43), fur-
ther supporting olaparib maintenance therapy as the standard of care for newly
diagnosed, BRCA1/2 mutated advanced ovarian cancer [13].

5.2.2 PRIMA/ENGOT-OV26

PRIMA/ENGOT-OV26/GOG-3012 evaluated the use of niraparib as maintenance
therapy following platinum-based chemotherapy in a phase III, multicenter, ran-
domized trial [11]. Patients with stage IV or unresectable or sub-optimally
debulked stage III disease with high grade serous or endometrioid histology and
response to platinum-based chemotherapy were included, representing a higher
risk and poor prognostic cohort than the SOLO1 population. Patients were included
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regardless of HRD status, with HRD positivity defined as harboring a BRCA1/2
mutation or a score of greater than or equal to 42 on the Myriad myChoice test
(encompassing loss of heterozygosity (LOH), telomeric allelic imbalance (TAI),
and large-scale state genomic transitions (LSST)). Participants were randomized
to receive niraparib (300 mg daily) or placebo for 36 months or disease progres-
sion. In response to increased rates of grade 3 and 4 thrombocytopenia associated
with potential markers of toxicity, the trial was ultimately amended to allow for an
individualized starting dose of niraparib 200 mg daily for patients meeting criteria
of platelets below 150,000/µL or total body weight below 77 kg.

About half of the 733 total patients who underwent treatment randomization
met criteria for HRD. Those with HRD tumors saw a PFS benefit of 21.9 months
with niraparib compared to 10.4 months with placebo (HR 0.43; 95% CI: 0.31
to 0.59; P < 0.001). However, a PFS benefit was also present in the overall pop-
ulation, regardless of HRD status, with a PFS of 13.8 months associated with
niraparib use compared to 8.2 months with placebo (HR 0.62, 95% CI: 0.50–
0.76; P < 0.001). While patients with BRCA-associated disease experienced more
benefit from niraparib maintenance therapy, the homologous recombination profi-
cient (HRP) associated survival benefit is notable and established the rationale for
subsequent FDA approval of maintenance treatment in all patients with advanced
ovarian cancers after a response to first line platinum-based chemotherapy [11].

5.2.3 PAOLA-1/ENGOT-OV25

PAOLA-1 is a randomized, double-blind, phase III international trial evaluating
the utility of combining two previously FDA approved maintenance therapies,
bevacizumab and olaparib [12]. Eligible patients had stage III–IV high grade
serous or endometrioid ovarian cancer with response after first-line platinum-based
chemotherapy with bevacizumab. Patients were included regardless of surgical
outcome or BRCA1/2 status; HRD positivity status was determined by Myriad
myChoice test (score≥42). All patients received bevacizumab at the standard
15 mg/kg dose every 3 weeks for up to 15 months. Patients were randomized
in a 2:1 fashion to receive olaparib (300 mg twice daily) or placebo for up to
24 months or disease progression. The primary end point was time from random-
ization to disease progression or death. The median follow up was 22.9 months
[12].

A total of 806 patients underwent randomization, with 537 patients in the ola-
parib and 269 patients in the placebo arms. In the intention to treat analysis,
patients receiving olaparib plus bevacizumab experienced improved PFS com-
pared to those receiving placebo plus bevacizumab (22.1 months v 16.6 months,
HR 0.59; 95% CI: 0.49–0.72; P < 0.001). In the exploratory analysis, the greatest
PFS benefit was demonstrated in patients with HRD and BRCA1/2-mutated tumors
receiving olaparib plus bevacizumab (HR 0.33; 95% CI: 0.25–0.45). The median
PFS for BRCA1/2-associated patients receiving combination treatment was 37.2 v
21.7 months with placebo (HR 0.31; 95% CI: 0.20–0.47). Similarly, patients with
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HRD tumors saw a PFS benefit of 37.2 months v 17.7 months (HR 0.33; 95% CI:
0.25–0.45). Of note, the study design did not include an olaparib only arm to allow
head to head comparison of olaparib alone versus combination with bevacizumab
nor exploration of the concept of switch maintenance. This raises questions as to
whether bevacizumab added to olaparib provides additional clinical benefit, or if
the improved PFS observed in the BRCA1/2 and HRD subgroups can be attributed
to PARP inhibition alone rather than synergistic effect. Regardless, no new safety
signals were seen with combination maintenance treatment [12].

5.2.4 VELIA/GOG-3005

The VELIA international, placebo-controlled, phase III trial is unique in that it was
the first trial to safely evaluate the efficacy of adding a PARPi to primary platinum-
based chemotherapy, followed by PARPi maintenance [10]. Eligible patients had
untreated stage III-IV high grade serous ovarian cancer and were randomized in
a 1:1:1 ratio to one of three arms: (1) control (carboplatin and paclitaxel plus
placebo followed by placebo maintenance), (2) veliparib combination (carboplatin
and paclitaxel plus veliparib followed by placebo maintenance), and (3) veli-
parib throughout (carboplatin and paclitaxel plus veliparib followed by veliparib
maintenance). A lower dose of veliparib (150 mg twice daily) was used in com-
bination with chemotherapy than in the maintenance setting (300 mg twice daily).
Patients could undergo primary or interval cytoreductive surgery. Chemotherapy
was administered for 6 cycles and maintenance was continued for 30 cycles.
The primary endpoint of PFS was compared between the veliparib throughout
and control arms and was analyzed sequentially among BRCA1/2-mutated tumors,
HRD associated tumors (score≥33 on Myriad myChoice), and the ITT popula-
tion. Comparison of the veliparib combination with placebo was included as a
secondary endpoint [10].

A total of 1140 patients underwent randomization. Patients with BRCA1/2-
mutated disease treated with the veliparib throughout regimen demonstrated a
median PFS of 34.7 months compared to 22.0 months seen among the control
group (HR 0.44, 95% CI: 0.28–0.68, p < 0.001). Those with HRD tumors receiving
veliparib throughout had a median PFS of 31.9 months compared to 20.5 months
in the control group (HR 0.57, 95% CI: 0.43–0.76, p < 0.001). PFS benefit was
also seen in the intention to treat analysis (23.5 months v 17.3 month, HR 0.68,
95% CI: 0.56–0.83,<0.001). HR proficient patients did not show PFS benefit in
the exploratory analysis (15 months v 11.5 months, HR 0.81, 95% CI: 0.60–1.09)
[10]. Adding veliparib to primary chemotherapy and continuing the PARPi as
maintenance therapy provided PFS benefit compared to primary platinum-based
chemotherapy alone; however, there was no veliparib maintenance arm alone, thus
the benefit of veliparib in conjunction with chemotherapy remains unclear. More-
over, further evaluation of HRD score and PFS benefit with veliparib has yet to
establish a cutoff range, though low scores showed benefit with veliparib compared
to chemotherapy alone [14].
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As shown in Table 5.2, robust phase III clinical trials have demonstrated PFS
benefit with the use of PARPi in the frontline maintenance setting, leading to FDA
approval of olaparib, niraparib, and the combination of olaparib and bevacizumab
for maintenance therapy in BRCA1/2-mutated, all-comers, and HRD-associated
disease, respectively. Most recently, the ATHENA-MONO phase III clinical evalu-
ated the efficacy of rucaparib as frontline maintenance therapy in advanced ovarian
cancer. The study authors have reported that the primary outcome of PFS has been
reached and is significantly improved in the rucaparib arm compared to placebo,
regardless of biomarker status (ASCO2022 abstract citation). Given the com-
pelling findings from these practice-changing trials, many more women will now
be treated with PARPi in the frontline setting. Data for the reported trials have not
yet matured however, and overall survival outcomes are pending.

Table 5.2 Clinical trials evaluating PARPi for maintenance therapy in platinum-sensitive disease

Trial Eligibility criteria Treatment arms Results

Study 19
(NCT00753545)

High-grade serous
histology

1. Olaparib (400 mg
BID)

Median PFS

Received at least 2
prior lines of
platinum-based
chemotherapy and
were platinum
sensitive

2. Placebo Overall cohort

Complete or partial
response to
chemotherapy

HR 0.35; 95% CI:
0.25–0.49, P < 0.0001

BRCA1/2mutant
cohort

HR 0.18; 95% CI:
0.10–0.31, P < 0.0001

non BRCA1/2
mutant cohort

HR 0.54; 95% CI:
0.34–0.85, P = 0.0075

Primary endpoint: PFS

Secondary endpoint: time to progression, ORR, disease control rate, OS

SOLO2/
ENGOT-Ov21

High-grade serous or
endometrioid
histology

1. Olaparib (300 mg
BID)

Median PFS

Received at least 2
prior lines of
platinum-based
chemotherapy

2. Placebo Overall cohort

(continued)
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Table 5.2 (continued)

Trial Eligibility criteria Treatment arms Results

Complete or partial
response to
chemotherapy

19.1 v 5.5 months
(HR 0.30; 95% CI:
0.22–0.41, P <
0.0001)

Predicted or
suspected
deleterious BRCA1/2
mutation

BRCA1/2mutant
subgroup

19.3 v 5.5 months
(HR 0.33; 95% CI:
0.24–0.44, P <
0.0001)

Primary endpoint: PFS

Secondary endpoint: OS, time to progression, TFST, TSST

NOVA/
NCT01847274

High-grade serous
histology

1. Niraparib (300 mg
daily)

Median PFS

Received at least 2
prior lines of
platinum-based
chemotherapy and
were platinum
sensitive

2. Placebo gBRCA1/2mutant
cohort:

Complete or partial
response to
chemotherapy

21.0 v 5.5 months
(HR 0.27; 95% CI:
0.17–0.41, P < 0.001)

BRCA1/2 testing
with Myriad
Genetics

non gBRCA1/2
mutant, HRD
positive cohort:

12.9 v 3.8 months
(HR 0.38; 95% CI:
0.24–0.59, P < 0.001)

non gBRCA1/2
mutant cohort:

9.3 v 3.9 months (HR
0.45; 95% CI:
0.34–0.61, P < 0.001)

Primary endpoint: PFS

Secondary endpoint: patient reported outcomes, chemo-free interval,
TFST, TSST, OS

ARIEL3 High-grade serous or
endometrioid
histology

1. Rucaparib (600 mg
BID)

Median PFS

Received at least 2
prior lines of
platinum-based
chemotherapy

2. Placebo Intention-to-treat
population

(continued)
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Table 5.2 (continued)

Trial Eligibility criteria Treatment arms Results

Complete or partial
response to
chemotherapy

10.8 v 5.4 months
(HR 0.36; 95% CI:
0.30–0.45, P <
0.0001)

BRCA1/2mutant
cohort:

16.6 v 5.4 months
(HR 0.23; 95% CI:
0.16–0.34, P <
0.0001)

HRD positive cohort:

13.6 v 5.4 months
(HR 0.32; 95% CI:
0.24–0.42, P <
0.0001)

Primary endpoint: PFS

Secondary endpoint: time to progression, OS

AbbreviationsORR (objective response rate), BICR (blind independent central review), ITT (inten-
tion to treat), OR (overall response), TFST (time to first subsequent therapy), TSST (time to second
subsequent therapy)

5.3 Recurrent, Platinum Sensitive Maintenance

After complete (CR) or partial response (PR) to platinum-based chemotherapy,
PARP inhibitors have shown clinical benefit in the second-line maintenance setting
[1]. Olaparib, niraparib and rucaparib have thus gained FDA approval for use as
maintenance therapy in the platinum-sensitive setting based on data derived from
the clinical trials shown in Table 5.2.

Ledermann et al. first evaluated the efficacy of olaparib as maintenance in
the recurrent setting in Study 19, a randomized, phase II trial (NCT00753545)
comparing olaparib (400 mg capsule formation BID) to placebo in patients with
platinum-sensitive, recurrent high grade serous ovarian cancer after at least two
prior lines of platinum-based chemotherapy, regardless of BRCA1/2 status [3].
The primary endpoint of PFS was significantly improved in the olaparib arm
with median PFS 8.4 months compared to 4.8 months in the placebo group (HR
0.35; 95% CI: 0.25–0.49; P < 0.001). PFS benefit was even more pronounced in
patients with a BRCA1/2 mutation (HR 0.11; 95% CI: 0.03–0.26) [3]. Furthermore,
SOLO2/ENGOT-Ov21 confirmed PFS benefit of olaparib in BRCA1/2-associated,
recurrent ovarian cancer. In this phase III trial, patients with platinum-sensitive,
recurrent ovarian cancer and BRCA1/2 mutation were randomized 2:1 to receive
either olaparib (300 mg twice daily) or placebo. Median PFS was significantly
longer in the olaparib arm compared to placebo (10.1 months v 5.5 months, HR
0.30; 95% CI: 0.22–0.41; P < 0.001). The most common toxicities reported were
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low grade and manageable, including anemia, abdominal pain, and constipation
[15].

The NOVA phase III clinical trial evaluated the utility of niraparib as main-
tenance therapy for patients with recurrent, platinum-sensitive high grade serous
ovarian cancer. Patients were randomized 2:1 to receive niraparib (300 mg daily)
v placebo. Patients who received niraparib had a significantly longer median PFS
than seen in the placebo group and were analyzed in subgroups based on BRCA/
HRD status. In this study, HRD was defined as presence of either loss of heterozy-
gosity (LOH), large scale state transitions (LSST), or telomeric-allelic imbalance
(TAI) [16]. PFS benefit was most notable in patients with gBRCA1/2 mutations
(21.0 v 5.5 months, HR 0.27; 95% CI: 0.17–0.41, P < 0.001). Patients without
BRCA1/2 mutations but with HRD tumors also demonstrated PFS benefit (12.9 v
3.8 months, HR 0.38; 95% CI: 0.24–0.59, P < 0.001). Moreover, HRP patients
without BRCA1/2 mutations also maintained a PFS benefit with use of niraparib
maintenance (9.3 months v 3.9 months, HR 0.45; 95% CI: 0.34–0.61, P < 0.001)
[16].

Lastly, in the ARIEL3 phase III clinical trial, rucaparib was evaluated as main-
tenance therapy again in platinum-sensitive, recurrent ovarian cancer. Eligible
patients were randomized 2:1 to receive either rucaparib (600 mg BID) or placebo.
The use of rucaparib provided significant PFS benefit in all patient subgroups,
where study authors defined HRD as loss of heterozygosity>16% [17]. Patients
with BRCA1/2 mutation (16.6 months v 5.4 months, HR 0.23; 95% CI: 0.16–0.34;
P < 0.0001) or HRD tumors (13.6 months v 5.4 months, HR 0.32; 95% CI: 0.24–
0.42; P < 0.0001) demonstrated the most significant clinical benefit, but there was
also benefit in the intent to treat population (10.8 months v 5.4 months, HR 0.36;
95% CI: 0.30–0.45, P < 0.0001) [17].

5.4 Treatment in the Recurrent Setting

As shown in Table 5.3, olaparib, niraparib, and rucaparib have been FDA approved
for use as treatment in the recurrent setting of ovarian, fallopian tube, and primary
peritoneal cancer [14]. In patients with germline or somatic BRCA1/2 mutations or
genomic instability, platinum sensitivity is a predictor of response to single-agent
PARPi.

The SOLO3 phase III clinical trial compared olaparib to non-platinum-based
chemotherapy in patients with gBRCA1/2 mutations. A total of 266 patients
were randomized 2:1 to receive olaparib (300 mg daily) or physician’s choice
single-agent non-platinum-based chemotherapy (pegylated liposomal doxorubicin,
weekly paclitaxel, gemcitabine, or topotecan). Olaparib demonstrated superior
objective response rate (ORR) and PFS benefit in patients with gBRCA1/2-mutated
platinum sensitive, recurrent ovarian cancer after receiving at least 2 prior lines of
treatment [18].

Niraparib monotherapy was evaluated as treatment in the late recurrent setting
of ovarian cancer in the multicenter, open-label, single-arm QUADRA phase II
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Table 5.3 Clinical trials evaluating PARPi for treatment in the recurrent setting

Trial Eligibility criteria Treatment arms Results

SOLO3 High-grade serous or
endometrioid histology

1. Olaparib (300 mg
BID)

ORR

Evaluable disease (1
lesion) by CT or MRI

2. Physician’s choice
single-agent
chemotherapy

72.2% v 51.4% (OR 2.53;
95%CI: 1.40–4.58, P =
0.002)

Received at least 2 prior
lines of platinum-based
chemotherapy and were
platinum sensitive

Subgroup receiving 2
prior lines of treatment

Confirmed gBRCA1/2
mutation

84.6% v 61.5% (OR 3.44;
95% CI: 1.42–8.54)

Median PFS

13.4 v 9.2 months (HR
0.62; 95% CI: 0.43–0.91, P
= 0.013)

Primary endpoint: ORR by BICR in measurable disease

Secondary endpoint: PFS in ITT population

QUADRA High-grade serous
histology

1. Niraparib (300 mg
daily)

Investigator-assessed
confirmed OR

Received at least 3 prior
lines of platinum-based
chemotherapy

HRD-positive,
platinum-sensitive cohort

All patients underwent
HRD testing with Myriad
myChoice and BRCA1/2
testing

28% (13/47) achieved OR
(95% CI: 15.6–42.6, p =
0.00053);; median DOR
9.2 months (95% CI:
5.9-not estimable)

Response evaluable cohort

10% (38/387) achieved OR

Modified per-protocol
cohort

8% (38/456) achieved OR;
DOR 9.4 months (95% CI:
6.6–18.3)

Median OS

BRCA1/2-mutated
subgroup: 26.0 months
(95% CI: 18.1-not
estimable)

HRD-positive subgroup:
19.0 months (95% CI:
14.5–24.6)

HRP subgroup:
15.5 months (95% CI:
11.6–19.0)

(continued)
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Table 5.3 (continued)

Trial Eligibility criteria Treatment arms Results

Primary endpoint: investigator-assessed confirmed OR

Secondary endpoints: OR, DOR, disease control, PFS, OS

ARIEL2 High-grade serous or
endometrioid histology

1. Rucaparib (600 mg
BID)

Median PFS

Received at least 2 prior
lines of platinum-based
chemotherapy

BRCA1/2-mutated
subgroup

Platinum-sensitive to last
line of platinum-based
therapy

12.8 months (HR 0.27: 95%
CI: 0.16–0.44, P < 0.0001)

Measurable disease per
RECIST v 1.1

LOH high subgroup

5.7 months (HR 0.62; 95%
CI: 0.42–0.90, P = 0.011)

LOH low subgroup

5.2 months

Primary endpoint: PFS

Exploratory analysis: comparison of LOH classification, CA 125 response

AbbreviationsORR (objective response rate), BICR (blind independent central review), ITT (inten-
tion to treat), OR (overall response)

study. Eligible patients had relapsed, high grade serous ovarian cancer and were
platinum sensitive to their last line of treatment (patients must have had at least
3 prior lines). All patients underwent HRD testing with Myriad myChoice and
germline BRCA1/2 testing. A total of 463 patients were enrolled and received oral
niraparib (300 mg daily) until disease progression. The median follow up for OS
was 12.2 months. HRD-positive tumors, including gBRCA1/2-mutated, sBRCA1/
2-mutated, and BRCA1/2 wild-type/HRD-positive, comprised 48% of the study
population; 87/463 or 19% of patients had a germline or somatic BRCA1/2 muta-
tion. Of the 47 patients who were HRD-positive, platinum-sensitive, and PARP
naïve, the median PFS was 5.5 months (95% CI: 3.5–8.2), median duration of
response (DOR) 9.2 months (5.9-not estimable), and 68% achieved disease con-
trol. The number of patients achieving an overall response was most significant in
BRCA1/2-mutated and HRD associated tumors. The median OS was 26.0 months
in the BRCA1/2-mutated group (95% CI: 18.1-not estimable), 19.0 months in HRD
group (95% CI: 14.5–24.6), and 15.5 months in the HRD-negative group (95%
CI: 11.6–19.0) [19]. This led to the FDA approval of niraparib in patients with
HRD-associated recurrent ovarian cancer with 3 or more prior lines of therapy.

In the ARIEL2 phase II trial evaluating rucaparib in the treatment of recur-
rent, platinum-sensitive high grade ovarian cancer, HRD status (defined by LOH)
was explored as a potential predictor of treatment response. Of the 206 patients
enrolled, 192 patients were classified into one of three predefined HRD subgroups:
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(1) deleterious somatic or germline BRCA1/2 mutation, (2) BRCA1/2 wild-type,
LOH high, and (3) BRCA1/2 wild-type LOH low. Median PFS was longer with
rucaparib treatment in the BRCA1/2 mutant (12.8 months, HR 0.27; 95% CI:
0.16–0.44, P < 0.0001) and LOH high subgroups (5.7 months, HR 0.62; 95%
CI: 0.42–0.90, P = 0.011) compared to LOH low subgroup (5.2 months) [20].
Data from this study, in combination with early phase data in ovarian cancer, were
utilized to yield an FDA approval for rucaparib in recurrent BRCA mutant ovarian
cancer after 2 or more prior lines of therapy. In post-hoc analysis of tumor sam-
ples from ARIEL2, mutations in RAD51C and RAD51D, as well as HRD status
predicted better treatment response [21]. ASCO Guidelines thus recommend using
either of the approved PARPi as a treatment strategy in patients who are BRCA1/
2-mutated or HRD with platinum sensitive, recurrent ovarian cancer [22].

5.5 Treatment Considerations and Management of Common
Toxicities

Given the PFS benefit demonstrated in the previously reviewed clinical trials and
FDA approval of the use of olaparib, niraparib, and rucaparib in different treat-
ment settings, many more patients will be treated with a PARPi early in their
cancer course. To optimize the efficacy and clinical benefit, however, considera-
tion must be made based on predictors of response, including BRCA1/2 mutation,
HRD status, and platinum sensitivity. Ease of administration may also be taken
into account, with olaparib and rucaparib requiring twice daily dosing compared to
once daily dosing of niraparib. Moreover, a balance of efficacy and toxicities must
also be measured. The most common toxicities associated with PARPi include
hematologic toxicities, gastrointestinal (GI) toxicities, renal toxicities, and fatigue.

5.5.1 Managing Hematologic Toxicities

Anemia and thrombocytopenia are the most common toxicities reported in clin-
ical trials of PARPi [9, 15, 17, 23]. Fortunately, the cytopenias occur early in
treatment initiation and recover after a few cycles of therapy. In the ARIEL3 trial
evaluating rucaparib maintenance therapy, 139/372 or 37% of patients experienced
anemia [17]. Of the 195 patients treated with olaparib in the SOLO2 trial, 44%
had any grade anemia [15]. Niraparib has demonstrated the greatest anemia toxi-
city, with 50% of patients having any grade and 25% having grade 3 or 4 anemia
[16]. Blood transfusions are indicated in the setting of symptomatic anemia, or
hemoglobin (Hgb) values<7.0 g/dL. Using the Common Terminology Criteria of
Adverse Events, v5.0, if grade 2 or higher anemia is noted, treatment hold and
consideration of transfusion if indicated is recommended. Restarting treatment at
a reduced dose or discontinuing completely if counts do not recover appropriately
are additional strategies to consider [23].
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Niraparib is also associated with higher rates of thrombocytopenia, including
grade 3 or 4 toxicity occurring in 34% of patients receiving niraparib maintenance
[16]. Rates of thrombocytopenia are less frequent with use of olaparib (14%) and
rucaparib (28%), including grade 3–4 toxicities at 1 and 5%, respectively [15, 17].
In a subsequent study of patients treated with niraparib 300 mg daily, bodyweight
and total platelet counts were noted to be reliable predictors of requiring dose
reduction. Grade 3 or 4 thrombocytopenias were more common in patients with
bodyweight less than 77 kg or platelet counts less than 150,000 cells/µL (35% v
12%) compared to their counterparts [24]. It is thus clinically recommended that
the starting dose of niraparib be adjusted to 200 mg daily for patients meeting these
criteria. Grade 2 or greater toxicity warrants treatment hold and consideration of
dose reduction or discontinuation if counts do not recover. Dose reduction down
to 100 mg was allowable. Monthly complete blood counts (CBC) with differential
should be utilized to monitor bone marrow toxicity in patients starting treatment
with PARPi. Weekly laboratory testing may be necessary to monitor counts within
the first month of initiating niraparib, or after dose modification of any PARPi
[23].

5.5.2 Managing GI and Renal Toxicities

The most common GI toxicity demonstrated in clinical trials with PARPi include
mild nausea, with only 3–4% of patients experiencing grade 3 or 4 nausea [15–17,
23]. Olaparib (75%), niraparib (74%), and rucaparib (75%) demonstrated similar
rates of nausea and management was similar that of chemotherapy-induced emesis
[15–17]. Common strategies include daily anti-emetics such as 5-HT3 antagonists,
antihistamines as well as recommendation of a light meal prior to PARPi adminis-
tration [23]. Low grade vomiting, constipation, and diarrhea were reported by up
to 40% of patients in clinical trials. Symptoms were often relieved with common
over the counter medications, including senna and polyethylene glycol for consti-
pation, loperamide for diarrhea, and anti-emetics for vomiting [23]. Grade 3 or 4
adverse events were rare.

Higher rates of elevated creatinine were reported with rucaparib use compared
to placebo (15% v 2%) in ARIEL3 [17]. Similarly, grade 1 or 2 elevated creati-
nine was seen in 11% (21/195 patients) of patients receiving olaparib maintenance
compared to 1% in the placebo group in SOLO2 [15]. The creatinine abnormal-
ities reported in clinical trials were not necessarily associated with dysfunctional
glomerular filtration rate (GFR). Rucaparib and olaparib are known to inhibit the
poly-specific transporter proteins MATE1 and MATE2-K in the renal tubules and
thus affect creatinine secretion. If renal insufficiency is suspected, further inter-
rogation with imaging and radionucleotide scan may be warranted. Otherwise,
elevated creatinine has been observed within the first weeks of treatment and
recovery with continued treatment. Dose reductions and treatment holds may be
avoided if GFR remains within normal limits [23, 25]. Of note, renal toxicity has
not been associated with niraparib.
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5.5.3 Managing Fatigue

Mild fatigue is a common toxicity seen with all PARPi and typically managed
with supportive care measures. Fatigue of any grade was reported in up to 70%
of patients in clinical trials evaluating PARPi maintenance. Grade 3 or 4 fatigue
was noted in less than 10% of patients [15–17]. First line management of fatigue
generally involves exercise and massage or behavioral therapy. Pharmacologic
intervention with methylphenidate may be required for refractory, higher grade
fatigue [23].

5.5.4 Managing Secondary Malignancies

Secondary malignancies, specifically myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML), have been reported as long-term risks associated with
use of PARPi, attributed to PARPi-induced alterations of cellular DNA damage
repair pathways [26]. These fatal events have been found to occur 10–15 years
after exposure to cytotoxic agents. A meta-analysis of randomized trials exploring
use of PARPi in solid tumors reported an increased risk of MDS/AML with use of
PARPI in the front-line setting, with a pooled incidence rate ration (IRR) of 5.43
(95% CI: 1.51–19.60) [27]. Interestingly, incidence of MDS/AML was not statisti-
cally different in trials that incorporated PARPi in the recurrent setting, despite the
large proportion of heavily pretreated patients [27]. For further context, the ovar-
ian cancer-specific clinical trials described in this chapter reported MDS/AML as a
rare AE (incidence 0.5–1.4%) [15–17]. Regardless, it is important to discuss these
risks given the increasing use of and expanding indications for PARPi. Moreover,
as the utility of PARPi after PARPi use is further delineated, the duration of use
could be significantly increased and thus potentially increase risk.

In heavily pre-treated ovarian cancer patients, it may be difficult to determine
the etiology of secondary malignancies. A thorough workup is warranted for any
patient with a history of PARPi use presenting with pancytopenia. Nutritional defi-
ciencies, viral infections, bone marrow dysplasias, and other causes should be ruled
out. Referral to Hematology/Oncology and consideration of bone marrow aspira-
tion may be indicated. In the extremely rare event that MDS/AML is observed
during treatment, the PARPi should be discontinued immediately [23].

5.6 Future Directions

PARP inhibitors have changed the landscape of the treatment of ovarian can-
cer with improved PFS and durable responses. The FDA has approved the use
of olaparib, niraparib in the frontline maintenance, maintenance of recurrent
platinum-sensitive disease, and treatment in the recurrent setting. Rucaparib is
pending approval for frontline maintenance but is currently approved for mainte-
nance of recurrent platinum-sensitive disease and treatment in the recurrent setting.
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We still face clinical challenges, however, in managing toxicities and extending
benefit beyond presumed resistance to PARPi.

The OReO/ENGOT Ov-38 study is a phase III clinical trial evaluating the effi-
cacy of olaparib in platinum-sensitive, recurrent ovarian cancer with at least 1
prior line of PARPi maintenance. Two cohorts of patients were enrolled (BRCA1/
2-mutant and BRCA1/2 wildtype) and randomized 2:1 to receive either olaparib
300 mg daily or placebo. The majority of patients had received 3 or more prior
lines of therapy. Of the BRCA1/2 wildtype patients, 40% were HRD positive. Data
reported at the recent 2021 ESMO conference demonstrated PFS benefit with
re-challenge of olaparib despite BRCA1/2 mutation status. The PFS of BRCA1/
2-mutant patients receiving olaparib was 4.3 months compared to 2.8 months in
the placebo arm (HR 0.57; 95% CI: 0.37–0.87; P < 0.022). For BRCA1/2 wildtype
patients, a PFS benefit of 5.3 months was demonstrated compared to 2.8 months
with placebo (HR 0.43; 95% CI: 0.26–0.71; P = 0.0023) [25]. Unfortunately, due
to the high number of prior lines of chemotherapy, the question of whether to use
a PARPi after progression during upfront PARPi maintenance cannot be answered
by the results of the OReO trial. Further, identification of biomarkers which may
predict response and resistance to PARPi re-treatment is critical. While circulating
tumor DNA (ctDNA) and liquid biopsy are being utilized to explore the incidence
of BRCA1/2 reversion mutations in early phase clinical trials, this technology has
yet to reach the clinical stage and become standard of care due to many different
factors, including cost.

To further optimize efficacy of PARPi and overcome resistance, current clinical
trials are evaluating combination treatment with other therapies targeting the DNA
damage repair pathway, chemotherapy, immunotherapy, and radiation therapy.
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6Clinical Use of PARP Inhibitors
in BRCA Mutant and Non-BRCA
Mutant Breast Cancer

Filipa Lynce and Mark Robson

6.1 Introduction

Patients with germline BRCA mutation (gBRCAm)-associated breast cancers tend
to occur in younger women compared to those who do not have a germline muta-
tion. In addition, patients with a BRCA1 deleterious mutation more often develop
triple-negative breast cancer (TNBC), a subtype associated with reduced treatment
options, while patients with BRCA2-associated tumors develop breast cancers that
replicate the distribution of subtypes seen in sporadic breast cancers.

The use of poly(ADP-ribose) polymerase (PARP) inhibitors for the treatment
of patients with gBRCAm and breast cancer is a success of genomically-directed
treatment [1], both in the early and advanced settings. The observations of single-
agent activity of PARP inhibitors in BRCA-deficient cancer cells, published in
Nature in 2005 by two independent research groups, opened the doors to multiple
clinical trials evaluating PARP inhibitors as monotherapy and in combination with
other agents [2, 3]. The enthusiasm around PARP inhibitors was initially tampered
by the negative results of a phase III trial evaluating the role of iniparib combined
with carboplatin and gemcitabine for the treatment of TNBC, following positive
randomized phase II results [4, 5]. Subsequent data suggested that iniparib is struc-
turally distinct from PARP inhibitors and a poor inhibitor of PARP activity [6, 7],
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rekindling interest in this drug class for the treatment of BRCA-associated breast
cancers.

In this chapter we review the results of trials that have defined the clinical
landscape of PARP inhibitor utilization in breast cancer and present ongoing trials
that have the potential to impact clinical practice.

6.2 Clinical Use of PARP Inhibitors for Advanced
BRCA-Mutant Breast Cancer

6.2.1 Monotherapy

Two large, randomized phase III trials have demonstrated the efficacy of olaparib
and talazoparib for the treatment of patients with BRCA-associated breast cancer
(Table 6.1). In the phase III OlympiAD trial, 302 patients with a gBRCA mutation
and HER2-negative metastatic breast cancer were randomized to receive olaparib
or standard therapy in a 2:1 ratio [8]. Standard therapy regimens included one
of the following three prespecified chemotherapy regimens: capecitabine, eribu-
lin, or vinorelbine. In terms of platinum exposure, receipt of platinum in the
(neo)adjuvant setting was allowed if at least 12 months had elapsed since the last
dose, and in the metastatic setting if there was no evidence of disease progression
while being treated with a platinum.

Table 6.1 Summary of the randomized phase III studies with PARP inhibitors in BRCA-
associated advanced breast cancer

Trial N Experimental
arm

Control arm Prior lines of
therapy

Prior platinum Primary
endpoint

OlympiAD
[8–10]

302 Olaparib Capecitabine,
eribulin, or
vinorelbine

≤2 previous
chemotherapy
regimens for
metastatic
disease
Required
anthracycline
(unless
contraindicated)
and a taxane in
the
neoadjuvant,
adjuvant or
metastatic
setting

Previous
neoadjuvant or
adjuvant
platinum was
allowed
if≥12 months
had elapsed
since the last
dose
Previous
platinum for
metastatic
disease was
allowed if no
evidence of
disease
progression
during
treatment

PFS
7.0 versus
4.2 months
favoring
olaparib;
HR 0.58;
95% CI
0.43–0.80;
P < 0.001)

(continued)
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Table 6.1 (continued)

Trial N Experimental
arm

Control arm Prior lines of
therapy

Prior platinum Primary
endpoint

EMBRACA
[11–13]

431 Talazoparib Capecitabine,
eribulin,
gemcitabine,
or
vinorelbine

≤3 previous
cytotoxic
regimens for
advanced breast
cancer
Required
previous
treatment with a
taxane, an
anthracycline,
or both, unless
this treatment
was
contraindicated

Previous
neoadjuvant or
adjuvant
platinum-based
therapy was
permitted,
provided the
patient had a
DFI
of≥6 months
after the last
dose
Patients with
objective
disease
progression
while receiving
platinum
chemotherapy
for advanced
breast cancer
were excluded

PFS
8.6 versus
5.6 months
favoring
talazoparib;
HR 0.54;
95% CI
0.41–0.71,
p < 0.001

BROCADE
[14]

513 Paclitaxel,
carboplatin
and veliparib

Paclitaxel,
carboplatin

≤2 previous
cytotoxic
chemotherapy
regimens for
metastatic
breast cancer
Patients could
have received a
previous taxane
as neoadjuvant
or adjuvant
therapy or to
treat locally
advanced
disease, if given
more than
6 months before
study start

≤1 previous
line of
platinum
therapy
without
progression
within
12 months of
completing
treatment

PFS
14.5 versus
12.6 months
favoring
veliparib
arm, HR
0.71, CI
0.57–0.88,
p 0.002

CI: confidence interval; DFI: disease-free interval; HR: hazard ratio; PFS: progression-free survival

Median progression-free survival (PFS), which was the primary endpoint of
the study, was significantly longer for patients treated with olaparib compared to
those treated with standard therapy (7.0 months vs. 4.2 months; hazard ratio [HR]
for disease progression or death 0.58; 95% confidence interval [CI] 0.43–0.80;
p < 0.001). The overall response rate (ORR) was 59.9% in the olaparib group and
28.8% in the standard therapy arm. Grade 3 or higher adverse events were lower
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in the olaparib arm (36.6% vs. 50.5%) and there were no cases of myelodys-
plastic syndrome (MDS) or acute myeloid leukemia (AML) reported in either
arm [9] Health-related quality of life, assessed by patient-completed European
Organization for Research and Treatment of Cancer Quality of Life Questionnaire
Core 30-item module (EORTC QLQ-C30), was consistently improved for patients
treated with olaparib compared with standard therapy [10].

An ad hoc subset analysis of extended follow-up for overall survival (OS) of the
OlympiAD study showed that, in the first-line setting, the median OS was longer
for olaparib compared to standard therapy (22.6 vs. 14.7 months; HR 0.55; 95%
CI 0.33–0.95), with 3-year survival of 40% for olaparib versus 12.8% for standard
therapy, suggesting the possibility of meaningful long-term survival with olaparib
when used early [9].

In the phase III EMBRACA trial, a similar study design was used to com-
pare talazoparib to physicians’ treatment of choice [11]. This was a randomized
open-label study where 431 patients with HER2-negative advanced breast cancer
carrying a gBRCA1/2 mutation were assigned, in a 2:1 ratio, to receive talazoparib
1 mg once daily or the physician’s choice of chemotherapy (capecitabine, eribulin,
gemcitabine, or vinorelbine). The primary endpoint was PFS assessed by blinded
independent central review.

Talazoparib demonstrated a statistically significant improvement in PFS com-
pared to standard therapy (8.6 vs. 5.6 months; HR for disease progression or death
0.54; 95% CI 0.41–0.71; p < 0.001). Like what was observed in the OlympiAD
trial, the ORR was higher in the talazoparib group compared to the standard-
therapy group (62.6% vs. 27.2%; odds ratio 5.0; 95% CI 2.9–8.8; P < 0.001).
Hematologic grade 3–4 adverse events (primarily anemia) occurred in 55% of
the patients who received talazoparib and in 38% of the patients who received the
physician’s choice of therapy. There were no confirmed cases of MDS. One case of
AML occurred in each arm. Patients assigned to the talazoparib arm had significant
overall improvements and significant delays in the time to clinically meaningful
deterioration in multiple cancer-related and breast cancer-specific symptoms scales
[12]. Similar to the OlympiAD trial, there was no statistically significant differ-
ences in OS between arms although subsequent treatments may have impacted
analysis [13].

Based on these results, the U.S. Food and Drug Administration (FDA) approved
olaparib and talazoparib in 2018 for the treatment of patients with deleterious or
suspected deleterious gBRCA-mutated HER2-negative metastatic breast cancer.

6.2.2 In Combination with Chemotherapy

Given the previously demonstrated sensitivity of BRCA-associated cancers to
platinum agents, the BROCADE 3 trial explored the use of veliparib, a PARP
inhibitor, in combination with a platinum-containing regimen [14]. This was
a double-blind phase III trial that randomized 513 patients with deleterious
gBRCA1/2 mutation-associated advanced HER2-negative breast cancer to receive
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carboplatin and paclitaxel with veliparib or placebo. If patients discontinued
carboplatin and paclitaxel due to toxicity prior to progression, they could con-
tinue veliparib or placebo until disease progression. The primary endpoint was
investigator-assessed PFS. Overall, 8% of participating patients had received prior
platinum and 19% had received chemotherapy for metastatic disease. Median PFS
was superior for patients who received veliparib (14.5 vs. 12.6 months; HR 0.71;
95% CI 0.57–0.88; p 0.002). With a median follow up of nearly 36 months, 26%
of patients treated with veliparib were alive and progression-free compared to 11%
of patients in the placebo-containing arm.

The results of this study were not widely adopted but they provided important
insights into the treatment of BRCA-associated breast cancer. Since patients were
allowed to continue veliparib (or placebo) after chemotherapy was discontinued
and the PFS curves seemed to separate after most patients stopped chemother-
apy, the benefit of the PARP inhibitors in this study may reflect maintenance
use rather than the benefit of combining it with chemotherapy. Therefore, the
question remains if there may be a role for induction chemotherapy in patients
with metastatic BRCA-associated breast cancer, similar to the current practice in
ovarian cancer, followed by maintenance therapy with a PARP inhibitor given as
monotherapy [15, 16].

6.2.3 In Combination with Immunotherapy

Preclinical models have shown that PARP inhibitors and anti-PD1 antibodies show
synergistic activity. PARP inhibitors activate the STING pathway leading to T
cell recruitment and stimulate antigen presentation via increased T cell cyto-
toxic activity, creating a tumor microenvironment that may be more susceptible
to immunotherapy. The combination of these agents in gBRCA-associated breast
cancer was evaluated in three studies: the MEDIOLA [17], TOPACIO [18] and the
JAVELIN [19] trials.

The MEDIOLA trial was a multicenter phase I/II basket trial of durvalumab
and olaparib in solid tumors. One of the initial cohorts included patients with
gBRCA-mutated breast cancer [17]. Patients should have received≤2 lines of
chemotherapy for metastatic breast cancer. Overall, 34 patients were enrolled with
30 patients comprising the full-analysis set. Twenty-four out of 30 (80%; 90% CI
64.3–90.9%) patients experienced disease control rate (DCR) at 12 weeks (pri-
mary efficacy endpoint) and, at a median follow up of 6.7 months, the median
PFS was 8.2 months (95% CI 4.6–11.8). The safety profile was similar to what
was previously observed with olaparib and durvalumab monotherapy studies.

The TOPACIO trial was a multicenter, open-label, single-arm, phase II study
with a phase I lead-in portion evaluating the safety and efficacy of combination
treatment with niraparib and pembrolizumab in patients with metastatic TNBC
[18]. The primary objective of the phase II study was ORR and secondary end-
points included PFS, DCR and duration of response (DOR). In the full analysis
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population (n = 55), the confirmed ORR was 21% (90% CI 12–33%) with a com-
plete response in 5 (11%) patients. In all treated patients, the median PFS was
2.3 months (95% CI 2.1–3.9 months). There was evidence of clinical activity in
patients irrespective of BRCA or PD-L1 status; although, not surprisingly, the clin-
ical activity was more pronounced in those patients with BRCA-mutated tumors
or PD-L1-positive tumors.

Finally, the JAVELIN BRCA/ATM study was a multicenter, open-label, phase
IIb trial that evaluated whether the combination of talazoparib and avelumab was
effective in patients with pathogenic BRCA1/2 or ATM alterations, regardless of
tumor type [19]. Overall, 57 patients with breast cancer were enrolled and 51 had a
BRCA1/2 mutation. Within the BRCA1/2 breast cancer cohort, the ORR was 47.1%
(24/51), which was generally consistent with what was seen with previous PARP
inhibitor monotherapy and/or in combination with immune checkpoint inhibitors.

ETCTN 10020 (NCT02849496) is a randomized phase II trial investigating
the role of olaparib with or without atezolizumab for the treatment of advanced
BRCA-associated HER2-negative breast cancer. The primary endpoint of this
study is PFS. This study has completed accrual and results are eagerly awaited.

6.3 Clinical Use of PARP Inhibitors for Early BRCA-Mutant
Breast Cancer

6.3.1 Neoadjuvant Setting

The use of PARP inhibitors in the neoadjuvant setting may allow some patients
to achieve a pathological complete response (pCR) without requiring the use of
polychemotherapy and its associated toxicity. To estimate tumor responses to
PARP inhibitor as monotherapy, a pilot trial of 20 patients with gBRCA muta-
tions and stage I-III breast cancer was initially planned. Patients received 2 months
of talazoparib before initiating standard neoadjuvant chemotherapy. Two months
of treatment with talazoparib resulted in a median decrease of tumor volume of
88% (range, 30% to 98%) measured by breast ultrasound [20], which led to early
interruption of the study. A new pilot study was designed to evaluate the patho-
logic response of talazoparib given as neoadjuvant monotherapy for 6 months [21].
The primary endpoint was residual cancer burden (RCB). Twenty patients were
enrolled, 15 had TNBC and 5 had estrogen receptor (ER)-positive HER2-negative
disease. The RCB 0 rate was 53% and the RCB 0/I rate was 63%. This led to
the conduct of a single-arm phase II trial evaluating talazoparib for 6 months
in patients with stage I-III TNBC and gBRCA mutations, the NeoTALA study
[22]. In 48 evaluable patients (received at least 80% of the talazoparib dose),
treatment with talazoparib resulted in a pCR rate of 45.8%. These studies have
suggested that some patients with BRCA mutations and breast cancer may achieve
excellent responses with the use of a non-chemotherapy containing neoadjuvant
regimen. Niraparib has also been investigated in this setting. A single arm pilot
study (NCT03329937) that enrolled 24 patients with early stage HER2-negative
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BRCA1/2 mutated breast cancer recently reported a pCR of 38.1% (8 out of 21
efficacy evaluable patients) with 2–6 cycles of niraparib. Of these 8 patients, 2
received neoadjuvant chemotherapy after niraparib and prior to surgery [23]. Inter-
estingly, high niraparib intratumoral concentration was observed in 10 patients
with time-matched plasma/tumor samples collected after 2 cycles of niraparib.

The TBCRC056 study (NCT04584255) and the OlympiaN trial
(NCT05498155) are also investigating the benefit of adding immunotherapy
to a PARP inhibitor in the neoadjuvant setting. In the TBCRC056 study, patients
are currently being accrued to receive preoperative niraparib with dostarlimab in
patients with BRCA1/2 or PALB2-mutated breast cancer, while in the OlympiaN
trial patients receive olaparib with or without durvalumab.

6.3.2 Adjuvant Setting

The OlympiA trial was a phase III double-blind trial that randomized 1836 patients
with early-stage HER2-negative breast cancer patients to receive 1 year of adjuvant
olaparib or placebo. All eligible patients had a gBRCA1 or gBRCA2 mutation and
received neoadjuvant or adjuvant chemotherapy. Patients with TNBC treated with
adjuvant chemotherapy were required to have node-positive disease or an invasive
primary tumor of at least 2 cm, whereas patients receiving neoadjuvant chemother-
apy were required to have residual disease at surgery. Patients with hormone
receptor-positive breast cancer receiving adjuvant chemotherapy were required to
have at least four pathologically confirmed positive lymph nodes, whereas those
receiving neoadjuvant chemotherapy were required to have residual disease and
a CPS + EG score of 3 or higher. The primary endpoint was invasive disease-
free survival (iDFS). In June 2021, at the first pre-planned interim analysis after a
median follow up of 2.5 years, there was significant iDFS improvement, with a 3-
year iDFS of 85.9% in the olaparib group and 77.1% in the placebo group (HR for
invasive disease or death 0.58; 99.5% CI 0.41–0.82; p < 0.001). In March 2022,
at the second planned interim analysis after a median follow up of 3.5 years, a
significant OS benefit was reported (3-year OS 92.8% with olaparib versus 89.1%
with placebo; stratified HR 0.68; 98.5% CI 0.47–0.97; p = 0.009) [24, 25].

This led to the U.S. FDA approval, on March 11, 2022, of olaparib for the
adjuvant treatment of deleterious or suspected deleterious gBRCA-mutated HER2-
negative associated high-risk early breast cancer after treatment with neoadjuvant
or adjuvant chemotherapy.

The SUBITO trial (Substantially Improving the Cure Rate of High-risk BRCA1-
like Breast Cancer trial; NCT02810743) is another clinical trial investigating
olaparib in the adjuvant setting in patients with features of homologous recombina-
tion deficiency (HRD), defined as either gBRCA1/2 or BRCA1-like copy number
profile evaluated on tumor tissue [26]. In this phase III randomized study, 174
patients will be randomized to (neo)adjuvant treatment with 4 cycles of dose
dense doxorubicin-cyclophosphamide(ddAC) with autologous stem cell rescue or
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4 cycles of ddAC followed by 4 cycles of carboplatin(q3)-paclitaxel(q1) and one
year of olaparib. The primary outcome is OS.

6.4 Clinical Use of PARP Inhibitors in Non-BRCA Mutant
Breast Cancer

In about 5% of the cases, breast cancers are associated with gBRCA1/2 mutations,
and likely to benefit from PARP inhibitors. Identification of other patients whose
tumors may be sensitive to these drugs remains a critical need. Several genes
involved in the DNA damage response and homologous recombination pathways
to repair DNA double-strand breaks, when mutated, may confer increased cancer
susceptibility to PARP inhibitors.

Olaparib Expanded (TBCRC048), an investigator-initiated phase II study [27],
evaluated the efficacy of olaparib in patients with advanced HER2-negative breast
cancer and germline/somatic mutations in homologous recombination related
genes other than BRCA1/2 (cohort 1) or somatic BRCA1/2 mutations (cohort 2).
The primary endpoint was ORR. Fifty-four patients were enrolled. In cohort 1, the
ORR was 33% (90% CI 19–51%) and in cohort 2 was 31% (90% CI 15–49%).
Confirmed responses were limited to those with germline PALB2 (ORR 82%) and
somatic BRCA1/2 (ORR 50%) mutations. These results were considered practice
changing by many, significantly expanding the pool of patients with breast cancer
likely to benefit from PARP inhibitors. Similarly, the Talazoparib beyond BRCA
study (NCT02401347) was an open label phase II trial that evaluated talazoparib in
patients with pretreated advanced HER2-negative breast cancer (n = 13) or other
solid tumors (n = 7) with mutations in HR pathway genes other than BRCA1
and BRCA2 [28]. In the cohort of patients with breast cancer, the ORR was 31%
(4/13) and 3 additional patients had stable disease of≥6 months (CBR 54%).
All patients with germline mutations in PALB2 had treatment-associated tumor
regression, consistent with findings from the Olaparib Expanded trial.

The role of a PARP inhibitor as maintenance strategy in metastatic TNBC was
explored in the DORA study (NCT03167619) [29]. This was a phase II non-
comparator trial that randomized 45 patients with advanced TNBC to olaparib with
or without durvalumab after clinical benefit from platinum chemotherapy. The pri-
mary endpoint was PFS. At a medium follow-up of 9.8 months, the median PFS
was 3.95 months (p = 0.0023; 95% CI 2.55–6.13) with olaparib and the median
PFS was 6.1 months (p = < 0.0001; 95% CI 3.68–10.11) in the combination arm,
with some durable responses seen in non-BRCA carriers.

In the neoadjuvant setting, the efficacy of PARP inhibitors beyond BRCA car-
riers was evaluated in the BrighTNess and the GeparOLA (HRD) studies [30–33].
The BrighTNess study was a phase III study that randomized 634 patients with
stage II-III TNBC to paclitaxel plus (a) carboplatin plus veliparib; (b) carbo-
platin plus veliparib placebo; or (c) carboplatin placebo plus veliparib placebo.
All patients received doxorubicin and cyclophosphamide after. The primary end-
point was pCR and secondary endpoints included event-free survival (EFS) [30].
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The proportion of patients who achieved a pCR was higher in the paclitaxel, car-
boplatin, and veliparib group than in patients receiving paclitaxel with placebo
(53% vs. 31%; p < 0.0001), but not compared with patients receiving paclitaxel
plus carboplatin (58%; p = 0.36). With median follow-up of 4.5 years, the HR
for EFS for carboplatin plus veliparib with paclitaxel versus paclitaxel was 0.63
(95% CI 0.43–0.92; P = 0.02), but 1.12 (95% CI 0.72–1.72; P = 0.62) for carbo-
platin plus veliparib with paclitaxel versus carboplatin with paclitaxel. This study
showed that improvement in pCR with the addition of carboplatin was associated
with long term EFS benefit, but the addition of veliparib did not impact EFS [31].

In GeparOLA [32], patients with TNBC or breast cancer cT1c and Ki67 >
20% with HRD were randomized to receive paclitaxel with olaparib or paclitaxel
with carboplatin, both followed by epirubicin and cyclophosphamide. The primary
endpoint was pCR. Of the 107 patients enrolled, 72.6% had TNBC and 56.2%
had a gBRCA mutation. The pCR rate in the olaparib arm was 55.1% (90% CI
44.5–65.3%) versus 48.6% (90% CI 34.3–63.2%) in the carboplatin arm. Addi-
tional long-term efficacy endpoints included distant disease-free survival (DDFS)
and OS. The 4-year DDFS rate with the olaparib containing regimen was 81.2%
versus 93.4% with the carboplatin containing regimen (HR 3.03; 95% CI 0.67–
13.67; log-rank P = 0.1290). The 4-year OS rate was 89.2% with the paclitaxel
olaparib versus 96.6% with paclitaxel carboplatin (HR 3.27; 95% CI 0.39–27.20;
log-rank P = 0.2444) [33]. Stratified subgroup analyses showed higher pCR rates
in patients with hormone receptor-positive disease. Of 29 patients with hormone
receptor-positive cancers, 10/19 had a pCR with paclitaxel and olaparib (52.6%
[90% CI 32.0%-72.6%]) and 2/10 with paclitaxel and carboplatin (20.0% [90%
CI 3.7%-50.7%]). The results of GeparOLA confirm that overall olaparib added to
paclitaxel does not result in improved clinical outcomes compared to carboplatin
and paclitaxel for patients with HRD early breast cancer. The subgroup analy-
sis of patients with gBRCA1/2 associated hormone receptor-positive breast cancer
should only be considered explorative given the small number of patients in these
subgroups.

Finally, in the adjuvant setting, a low dose of olaparib is being explored
in combination with radiotherapy, compared to radiotherapy alone, for patients
with inflammatory breast cancer (NCT03598257), regardless of BRCA status.
Locoregional control of inflammatory breast cancer is a critical issue of this dis-
ease, and multiple existing inflammatory breast cancer preclinical models showed
that low doses of olaparib in combination with radiotherapy led to significant
radiosensitization [34].

6.5 Conclusion

There is an ongoing effort to try to identify patients beyond those with BRCA1/2
mutations who may benefit from PARP inhibitors. To date, except for PALB2 car-
riers, there is no definitive evidence of the benefit of PARP inhibitors for patients
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with non-BRCA associated breast cancer. The identification of mechanisms of pri-
mary and acquired resistance to PARP inhibitors is also critical in the clinical
development of PARP inhibitors, as we often use these agents after prior exposure
to platinum-based chemotherapies and these agents can share mechanisms of resis-
tance. There may also be patients who can be cured with neoadjuvant or adjuvant
PARP inhibitors alone, obviating the need for chemotherapy.

There has been substantial excitement about the development of PARP1 selec-
tive inhibitors and hope that these agents will allow combination with other drugs
given its expected improved tolerability profile.
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7Development of PARP Inhibitors
in Targeting Castration-Resistant
Prostate Cancer

Kent W. Mouw and Atish D. Choudhury

7.1 Prostate Cancer and the DNA Damage Response

Prostate cancer is the most common non-cutaneous male cancer in the US and
is estimated to be responsible for more than 1.4 million new cancer diagnoses
annually worldwide [1]. Although many prostate tumors are localized at diagno-
sis and can therefore be cured with surgery or radiotherapy, a subset of patients
have metastatic disease at diagnosis or develop metastatic disease following ini-
tial therapy. The backbone of treatment for metastatic prostate cancer is androgen
deprivation therapy, which can be achieved surgically via castration or by systemic
therapies that block testosterone production or signaling. Although most prostate
tumors respond initially to androgen-targeting therapy, resistance occurs and leads
to metastatic castrate-resistant prostate cancer (mCRPC), the terminal disease state
responsible for 34,000 deaths annually in the US alone (Fig. 7.1) [2].

Over the past decade, numerous genomic studies have comprehensively mapped
the genetic and epigenetic landscape of prostate cancer, resulting in a deeper under-
standing of prostate cancer biology and yielding important therapeutic insights.
One notable finding from these studies has been that germline and somatic alter-
ations in DNA damage response (DDR) genes are relatively common in prostate
cancer. Predicted deleterious germline DDR alterations are present in 5–20% of

K. W. Mouw (B)
Department of Radiation Oncology, Dana-Farber Cancer Institute, Brigham & Women’s Hospital,
Harvard Medical School, 450 Brookline Ave., HIM 328, Boston, MA 02215, USA
e-mail: kent_mouw@dfci.harvard.edu

A. D. Choudhury
Harvard Medical School, Lank Center for Genitourinary Oncology, Dana-Farber Cancer Institute,
450 Brookline Ave., Dana 930, Boston, MA 02215, USA
e-mail: achoudhury@partners.org

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
T. A. Yap and G. I. Shapiro (eds.), Targeting the DNA Damage Response
for Cancer Therapy, Cancer Treatment and Research 186,
https://doi.org/10.1007/978-3-031-30065-3_7

103

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-30065-3_7&domain=pdf
mailto:kent_mouw@dfci.harvard.edu
mailto:achoudhury@partners.org
https://doi.org/10.1007/978-3-031-30065-3_7


104 K. W. Mouw and A. D. Choudhury

Fig. 7.1 Overview of the prostate cancer disease landscape

men with metastatic prostate cancer unselected for family history, and may be
higher in certain ethnic groups or in men with a family history of prostate cancer
[3–6]. Somatic DDR gene alterations are present in 10–20% of advanced prostate
tumors and appear to be enriched in higher-grade and advanced tumors relative to
lower-grade, localized tumors [7–10].

BRCA2 is the most commonly mutated DDR gene in most prostate cancer
cohorts, comprising nearly half of the germline and somatic DDR gene alterations
in several large cohorts [3, 11]. For reasons that are not understood, and in con-
trast to other BRCA-associated cancers such as breast and ovarian cancer, BRCA1
alterations are far less common than BRCA2 alterations in prostate cancer. Other
commonly mutated genes with known or putative DDR roles are ATM, CHK2,
CDK12, and others. In addition,~3% of advanced prostate tumors have loss of
mismatch repair (MMR) function causing microsatellite instability (MSI), and
these MMRd/MSI-high prostate tumors can be effectively targeted with immune
checkpoint inhibition [12–14].

With the realization that a significant fraction of prostate tumors harbor
predicted deleterious DDR gene alterations, several retrospective studies have
attempted to identify a relationship between DDR gene alterations and sensitiv-
ity to conventional DNA damaging agents used in treatment of advanced prostate
cancer. Carboplatin is occasionally used in treatment of patients with metastatic
prostate cancer, and patients with germline BRCA2 or ATM alterations may have
higher likelihood of response to carboplatin-based therapy [15, 16]. However, the
relationship between DDR gene alterations and carboplatin sensitivity has not
been prospectively validated and therefore the role of carboplatin in DDR-altered
prostate cancer is uncertain. Similarly, although DDR-altered prostate tumors may
be more sensitive to ionizing radiation, no studies have clearly demonstrated a rela-
tionship between DDR status and radiation sensitivity in the localized or metastatic
disease setting. However, attempts to characterize the relationship between DDR
status and outcomes following prostate radiation for localized disease are compli-
cated by the observation that DDR-altered tumors may be more likely to harbor
locally-advanced or micro-metastatic disease compared to tumors without DDR
gene alterations [17].
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7.2 The Evolving Role of PARP Inhibitors in Prostate Cancer

PARP inhibitors were first approved for use in homologous recombination (HR)-
deficient ovarian cancer and subsequently in HR-deficient breast cancer. Given the
relative frequency of DDR gene alterations in prostate cancer, significant attention
has turned to studying the activity of PARP inhibition in advanced prostate cancer.
One of the first clinical trials to report activity of PARP inhibitors in mCRPC
was the TOPARP-A trial published in 2015 (Table 7.1) [18]. TOPARP-A was a
Phase 2 trial of olaparib and enrolled 50 mCRPC patients with disease progression
despite taxane-based chemotherapy and at least one second-generation androgen
receptor (AR)-targeted agent (ARTA). The overall response rate was 33% (16/49);
however, 88% (14/16) responders had a predicted deleterious DDR gene alteration
with BRCA2 (n = 7) and ATM (n = 4) alterations being the most common. These
data demonstrated the activity of PARP inhibition in mCRPC and suggested that
patients with DDR-altered tumors may be more likely to respond.

Based on the promising results from the single-arm TOPARP-A trial, TOPARP-
B was a randomized Phase 2 trial designed to test the activity of 300 mg versus
400 mg Olaparib in mCRPC patients with DDR alterations (identified by tar-
geted NGS) and disease progression following at least one line of taxane-based
chemotherapy [19] The primary endpoint was the composite overall response rate
defined as at least one response using radiographic, PSA, or circulating tumor
cell (CTC) criteria. Responses were observed in 54% of patients who received
400 mg olaparib and 39% of patients who received 300 mg olaparib. Several
exploratory biomarker analyses were also performed and are discussed in detail
in the biomarkers section below.

TRITON2 was a Phase II trial of rucaparib in mCRPC patients harboring a
tumor alteration in BRCA1/2 or another pre-specified DDR gene (15 genes in
total). Outcomes from patients with BRCA1/2 tumor alterations versus those with
non-BRCA1/2 alterations were reported separately [21, 31] Among 115 patients
with a BRCA1/2 alteration, the overall response rate by independent radiology
review was 43% (11% complete response and 32% partial response) and the
confirmed PSA response rate was 54.8% (PSA response was defined as≥50%
decrease from baseline PSA). Radiographic response rates were similar in patients
with BRCA1 versus BRCA2 alterations and in patients with germline versus
somatic alterations. PSA responses were more frequently seen with BRCA2 alter-
ations compared to BRCA1 (60% [95% CI, 50% to 69%] v 15% [95% CI, 2%
to 45%]). Response rates for the 78 patients with non-BRCA1/2 alterations were
significantly lower [21]. ATM was the most commonly altered gene after BRCA2,
but the radiographic and PSA response rates for ATM-altered cases were only
10.5% (2/19) and 4.1% (2/49), respectively. CDK12 (n = 15) and CHEK2 (n =
12) were also altered in a subset of patients, but radiographic and PSA response
rates were low in both cases (0% and 6.7% for CDK12 and 11% and 17% for
CHEK2). Responses were observed in patients with alterations in other, less com-
monly altered non-BRCA1/2 genes such as FANCA and PALB2, but the number of
cases was small (0–4). Based on the results from TRITON2, rucaparib was granted



106 K. W. Mouw and A. D. Choudhury

Ta
b
le

7
.1

Se
le
ct
ed

co
m
pl
et
ed

an
d
on

-g
oi
ng

pr
os
ta
te
ca
nc
er

PA
R
P
in
hi
bi
to
r
cl
in
ic
al
tr
ia
ls

D
is
ea
se

se
tti
ng

T
ri
al

D
es
ig
n

B
io
m
ar
ke
r

se
le
ct
io
n

N
o.

pa
tie
nt
s

Pr
io
r
th
er
ap
ie
s

T
re
at
m
en
t(
s)

Pr
im

ar
y

en
dp
oi
nt

R
es
ul
ts

C
om

m
en
ts

N
C
T

R
ef
er
en
ce
s

A
dv
an
ce
d

m
C
R
PC

T
O
PA

R
P-
A

Ph
as
e
2

N
o

50
D
oc
et
ax
el

(1
00
%
),
ab
i/

en
za

(9
8%

),
ca
ba
zi
(5
8%

)

O
la
pa
ri
b

(4
00

m
g
B
ID

)
O
bj
ec
tiv

e
re
sp
on
se

ra
te

(P
SA

,
im

ag
in
g,

C
T
C
)

16
/4
9
(3
3%

)
O
R
R
;1

4/
16

(8
8%

)
w
ith

D
D
R

ge
ne

al
te
ra
tio

n

7/
7
pa
tie
nt
s

w
ith

B
R
C
A
2
an
d

4/
5
pa
tie
nt
s

w
ith

A
T
M

al
te
ra
tio

n
ha
d
re
sp
on
se

N
C
T
01
68
27
72

[1
8]

T
O
PA

R
P-
B

R
an
d.

Ph
as
e
2

Y
es
;5

pr
e-
sp
ec
ifi
ed

gr
ou
ps
:

B
R
C
A
1/
2,

A
T
M
,

C
D
K
12
,

PA
L
B
2,

ot
he
rs

52
9
pa
tie
nt
s

w
ith

tis
su
e/

16
1
w
ith

D
D
R
ge
ne

al
te
ra
tio

n/
98

ra
nd
om

iz
ed

D
oc
et
ax
el

(1
00
%
),
ab
i/

en
za

(9
0%

),
ca
ba
zi
(3
8%

)

O
la
pa
ri
b

(3
00

m
g

ve
rs
us

40
0
m
g)

O
bj
ec
tiv

e
re
sp
on
se

ra
te

(P
SA

,
im

ag
in
g,

C
T
C
)

25
/4
6
(5
4%

)
O
R
R

in
40
0
m
g
ar
m
;

18
/4
6
(3
9%

)
in

30
0
m
g
ar
m

(p
=

0.
14
)

25
/3
0
(8
8%

)
O
R
R
fo
r

B
R
C
A
2;

7/
19

(3
7%

)
A
T
M
;5

/2
0

(2
5%

)
C
D
K
12
;4

/7
(5
7%

)
PA

L
B
2;

4/
20

(2
0%

)
ot
he
rs

N
C
T
01
68
27
72

[1
9]

T
R
IT
O
N
-2

(B
R
C
A
1/
2

co
ho
rt
)

Ph
as
e
2

Y
es

(B
R
C
A
1/

2)
11
5

Ta
xa
ne
-b
as
ed

ch
em

ot
he
ra
py

an
d
1–
2
lin

es
of

ne
xt
-g
en
er
at
io
n

an
ti-
an
dr
og
en

th
er
ap
y

R
uc
ap
ar
ib

(6
00

m
g
B
ID

)
O
bj
ec
tiv

e
re
sp
on
se

ra
te

(P
SA

,
im

ag
in
g)

27
/6
2
(4
4%

)
in
de
p

ra
d.

re
vi
ew

;3
3/
65

(5
1%

)
pr
ov
id
er
-a
ss
es
se
d;

63
/1
15

(5
5%

)
PS

A
re
sp
on
se

si
m
ila
r
ra
d.

R
es
po
ns
es

ra
te
s
fo
r

B
R
C
A
1

ve
rs
us

B
R
C
A
2;

hi
gh
er

PS
A

re
sp
on
se

ra
te
fo
r

B
R
C
A
2

N
C
T
02
95
25
34

[2
0] (c

on
tin

ue
d)



7 Development of PARP Inhibitors in Targeting Castration-Resistant Prostate … 107

Ta
b
le

7
.1

(c
on
tin

ue
d)

D
is
ea
se

se
tti
ng

T
ri
al

D
es
ig
n

B
io
m
ar
ke
r

se
le
ct
io
n

N
o.

pa
tie
nt
s

Pr
io
r
th
er
ap
ie
s

T
re
at
m
en
t(
s)

Pr
im

ar
y

en
dp
oi
nt

R
es
ul
ts

C
om

m
en
ts

N
C
T

R
ef
er
en
ce
s

T
R
IT
O
N
-2

(n
on
-B
R
C
A
1/

2
co
ho
rt
)

Ph
as
e
2

Y
es

(n
on
-B
R
C
A
1/

2
D
D
R
ge
ne
s)

78
Ta
xa
ne
-b
as
ed

ch
em

ot
he
ra
py

an
d
1–
2
lin

es
of

ne
xt
-g
en
er
at
io
n

an
ti-
an
dr
og
en

th
er
ap
y

R
uc
ap
ar
ib

(6
00

m
g
B
ID

)
O
bj
ec
tiv

e
re
sp
on
se

ra
te

(P
SA

,
im

ag
in
g)

R
ad

re
sp
on
se
:2

/
19

A
T
M
,0

/1
0

C
D
K
12
,1

/9
C
H
E
K
2,

4/
14

ot
he
r

PS
A

re
sp
on
se
:2

/
49

A
T
M
,1

/
15

C
D
K
12
,

2/
12

C
H
E
K
2,

5/
14

ot
he
r

N
C
T
02
95
25
34

[2
1]

PR
O
fo
un
d

Ph
as
e
3

15
D
D
R

ge
ne
s
(C
oh
or
t

A
:B

R
C
A
1,

B
R
C
A
2,

A
T
M
;C

oh
or
t

B
:1

2
ot
he
r

ge
ne
s)

24
5
(C
oh
or
t

A
);
14
2

(C
oh
or
tB

)

A
tl
ea
st
on
e

ne
xt
-g
en
er
at
io
n

an
ti-
an
dr
og
en

(i
nc
lu
si
on

cr
ite
ri
a)
;a
t

le
as
to

ne
ta
xa
ne

(6
5%

)

O
la
pa
ri
b

ve
rs
us

en
za

or
ab
i(
2:
1)

rP
FS

in
C
oh
or
tA

C
oh
or
tA

rP
FS

:
7.
4
ve
rs
us

3.
6
m
o

(p
<
0.
00
1)
;

C
oh
or
tA

O
S:

19
.1

ve
rs
us

14
.7

m
o
(p

=
0.
02
);
C
oh
or
tB

O
S
14
.1

ve
rs
us

11
.5

m
o

66
%

cr
os
so
ve
r
to

ol
ap
ar
ib

in
th
e
co
nt
ro
l

ar
m

N
C
T
02
98
75
43

[2
2]

G
A
L
A
H
A
D

Ph
as
e
2

8
D
D
R
ge
ne
s

28
9
(1
42

B
R
C
A
1/
2

co
ho
rt
;8

1
no
n-
B
R
C
A
1/

2
co
ho
rt
)

A
tl
ea
st
on
e

ne
xt
-g
en
er
at
io
n

an
ti-
an
dr
og
en

an
d
on
e
ta
xa
ne

(i
nc
lu
si
on

cr
ite
ri
a)

N
ir
ap
ar
ib

30
0
m
g
Q
D

O
bj
ec
tiv

e
re
sp
on
se

ra
te

in
m
ea
su
ra
bl
e

B
R
C
A
1/
2

pa
tie
nt
s

O
R
R
in

m
ea
su
ra
bl
e

B
R
C
A
1/
2
co
ho
rt

26
/7
6
(3
4%

);

C
om

po
si
te

re
sp
on
se

ra
te
:8

2/
14
2

(5
5%

)
B
R
C
A

co
ho
rt
,1

2/
81
/(
15
%
)

no
n-
B
R
C
A

co
ho
rt

N
C
T
02
85
44
36

[2
3] (c

on
tin

ue
d)



108 K. W. Mouw and A. D. Choudhury

Ta
b
le

7
.1

(c
on
tin

ue
d)

D
is
ea
se

se
tti
ng

T
ri
al

D
es
ig
n

B
io
m
ar
ke
r

se
le
ct
io
n

N
o.

pa
tie
nt
s

Pr
io
r
th
er
ap
ie
s

T
re
at
m
en
t(
s)

Pr
im

ar
y

en
dp
oi
nt

R
es
ul
ts

C
om

m
en
ts

N
C
T

R
ef
er
en
ce
s

TA
L
A
PR

O
Ph

as
e
2

11
D
D
R
ge
ne
s

14
25

sc
re
en
ed
/1
28

en
ro
lle
d

1–
2

ne
xt
-g
en
er
at
io
n

an
ti-
an
dr
og
en

ag
en
ts
pl
us

1–
2

ta
xa
ne
s

(i
nc
lu
si
on

cr
ite
ri
a)

Ta
la
zo
pa
ri
b

1
m
g
Q
D

R
ad
.O

R
R

O
R
R
:3

1/
10
4

(3
0%

)
O
R
R
by

ge
ne
:

B
R
C
A
1/
2

46
%
,

PA
L
B
2

25
%
,A

T
M

12
%
,o

th
er

0%

N
C
T
03
14
87
95

[2
4]

Fi
rs
t-
lin

e
m
C
R
PC

PR
O
pe
l

Ph
as
e
3

N
o,

bu
t

st
ra
tifi

ed
by

D
D
R
ge
ne

st
at
us

79
6

Pr
im

ar
y
A
D
T

O
la
pa
ri
b

(3
00

m
g
B
ID

)/
ab
ir
at
er
on
e

ve
rs
us

pl
ac
eb
o/

ab
ir
at
er
on
e

rP
FS

rP
FS

:2
4.
8
ve
rs
us

16
.6

m
0
(H

R
0.
66
,

p
<
0.
00
01
);
H
R
R

+
pt
s
(H

R
0.
54
);

H
R
R
-
pt
s
(H

R
0.
76
)

H
R
R
st
at
us

de
te
rm

in
ed

by
ct
D
N
A

an
al
ys
is
;O

S
en
dp
oi
nt

im
m
at
ur
e

N
C
T
03
73
28
20

[2
5]

TA
L
A
PR

O
-2

Ph
as
e
3

N
o,

bu
t

st
ra
tifi

ed
by

D
D
R
ge
ne

st
at
us

19
in

do
se
-fi
nd
in
g

(c
om

pl
et
ed
);

10
18

in
ra
nd
om

iz
ed

(o
n-
go
in
g)

Pr
im

ar
y
A
D
T

E
nz
al
ut
am

id
e/

ta
la
zo
pa
ri
b

(0
.5

m
g
Q
D
)

ve
rs
us

en
za
lu
ta
m
id
e/

pl
ac
eb
o

rP
FS

N
R

N
R

N
C
T
03
39
51
97

[2
6]

M
A
G
N
IT
U
D
E

Ph
as
e
3

N
o,

bu
t

st
ra
tifi

ed
by

D
D
R
ge
ne

st
at
us

42
3
H
R
R

+
(5
3%

B
R
C
A
1/
2)
;

23
3
H
R
R
-

Pr
im

ar
y

A
D
T,

≤4
m
o.

ab
ir
at
er
on
e

al
lo
w
ed
)

N
ir
ap
ar
ib

(4
00

m
g
Q
D
)/

ab
ir
at
er
on
e

ve
rs
us

pl
ac
eb
o/

ab
ir
at
er
on
e

rP
FS

in
B
R
C
A
1/

2-
m
ut
an
t

pa
tie
nt
s

B
R
C
A
1/
2-
m
ut

H
R
0.
50

(p
=

0.
00
06
);
H
R
R

+
H
R
0.
64

(p
=

0.
00
22
);
H
R
R
-

H
R
1.
09

(p
=

N
S)

H
R
R
st
at
us

de
te
rm

in
ed

fr
om

tu
m
or

tis
su
e

N
C
T
03
74
86
41

[2
7] (c

on
tin

ue
d)



7 Development of PARP Inhibitors in Targeting Castration-Resistant Prostate … 109

Ta
b
le

7
.1

(c
on
tin

ue
d)

D
is
ea
se

se
tti
ng

T
ri
al

D
es
ig
n

B
io
m
ar
ke
r

se
le
ct
io
n

N
o.

pa
tie
nt
s

Pr
io
r
th
er
ap
ie
s

T
re
at
m
en
t(
s)

Pr
im

ar
y

en
dp
oi
nt

R
es
ul
ts

C
om

m
en
ts

N
C
T

R
ef
er
en
ce
s

C
A
SP

A
R

(A
03
19
02
)

Ph
as
e
3

N
o,

bu
t

st
ra
tifi

ed
by

D
D
R
ge
ne

st
at
us

98
4

Pr
im

ar
y
A
D
T

E
nz
al
ut
am

id
e/

ru
ca
pa
ri
b

ve
rs
us

en
za
lu
ta
m
id
e/

pl
ac
eb
o

rP
FS

an
d
O
S

(c
o-
pr
im

ar
y)

N
R

N
R

N
C
T
04
45
57
50

[2
8]

m
C
SP

C
A
M
PL

IT
U
D
E

Ph
as
e
3

Y
es

78
8

(p
la
nn
ed
)

L
oc
al

th
er
ap
y,

≤6
m
o

A
D
T,

≤1
m
o

ab
ir
at
er
on
e

A
bi
ra
te
ro
ne
/

ni
ra
pa
ri
b

(2
00

m
g
Q
D
)

ve
rs
us

ab
ir
at
er
on
e/

pl
ac
eb
o

rP
FS

N
R

N
R

N
C
T
04
49
78
44

[2
9]

TA
L
A
PR

O
-3

Ph
as
e
3

Y
es

(m
ut
at
io
n

in
≥1

of
12

h/
D
D
R
ge
ne
s)

55
0

(p
la
nn
ed
)

T
re
at
m
en
tf
or

lo
ca
liz
ed

di
se
as
e

E
nz
al
ut
am

id
e/

ta
la
zo
pa
ri
b

(0
.5

m
g
Q
D
)

ve
rs
us

en
za
lu
ta
m
id
e/

pl
ac
eb
o

rP
FS

N
R

N
R

N
C
T
04
82
16
22

[3
0]



110 K. W. Mouw and A. D. Choudhury

accelerated approval by the FDA in May 2020 for treatment of mCRPC patients
with germline or somatic BRCA1/2 alterations and disease progression despite
androgen-directed therapy and taxane chemotherapy. TRITON3 (NCT02975934)
is a randomized Phase 3 trial of rucaparib vs. physician’s choice (abiraterone
acetate or enzalutamide or docetaxel) in HRR gene-altered mCRPC—results from
this study (ref: Fizazi K, et al., N Engl J Med. 2023 Feb 23;388(8):719-732) had
not yet been reported at the time of this writing.

The PROfound study was a large, multinational Phase 3 randomized trial of
olaparib versus physician’s choice of either enzalutamide or abiraterone [11]. All
participants had mCRPC that had progressed through either enzalutamide or abi-
raterone as well as a qualifying alteration in one of 15 pre-specified DDR genes.
Patients were enrolled in two cohorts: cohort A patients (n = 245) had an alter-
ation in BRCA1, BRCA2, or ATM whereas cohort B patients (n = 142) had an
alteration in at least one of 12 other DDR genes (Fig. 7.2). The primary endpoint
was imaging-based progression free survival (PFS) in cohort A, which was signif-
icantly longer for patients treated with olaparib versus control (7.4 vs. 3.6 mo, p
< 0.001). The objective response rate in cohort A was 33% with olaparib versus
only 2% with control, and the percentage of patients with≥50% decrease from
baseline PSA was 43% in the olaparib arm versus 8% in the control arm. With
longer follow-up that was reported separately, overall survival was also signifi-
cantly longer in cohort A patients treated with olaparib versus control (19.1 vs.
14.7 mo, p = 0.02) despite 66% of patients in the control arm crossing over to
receive olaparib at the time of progression [20]. When patients from both cohorts
A and B were analyzed together, progression-free survival for the overall pop-
ulation was significantly longer with olaparib than control (5.8 vs. 3.5 mo, p <
0.001), but there was no significant difference in overall survival (17.3 vs. 14.0
mo). Gene-level analysis showed that BRCA2 (145 randomized cases) was the
most frequently altered DDR gene across both cohorts and BRCA2-altered cases
appeared to drive the improved outcomes observed with olaparib in both cohort
A as well as the overall (cohorts A + B) population. ATM (cohort A, 92 ran-
domized cases) and CDK12 (cohort B, 99 randomized cases) alterations were also
relatively common, but neither gene was significantly associated with olaparib ben-
efit on exploratory analysis (HR for OS 0.93 [95% CI 0.53–1.75] for ATM, 0.97
[0.57–1.71] for CDK12). Based on results from the PROfound trial, olaparib was
granted accelerated FDA approval in May 2020 for use in mCRPC patients with
HR repair (HRR) gene alterations who experience disease progression following
abiraterone or enzalutamide. The approval applies to patients with at least one
suspected deleterious mutation in 14 of the 15 genes included in the overall PRO-
found population (PPP2R2A was excluded) as identified by one of two approved
companion diagnostic tests.

GALAHAD was a single-arm Phase 2 trial of the PARP inhibitor niraparib
in mCRPC patients with biallelic alterations in a DNA repair gene and dis-
ease progression following androgen-directed and taxane-based therapy. Patients
with alterations in BRCA1, BRCA2, ATM, FANCA, PALB2, CHEK2, BRIP1, or
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HDAC2 identified by tissue- or plasma-based sequencing were eligible. The objec-
tive response rate in the measurable BRCA1/2 cohort of 76 patients was 34% and
the objective response rate in the measurable non-BRCA1/2 cohort of 47 patients
was 11% [22]. Sixty-one of 142 patients (43%) in the overall BRCA1/2 cohort
had a decrease in PSA of≥50% from baseline while only 4 of 81 patients (5%) in
the overall non-BRCA1/2 cohort had a decrease in PSA of≥50% from baseline.

TALAPRO-1 was a single-arm Phase 2 trial of talazoparib in mCRPC patients
with one or more predicted deleterious HRD gene mutations who had disease
progression following 1–2 lines of taxane-based chemotherapy as well as enzalu-
tamide and/or abiraterone [23]. The list of 11 HRD genes used in the final analysis
included: ATM, ATR, BRCA1, BRCA2, CHEK2, FANCA, MLH1, MRE11A,
NBN, PALB2, and RAD51C. The primary endpoint was confirmed objective
response using radiographic criteria, which was 30% in the total study popula-
tion. Half of the patients included in the OR analysis had a BRCA2 alteration (52/
104), and the OR rate was 46% among BRCA2-altered cases. ATM was the sec-
ond most frequently altered gene in the cohort, but the OR rate for ATM-altered
cases was only 12% (2/17).

7.3 PARP Inhibitor Biomarkers in Prostate Cancer

Targeted and whole exome sequencing of cell-free DNA (cfDNA) from patients
enrolled on the TOPARP-A trial were reported separately [24]. There was a sig-
nificantly greater decrease in cfDNA concentration in responders compared to
non-responders. All tumor somatic DNA repair gene alterations were detected
in cfDNA and there were sustained decreases in the allele frequency of cfDNA
mutations in responders. A≥50% decline in cfDNA concentration at 4 weeks
after olaparib initiation was significantly associated with improved rPFS on mul-
tivariable analysis and a≥50% decline in cfDNA concentration at 8 weeks after
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olaparib initiation was significantly associated with improved OS. cfDNA analy-
sis at the time of progression revealed multiple independent (subclonal) reversion
mutations in BRCA2 and PALB2, suggesting restoration of HR function as a
mechanism of PARP inhibitor resistance in these cases. Multiclonal BRCA2 rever-
sion mutations were also observed from cfDNA analysis of two mCRPC patients
with germline BRCA2 alterations at the time of progression on PARP inhibitor
therapy [32] Although numerous mechanisms of PARP inhibitor resistance have
been described in vitro and in non-prostate cancer clinical settings [33], mech-
anisms beyond reversion mutations have not yet been characterized in prostate
cancer patients receiving PARP inhibitor therapy.

Targeted next-generation sequencing (NGS) was used to screen cases for
enrollment in TOPARP-B. In addition, archival hormone-sensitive or fresh
castrate-resistant tumor specimens also underwent exploratory biomarker analyses
including whole exome sequencing (WES), low-pass whole genome sequencing
(lpWGS), ATM immunohistochemistry (IHC), and Rad51 immunofluorescence
(IF) to assess homologous recombination function [34] These analyses provided
several important insights. Most patients with BRCA1/2 alterations were predicted
to have biallelic loss (either a mutation with a detectable second event or homozy-
gous deletion), and these biallelic BRCA1/2-altered patients were most likely to
respond to olaparib. Similarly, patients with biallelic (but not monoallelic) PALB2
alterations also were likely to respond to olaparib. Among patients with ATM
alterations, biallelic events were present in 57% of cases and were associated with
longer PFS (but not OS) than cases with only monoallelic ATM alterations. Loss
of ATM protein by IHC was more common in cases with biallelic ATM events,
and ATM loss by IHC was associated with longer PFS and OS. Nearly all (18/
20) CDK12-altered tumors had biallelic events, but despite this, the radiographic
and PSA response rate for CDK12-mutant cases was 0%. Finally, tumors with low
Rad51 IF scores, indicative of low HR activity, were significantly more likely to
respond to olaparib than tumors with high Rad51 IF scores (68% vs. 23%).

Available data demonstrate that PARP inhibitor response varies across differ-
ent DNA repair genes. BRCA1/2 mutations appear to have the strongest impact
on PARP inhibitor response and similar response rates were observed in germline
versus somatic alterations in trials such as TOPARP-B, PROfound, GALAHAD,
and TRITON2. In all these trials, BRCA2 alterations were more common than
BRCA1 alterations, and BRCA2-altered cases may also be more likely to respond
than BRCA1-altered cases [35, 36]. The lower likelihood of response in patients
with BRCA1 alterations has been attributed to lower frequency of biallelic loss of
BRCA1 compared to BRCA2, as well as more frequent co-occurring deleterious
alterations in the TP53 gene with BRCA1 alterations [36]. Patients with alter-
ations in other HR genes such as PALB2, BRIP1, and RAD51C also frequently
respond, although the frequency of alterations in these genes is significantly lower
than BRCA2. Although response rates were higher in cohort A (BRCA1, BRCA2,
ATM) than cohort B (12 other genes) in PROfound, this difference was driven
primarily by improvements among BRCA1/2 patients. The difference in outcomes
in PARPi versus control-treated ATM-altered cases in PROfound was modest, and
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responses among ATM-altered patients in TRITON2 were rare. Similarly, PARPi
response rates in CDK12- or CHEK2-altered cases were also very low across tri-
als. Taken together, these data suggest that BRCA2 is the most common HRR
gene alteration in mCRPC and that BRCA2-altered cases appear to be most likely
to benefit from PARP inhibition. Mutations in BRCA1 and other less commonly
altered HR genes such as PALB2, BRIP1, and RAD51 also may benefit from
PARPi. PARPi responses do occur in a minority of ATM altered cases, but are
uncommon in CDK12 or CHEK2 altered cases.

Homologous recombination deficiency is associated with unique mutational
patterns (signatures) which can be computationally determined using WES/WGS
data. These mutational signature-based approaches have been applied in prostate
cancer to evaluate the association among specific mutational signatures, HR gene
alterations, and clinical properties including PARPi response [37, 38].

7.4 PARP Inhibitor Combinations

7.4.1 Second Generation AR-Targeted Agents (ARTAs)

AR activity promotes HR gene expression and AR signaling is required for effi-
cient HR function in prostate cancer cells [39, 40]. Androgen deprivation therapy
upregulates PARP-mediated DNA repair pathways and PARP function is essen-
tial for survival following AR blockade. Therefore, co-targeting AR and PARP
signaling is an attractive therapeutic strategy. PARP-1 may also have a role in
promoting transcription of AR-regulated genes, thereby promoting AR-associated
disease progression [41], suggesting that the combination of an second generation
ARTA with a PARP inhibitor would have synergistic activity in advanced prostate
cancer.

This strategy was tested in a randomized Phase 2 trial of abiraterone plus ola-
parib versus abiraterone plus placebo in biomarker-unselected mCRPC patients
[42]. Eligible patients were those who had previously received docetaxel but had
not received a second-generation AR-targeted agent such as abiraterone or enza-
lutamide. A total of 142 patients were randomized, and rPFS was the primary
endpoint. rPFS was significantly longer with abiraterone plus olaparib compared to
abiraterone plus placebo (13.8 vs. 8.2 mo, p = 0.034). Prespecified subgroup anal-
yses of rPFS suggested no differential benefit based on HRR mutation (HRRm)
status.

The PROpel trial is a Phase 3 randomized trial of abiraterone plus olaparib
versus abiraterone plus placebo in first-line treatment of mCRPC with or with-
out HRR gene alterations. A planned interim analysis reported in abstract form in
February 2022 [25] and published after this writing (ref: Clarke NW et al. NEJM
Evidence. 2022 Aug 23;1(9)) showed a significantly prolonged radiographic PFS
in the olaparib-containing arm (24.8 vs. 16.6 mo, p < 0.0001). A planned subgroup
analysis showed rPFS benefit in both HRRm (HR 0.50 [95% CI 0.34–0.73]) and
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non-HRRm (HR 0.76 [0.60–97]) patients. In PROPEL, HRRm status was deter-
mined retrospectively, with patients classified as HRRm if one or more HRR gene
mutations was detected by either tumor or ctDNA testing, and as non-HRRm if no
HRR gene mutations were detected by either test (18 patients were classified as
unknown HRRm because no valid HRR test result from either test was available;
these patients were excluded from analysis by HRRm status). Overall survival data
remains immature but there is a trend favoring the olaparib arm (HR 0.86).

MAGNITUDE is a Phase 3 randomized trial of abiraterone plus niraparib
versus abiraterone plus placebo in first-line mCRPC patients with and without
pre-specified HRR gene alterations. In MAGNITUDE, patients were prospec-
tively tested for HRR BM (biomarker) status by plasma, tissue and/or saliva/whole
blood—those who were negative by plasma were required to test by tissue to con-
firm HRR BM– status. Patients were then separately enrolled into parallel studies
of HRR BM + (planned N = 400) and HRR BM– (planned N = 600) cohorts.
A planned interim analysis reported in February 2022 [27] and published after
this writing (Chi KN, et al. J Clin Oncol 2023 Jun 20;41(18):3339-3351) showed
a significant radiographic PFS improvement in the niraparib-containing arm for
patients with a BRCA1/2 (16.6 vs. 10.9 mo) or any HRR gene alteration (16.5 vs.
13.7 mo). However, the Independent Data Monitoring Committee (IDMC) recom-
mended stopping enrollment in the HRR BM–cohort at the time of prespecified
early futility analysis due to no evidence for added benefit in this subgroup based
on a HR for composite progression endpoint (radiographic or PSA progression) of
1.09 (95% CI 0.75–1.59).

The reasons why there appeared to be an rPFS benefit in the non-HRRm sub-
group in PROpel while enrollment to the HRR BM–subgroup was halted early
due to futility in MAGNITUDE are not fully clear. The designs of these stud-
ies were different, including that HRRm status was determined retrospectively in
PROpel and prospectively in MAGNITUDE. In MAGNITUDE, HRR BM–status
determined by ctDNA testing needed to be confirmed by tissue testing whereas this
was not formally required in PROpel—as such, there may have been a small num-
ber of patients in PROpel without HRR gene alteration detected on ctDNA testing
but without confirmatory tissue amenable to analysis who could have been mis-
classified as non-HRRm. This is unlikely to represent a large number of patients
as most who enrolled did have tissue amenable to analysis, and the overall fre-
quency of HRRm vs. non-HRRm patients in the study are similar to previously
published mCRPC cohorts. It is also possible that futility in the HRR BM–popu-
lation at interim analysis of MAGNITUDE was seen due to random chance (and
largely driven by PSA progression), and that rPFS difference may have been seen if
planned enrollment were completed, but this seems unlikely given entirely overlap-
ping composite progression Kaplan-Meyer curves for niraparib and placebo arms.
Another possibility is some differential activity between olaparib and niraparib at
the doses tested in these studies, though this has not been reported in other clinical
contexts. Any differential activity is unlikely related to the canonical mechanism of
synthetic lethality of PARP inhibition with BRCA1/2 loss, since the degree of ben-
efit in the BRCA1/2 loss population was similar between the studies—it cannot be
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excluded that olaparib has additional activities (including non-specific cytotoxicity)
to explain some of the improvement in rPFS compared to placebo in the non-
HRRm subgroup. The results from the HRR BM– population of MAGNITUDE
do not support the biological hypothesis of abiraterone inducing a “BRCAness”
phenotype that sensitizes to PARP inhibitors as a class in the absence of HR gene
alterations, at least in the population studied and at clinically relevant doses. The
combination of niraparib and abiraterone is being tested in the Phase 3 AMPLI-
TUDE study in metastatic hormone-sensitive prostate cancer (mHSPC) with HR
repair gene defects (NCT04497844) [29], in an outcome-adaptive and random-
ized multi-arm biomarker driven study in mCRPC called ProBio (NCT03903835),
as neoadjuvant therapy for high risk localized prostate cancer in the Genomic
Biomarker-Selected Umbrella Neoadjuvant Study (GUNS) in DDR-altered patients
prior to prostatectomy (NCT04812366), and as adjuvant treatment after radiation
for high-risk locoregional prostate cancer in a biomarker-unselected population
(NCT04947254).

Combinations of a PARP inhibitor with enzalutamide are also being studied in
advanced prostate cancer. CASPAR (Alliance A031902) is a Phase 3 randomized
trial of enzalutamide plus rucaparib versus enzalutamide plus placebo in first-line
treatment of mCRPC (NCT04455750) [28]. The trial opened in late 2020 and
will enroll 984 men with or without HRR gene alterations—prior second gener-
ation ARTA (other than enzalutamide) is permitted, and prospective assessment
of HRR gene status is required for stratification. TALAPRO-2 is a Phase 3 trial
randomizing 1st line mCRPC patients (prior docetaxel and abiraterone permitted
in mHSPC) to enzalutamide plus talazoparib versus enzalutamide plus placebo
[26] with results published after this writing (Agarwal N et al. Lancet 2023 Jul
22; 402(10398):291-303). Like in CASPAR, enrolled patients are stratified based
on the presence or absence of a predicted deleterious DDR gene alteration. The
combination of talazoparib with enzalutamide is being studied in mHSPC with
DDR gene alterations in the Phase 3 TALAPRO-3 trial (NCT04821622) [30].

7.4.2 Immune Checkpoint Inhibitors (ICIs)

While clinical responses to anti-PD1 and anti-PDL1 ICIs are uncommon in
mCRPC, the subset of patients with mismatch repair deficiency/microsatellite-high
phenotype (MMRd/MSI-H) can experience deep and durable responses to these
agents [43], and it has been suggested that patients whose cancers harbor other
DDR gene alterations may be more likely to respond to ICIs compared to non-
DDR altered patients as well [44]. PARP inhibition may potentiate DNA damage
and inefficient repair in tumors, thus leading to accumulation of mutations that
would increase vulnerability to ICIs [45], and lead to increase in cytosolic dsD-
NAs and micronuclei in tumor cells that activate a STING-dependent antitumor
immune response that can be augmented by anti-PD1 ICIs [46].

An early study testing the combination of a PARP inhibitor with an ICI was
a trial of durvalumab with olaparib in mCRPC patients previously treated with



116 K. W. Mouw and A. D. Choudhury

enzalutamide and/or abiraterone [47]. In this study, 9 of 17 (53%) patients had
a radiographic and/or PSA response, though only 2 of the 9 responders had no
detected DDR gene biomarker of response. Phase 2 studies of this combination in
biochemically recurrent prostate cancer with DDR alterations (NCT03810105) or
predicted to have a high neoantigen load (NCT04336943) are currently enrolling.
The nivolumab plus rucaparib cohorts of the CheckMate 9KD study demonstrated
PSA response rates of 18.2% (95% CI 8.2–32.7%) for HRD + patients and 5.0%
(0.6–16.9) for HRD-patients in Cohort A1 (post-chemotherapy mCRPC) [48], and
41.9% (24.5–60.9) for HRD + patients and 14.3% (4.8–30.3) for HRD-patients in
Cohort A2 (chemotherapy-naïve mCRPC) [49]. The combination of olaparib with
pembrolizumab was studied in biomarker-unselected post-chemotherapy mCRPC
in Arm A of the KEYNOTE-365 trial. In this study, the combination showed
modest clinical activity with confirmed PSA response rate of 14.7% (95% CI,
8.5–23.1), and radiographic response rate of 6.9% (95% CI, 1.9–16.7) [50] It is
not clear in any of these studies that the combination of a PARP inhibitor with ICI
leads to synergistic activity beyond what would be expected for the single agents.
Results from studies of niraparib plus cetrelimab (NCT03431350) and talazoparib
plus avelumab (NCT03330405) have yet to be reported.

The Phase 3 KEYLYNK-010 trial enrolled a biomarker-unselected population
of mCRPC patients previously treated with abiraterone or enzalutamide (but not
both) and randomized them to receive the combination of pembrolizumab with
olaparib vs. switching to the other ARTA. The findings of this study have yet
to be presented at the time of this writing, but in a press release (https://www.
merck.com/news/merck-announces-keylynk-010-trial-evaluating-keytruda-pembro
lizumab-in-combination-with-lynparza-olaparib-in-patients-with-metastatic-cas
tration-resistant-prostate-cancer-to-stop-for-f/), Merck announced that the study
is being discontinued following the recommendation of the IDMC based on a
planned interim analysis demonstrating no rPFS or OS benefit of the experimental
arm compared to a relatively inactive control arm of switching ARTA. As such,
the proposed mechanism of synergy between PARP inhibitors and ICIs has not
yet been demonstrated in unselected mCRPC patients. These disappointing results
suggest that beyond limited biomarker-selected subsets of patients, alternative
approaches to stimulating an immune response are needed. One promising
approach is through bispecific antibodies that simultaneously target both immune
checkpoint receptors PD-1 and CTLA-4; Cohort C of a Phase 2 trial of the
bispecific antibody XmAb20717 is testing this agent in combination with olaparib
in patients with HRD/CDK12 mutation positive tumors not previously treated
with PARP inhibitors (NCT05005728).

7.4.3 Radiopharmaceuticals

The radiopharmaceuticals radium-223 [51] and 177Lu-PSMA-617 [52] have both
demonstrated overall survival benefit in mCRPC. Inhibition of PARP-mediated
DNA damage repair through PARP inhibition has been proposed to help sensitize

https://www.merck.com/news/merck-announces-keylynk-010-trial-evaluating-keytruda-pembrolizumab-in-combination-with-lynparza-olaparib-in-patients-with-metastatic-castration-resistant-prostate-cancer-to-stop-for-f/
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cells to radiation by prolonging strand breaks and by leading to a cell-death sig-
naling pathway, among other mechanisms [53]. In a phase 1b trial of niraparib
with radium-223 [54], the maximally tolerated dose of niraparib with radium-223
was determined to be 100 mg in chemo-exposed patients and 200 mg in chemo-
naïve patients; PSA50 responses were seen in 0/15 chemo exposed patients and
3/15 (20%) of chemo-naïve patients. The combination of olaparib with radium-
223 is being studied in the COMRADE trial (NCT03317392). In the Phase 1
part [55], the recommended Phase 2 dose of olaparib was determined to be
200 mg BID when combined with radium-223; the Phase 2 part of COMRADE of
radium-223±olaparib is currently enrolling. A phase 1 dose-escalation and dose-
expansion study of olaparib + 177Lu-PSMA-617 (NCT03874884) is also currently
enrolling.

7.4.4 PI3K/AKT/mTOR Inhibitors

Multiple pre-clinical studies have suggested synergistic activity of inhibitors of the
PI3K/AKT/mTOR signaling pathway with PARP inhibition. For example, the pan-
PI3K inhibitor buparlisib (BKM120) has been reported to increase DNA damage
(as assessed by increase in γ-H2AX staining) in both BRCA1-deficient [56] and
HR-proficient [57] models. In HR-proficient models of triple-negative breast can-
cer, buparlisib decreased the expression of BRCA1/2 and impaired DNA damage
repair, thus sensitizing to olaparib treatment [57, 58]. A recent study [58] sug-
gests that olaparib treatment leads to upregulation of forkhead box M1 (FOXM1)
and Exonuclease 1 (Exo1) to increase HRR function; as FOXM1 and Exo1 are
downstream of AKT signaling, co-treatment with buparlisib abrogated upregula-
tion of these genes and thus synergized with olaparib to promote cell death. Similar
results were seen with the mTOR inhibitor everolimus, where everolimus treat-
ment downregulated expression of genes involved in DDR including SUV39H1 in
both HR-proficient [59] and BRCA2-deficient [60] breast cancer models, leading
to synergy with PARP inhibition.

There are multiple studies of the combination of a PARP inhibitor with an
inhibitor of the PI3K/AKT/mTOR pathway currently in progress. For example,
rucaparib is being studied in combination with the AKT inhibitor ipatasertib in
advanced breast, ovarian, and prostate cancers in the dose escalation part of a phase
1b study (NCT03840200); the dose expansion phase of this study will only enroll
advanced mCRPC patients previously treated with second generation ARTA. Ola-
parib is being studied in combination with the novel p110α isoform-specific PI3K
inhibitor CYH33 in multiple tumor types (NCT04586335), and the combination of
rucaparib with the p110α/p110δ inhibitor copanlisib is being studied in mCRPC
(NCT04253262), where the Phase 2 part is for HRRm patients [20]. Given pre-
clinical evidence of synergy of PARP inhibitors with both PI3K inhibitors and
ICIs, a phase 1b study of the triplet combination of olaparib, copanlisib, and dur-
valumab is being undertaken in solid tumors with germline or somatic mutations
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in DDR genes, actionable alterations in PTEN, or hotspot mutations (E542, E545
or H1047) in PIK3CA (NCT03842228).

7.4.5 Epigenetic Modifiers

The epigenetic modifier Enhancer of Zeste Homolog 2 (EZH2) is overexpressed
in mCRPC and is involved in cancer progression and therapeutic resistance – par-
tially through its canonical role in mediating trimethylation of histone H3 lysine
27 (H3K27me3) as part of the polycomb repressive complex 2 (PRC2), [61] as
well as non-canonical roles in activating AR signaling [62] and in driving lineage
plasticity [63, 64]. In pre-clinical mCRPC models, EZH2 directly regulates the
expression of a number of genes involved in DNA damage repair (DDR), par-
ticularly base excision repair; EZH2 inhibition leads to downregulation of these
genes and thus heightened sensitivity to genotoxic stress, such as that induced by
PARP inhibitors [65] Synergy between PARP inhibitors and EZH2 inhibitors was
also demonstrated in breast [66] and ovarian [67] cancer models. Importantly, in
these models, the mechanism of synergy of EZH2 inhibition and PARP inhibition
does not require underlying defects in the DNA damage response in the treated
cancer cells. A Phase 1 trial of the PARP inhibitor talazoparib with the EZH2
inhibitor tazemetostat in biomarker-unselected mCRPC is currently in progress
(NCT04846478).

Bromodomain-containing protein 4 (BRD4) is a member of the Bromodomain
and Extraterminal (BET) protein family, and acts as an epigenetic reader that rec-
ognizes histone proteins and acts as a transcriptional regulator to trigger tumor
growth. In pre-clinical mCRPC models, BET inhibition was demonstrated to dis-
rupt the physical interaction of BRD4 with AR, thus disrupting AR recruitment
to target gene loci and leading to anti-tumor activity in CRPC xenograft mouse
models [68]. In pre-clinical models of BET inhibitor resistance, increased DNA
damage associated with PRC2-mediated transcriptional silencing of DDR genes
was observed, leading to PARP inhibitor sensitivity [68]. These studies suggest the
potential for combinatorial activity of BET inhibitors with PARP inhibitors, and
trials of olaparib in combination with the BET inhibitor PLX2853 (NCT04556617)
and the BD2-selective BET inhibitor NUV-868 (NCT05252390) are in progress.

7.5 Targeting the DNA Damage Response in Prostate
Cancer: Beyond PARP Inhibitors

ATR (ataxia-telangiectasia and Rad3-related) is a serine/threonine kinase that plays
a critical role in sensing and responding to DNA damage and replication stress
(RS). ATR is activated by single-stranded DNA (ssDNA) and phosphorylates
numerous targets including the DDR kinase CHK1 to coordinate repair activities
with cell cycle checkpoints and other cellular processes [69]. Tumors frequently
have high levels of DNA damage, and RS and may therefore have increased
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dependence on ATR-mediated signaling to avoid toxic levels of genomic instabil-
ity. Several ATR inhibitors are being tested alone and in combination with either
DNA damaging agents or with other DDR-targeted agents in a variety of tumor
contexts [70]. Recently, a randomized Phase II trial showing a benefit of addition
of the ATR inhibitor berzosertib to gemcitabine compared to gemcitabine alone in
platinum-resistant ovarian cancer was published [71], the first randomized trial to
show a benefit of ATR inhibition. However, studies of berzosertib in combination
with cisplatin and gemcitabine in urothelial cancer [72] and in combination with
carboplatin in prostate cancer [73] failed to demonstrate benefit compared to the
control chemotherapy regimens.

The TRAP study (NCT03787680) is a Phase II trial that combines the ATR
inhibitor ceralasertib (AZD6738) with olaparib in mCRPC patients with disease
progression through at least one second-generation anti-androgen therapy. Preclin-
ical evidence suggests that addition of ATR inhibition may sensitize homologous
recombination (HR) proficient cells to PARP inhibition and may also increase the
depth and duration of PARP inhibitor response in HR-deficient (HRD) tumors
[74]. Therefore, patients with and without tumor HRD (defined as mono- or bial-
lelic ATM loss or biallelic BRCA1/2 loss) were enrolled on the TRAP trial. The
primary endpoint was response rate (defined as radiographic response by RECIST
criteria and/or a≥50% decrease in PSA) in patients without predicted tumor HRD.
Early results from the TRAP trial were recently presented in abstract format and
showed a response in 4 of 12 HRD + patients and 4 of 35 HRD-patients [75].

Several other small molecule inhibitors of DDR proteins are in various phases
of preclinical and clinical development, including inhibitors of ATM, CHK1,
CHK2, DNA-PK, and WEE1. However, none of these agents have yet been tested
in a prostate cancer specific clinical trial. On-going preclinical efforts are focused
on defining the therapeutic activity of these agents in prostate cancer models and
identifying prostate cancer molecular features that are associated with sensitivity
to specific DDR-targeted agents.

7.6 Summary and Conclusions

The treatment landscape for advanced prostate cancer is rapidly evolving and
multiple novel approaches to target prostate tumor biology beyond AR signal-
ing are under clinical investigation. Genomic and functional studies have revealed
that DDR pathway alterations occur in a subset of advanced prostate tumors,
and evidence from multiple clinical trials has demonstrated that PARP inhibition
can provide clinical benefit for patients with homologous recombination defi-
cient prostate cancer. To date, the clearest signal for PARP inhibitor activity is in
patients with germline or somatic BRCA2 alteration; however, patients with tumor
homologous recombination deficiency conferred by other, less commonly altered
HR genes such as PALB2 also appear likely to benefit. PARP inhibitor response
rates for patients with alterations in DDR genes such as ATM or CDK12 appear
less likely to benefit from PARP inhibition, and numerous efforts are underway



120 K. W. Mouw and A. D. Choudhury

to investigate combination approaches that will increase response rates in these
patients as well as in patients who lack alterations in DDR genes. The future is
promising, and it is likely that the role for PARP inhibitors and perhaps other
DDR targeted agents will continue to expand across the prostate cancer disease
spectrum.
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8.1 Pancreatic Cancer is a Rising Threat

Pancreatic cancer is the seventh deadliest cancer in the world, and will soon be the
second deadliest in the US despite nearly 50 years of improvements to diagnostic
capabilities, surgical techniques, and chemotherapy [1]. The five-year survival rate
is around 11% for all stages of pancreatic cancer, but most patients are diagnosed
with advanced, metastatic disease and succumb within a year (3% five-year sur-
vival rate) due to the limitations of current effective therapies [2–5]. Indeed, over
the last twenty years, there have been virtually no major therapeutic advances other
than identifying combination chemotherapies, the administration of neoadjuvant
therapies, and improving the safety of surgical techniques for this disease.
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Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pan-
creatic cancer and arises through histologically distinct pre-malignant lesions
characterized by the accumulation of genetic mutations in four well-described
driver genes: oncogenic KRAS mutations occur in as much as 95% of lesions,
followed by losses of tumor suppressors TP53 (70–74%), CDKN2A (28–35%),
and SMAD4 (23–31%) [6, 7]. Outside of these primary mutations, the prevalence
of other alterations falls to around 15% or less. Further, transcriptomic-based sub-
typing of PDAC identified two robust subtypes termed basal-like and classical that
prognosticate patients by outcome but have proven limited for informing thera-
peutic interventions [8–11]. Yet, large-scale efforts to sequence pancreatic cancers
suggest that around half of PDAC lesions harbor targetable alterations, with the
largest proportion of these (around 8–18%) occurring in the DNA damage response
(DDR) pathways [12–14]. By 2020, as many as 30% (154) of PDAC clinical trials
were testing targeted therapeutic interventions against DNA repair and cell cycle
control mechanisms; some have since met with modest, promising success [13,
15]. In the remainder of this chapter, we will discuss the current state of targeted
therapies against the DNA repair pathway in PDAC.

8.1.1 Targeting the DNA Repair Pathway in PDAC

The accessibility to germline and somatic testing has improved in recent years,
and it is now clear that PDACs are heterogeneous within a cohort, with a subset of
patients harboring actionable mutations [13]. KRAS mutations are the most preva-
lent genetic aberration in PDACs and are detected in roughly~95% of tumors.
However, the many attempts to target mutated KRAS in the clinic have been unsuc-
cessful, with the recent exception of specific low frequency KRAS G12C mutations
(2%) [16]. For example, adagrasib is an investigational, highly selective, and oral
small-molecule inhibitor of KRAS G12C, for which preliminary efficacy has been
demonstrated in early phase clinical trials (Mirati Therapeutics Press Release).
An increased level of interest has emerged in targeting additional low-prevalence,
actionable aberrations, such as those involving BRCA1/2, NTRK1/2/3, or mismatch
repair (MMR) deficiencies [17, 18]. There are several therapies targeted to action-
able aberrations already approved by the Food and Drug administration (FDA):
TRK inhibitors larotrectinib and entrectinib for patients with NTRK fusion muta-
tion, the PD-1 inhibitor pembrolizumab for mismatch repair-deficient patients,
and the poly-ADP-ribose polymerase (PARP) inhibitor olaparib in patients with
germline BRCA1/2 mutations as a maintenance therapy [19–22].

Checkpoint inhibitors in PDAC: Unfortunately, many immunotherapy
approaches that are promising in other cancer types have shown little effect
in PDAC [23]. These agents include IL-2, oncolytic viruses, checkpoint block-
ade, TGFb inhibitors, neoantigen vaccines, Treg depletion, and CD47 blockade
[24]. PDAC has been considered a non-immunogenic, ‘cold’ tumor and employs
immune evasion. These mechanisms include the recruitment of regulatory immune
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cells and the secretion of immunosuppressive chemokines. However, additional
studies have shown significant T cell infiltration in PDAC [25].

Early clinical studies investigating PD-1/PDL1 antagonists showed no activ-
ity in patients with PDAC, despite remarkable efficacy seen across a wide
range of malignancies. Similar findings have been reported with CTLA-4 antag-
onists and with combining PD-1 blockade with a small molecule inhibitor of
indoleamine 2,3-deoxygenase [26–28]. In contrast, response to PD-1/PDL1 antag-
onists has been observed in PDAC patients with microsatellite instable tumors
{Le 2017 #39}. Tumors with microsatellite instability (MSI)/defective DNA mis-
match repair (dMMR) harbor germline (Lynch syndrome) or somatic mutations in
MSH2, MSH6, PMS2 and MLH1 genes accumulate thousands of mutations and
are characterized by a hypermutated genome. This leads to increased number
of mutation-associated neoantigens [29]. The prevalence of MSI/dMMR tumors
among PDAC cases is very low: 1–2% [29]. However, several studies have demon-
strated efficacy of check point inhibitors in tumors with dMMR and this led to
FDA approval for pembrolizumab in MSI/dMMR tumors [20, 30].

BRCA1/2 mutated tumors can be candidates for treatment with immune
checkpoint inhibitors: The unstable genome, one of four subtypes identified by
compressive genomic analysis, is associated with genomic alterations in DNA
damage repair (DDR) genes and is predominantly enriched in patients har-
boring germline BRCA1/2 mutations [31]. Unstable genomes are characterized
by high tumor mutational burden and increased neoantigen load [32]. In addi-
tion, BRCA1/2 mutated tumors are known to harbor biallelic inactivation of
BRCA1/2 loci, an allelic state responsive to treatment with platinum-based agents
and PARP inhibition. However, this sensitive state may be reversed by introduction
of compensatory frameshift reverse mutations, a known resistance mechanism in
all BRCA-associated tumors [33, 34]. Occurrence of reversion mutations usually
caused by deletions/insertion in the vicinity of the original pathogenic germline
mutations introduces novel amino acid sequences, which differ from the origi-
nal WT protein, which can thus constitute neoantigens [35]. This may open a
window of opportunity to treat with alternative treatments such as immunother-
apy. Preliminary clinical data have been shown to support this hypothesis (Terrero
et al. ASCO GI 2022). Additionally, studies have shown that besides PARP inhibi-
tion direct effect on cancer cells death, PARPi can enhance an immune response.
PARPi can induce accumulation of cytosolic DNA damage and to trigger the inter-
feron pathways, and activation of immune cells [36, 37]. PARPi can also induce
PD-L1 expression [38]. The high mutational load of BRCA mutated tumors and
PARPi effect on the tumor microenvironment and priming of the immune sys-
tem rationalizes for the combination of PARPi and immune checkpoint inhibition.
Ongoing clinical efforts assessing the combination of PARPi with immune check-
point inhibition in pancreatic cancer is currently being performed (NCT: 04548752,
04753879, 03851614, 03637491).
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T-Cell Receptor Therapy targeting mutant KRAS and TP53 in pancreatic cancer:
Even though PDAC employs immune evasion using various mechanisms, recent
work has shown that most primary PDAC tumors are infiltrated with tumor-reactive
T-cells. Those can be isolated and expanded ex-vivo with similar efficiency as
those isolated from melanoma, resulting in reactive T-cell cultures against the
autologous tumor [25]. Employing the most abundant alterations in PDAC such
as KRAS (95%) and p53 (72%) [39, 40]. The immunotherapeutic targeting of
driver mutations is conceptually attractive since they are tumor-specific, biolog-
ically crucial for tumor progression, and expressed by most tumor cells [41]. This
approach is novel yet has not been exploited in PDAC, which may be especially
relevant for patients with low tumor burden, like those harboring BRCA1/2 and
other DDR-deficient mutations.

Targeting DNA damage repair deficiency: Recently, the POLO trial demon-
strated a progression-free survival (PFS) benefit in metastatic PDAC patients with
a germline BRCA1/2 mutation treated with maintenance olaparib (Lynparza), the
poly (ADP-ribose) polymerase (PARP) inhibitor, following platinum-based induc-
tion chemotherapy [21]. This was the first phase III randomized trial to establish
a biomarker-driven approach in the treatment of PDAC and establishes a prece-
dent for maintenance therapy in PDAC. The POLO trial was eligible for germline
BRCA1/2 carriers only, while these mutations comprise only a small proportion
of genes that are involved in DDR, whereas other genes are more common; how-
ever, data regarding their role in homology repair deficiency (HRD)/DDR therapy
is still lacking. Further insight was shown in a recent study by the application of
various HRD classifiers on the whole genome sequencing dataset of 391 PDAC
patients. An HRD signature could be attributed to alterations in BRCA1/2, PALB2,
RAD51C/D, XRCC2 and a tandem duplicator phenotype, but not to additional alter-
ations in genes like ATM, ATR and CHEK2. Of note, in advanced disease, the HRD
signature was predictive for platinum response and survival benefit [32, 42].

Despite the great success of POLO trial and its promising results, not all
patients with germline BRCA1/2 mutations will equally benefit from olaparib treat-
ment. Clinical observations of patients with BRCA-associated PDAC demonstrate
three diverse types of responses to platinum-based and/or PARP inhibition treat-
ments. It is important to note that cross resistance between cisplatin and PARPi
has been demonstrated [43, 44]. The DNA damage response is determined by the
type and timing of the damage. Different DDR pathways may compensate in the
absence of the optimal or bespoke repair pathway [45]. Many patients demonstrate
responses to the combination of platinum-based chemotherapy followed by PARPi
maintenance treatment. However, resistance emerges, Golan et. al defined these
patients as having “acquired resistance to platinum/PARP-inhibition.” A small per-
centage of patients were refractory to platinum-based therapy and were coined
as having “refractory resistance to platinum/PARP-inhibition”. Lastly, a subgroup
of patients, which have maintained a durable response to the platinum treatment
and PARP-inhibition maintenance for more than three years, were defined as
“super-responders to platinum/PARP-inhibition [46].
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It is of note that sensitivity to treatment, and hence overall survival (OS) in
BRCA associated PDAC can be associated with the allelic status of the BRCA
genes. Germline mutations in BRCA1/2 genes are monoallelic, leaving the second
wild copy fully functional. However,~85% of BRCA-associated PDAC tumors
have loss of the wild type allele, loss of heterozygosity (LOH) or a second
hit mutation in the BRCA1/2 genes, leading to biallelic inactivation, rendering
the tumors deficient in homologous recombination repair, which makes them
exquisitely sensitive to platinum drugs and PARPi [32, 47]. Germline BRCA car-
riers with somatic, tumor biallelic inactivation of BRCA1/2 gene have superior
OS compared to patients who retain BRCA heterozygous tumors [32]. However,
clinical observations indicate that such superior OS is limited, and resistance to
treatment emerges. Reversion mutations in the mutated BRCA1/2 allele is one of
the most frequent resistance mechanisms employed by BRCA-associated tumors
[48]. Golan et al. previously demonstrated occurrence of reversion mutations in
biallelic PDAC tumors, leading to restoration of the BRCA1/2 reading frame, thus
potentially restoring the protein functionality and shortening the patient’s OS [32,
49]. Targeting DDR pathway remains the most promising personalized therapeutic
option in PDAC due to the significant effort spent in understanding the biology of
these tumors along with the resistance mechanisms they develop.

8.1.2 Ongoing Clinical Trials

The vulnerability of PDAC tumors harboring mutations in HR to DNA damaging
agents has been shown in multiple previous trials. First line platinum treatment
followed by PARPi maintenance has shown improved RR and PFS [21, 50] and
is now standard of care for germline BRCA PDAC. As described previously, most
patients develop resistance to platinum/PARPi treatment. These patients can be
identified in the clinic in the state of minimal residual disease with low tumor
burden which may facilitate response to next line treatment options. Yet, limited
options for treatment are available. There is an ongoing attempt to identify addi-
tional treatment options for this unique group of patients. Current clinical trials are
now addressing this clinical problem by focusing on PARPi as a single agent or
in combination with other agents. Table 8.1 shows active clinical trials examining
treatments for HRD-PDAC.

PARPi single agent: In Table 8.1, rows 1–3 describe active trials using single-
agent PARPi. Current trials are assessing the efficacy of new PARPi agents or
PARP inhibition in tumors harboring mutations in HR beyond BRCA1/2.

PARPi combined with chemotherapy: Given the effectiveness of DNA dam-
aging agents such as platinum agents and PARPi it has been hypothesized that
combining both treatments may have a synergistic therapeutic efficacy, how-
ever overlapping toxicity profiles need to be taken into consideration. Previously
reported clinical trials have evaluated this combination. The combination of PARPi
with cisplatin and gemcitabine was not superior to chemotherapy alone in a phase
II trial [51]. This may be attributed to higher rates of hematologic toxicities and
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need for frequent dose reductions. Additionally, in this clinical trial veliparib, a
weaker PARPi was used. Combination of PARPi with topoisomerase inhibitors
is also hypothesized to have synergistic effect with increasing of catalytic PARP
inhibition. This combination has high toxicity rates as shown in preliminary data
from a phase II trial (Table 8.1; row 4).

Targeting DDR: Targeting DNA damage repair pathways beyond PARP inhibi-
tion is currently being developed as monotherapy or in combination with other
agents. These selective inhibitors include ATRi, ATMi, CHK1/2i, WEE1i and
more. Preclinical studies have shown that olaparib-resistant cancer models may
be re-sensitized to olaparib when combined with a WEE1 or ATR inhibitors [52,
53]. Several clinical trials are currently underway evaluating these combinations
(Table 8.1; rows 5–6).

Immune checkpoint inhibitors: As discussed, the impact of Immune checkpoint
inhibitors on PDAC, is limited, with the exception of MMR deficient tumors.
There is now growing evidence that HRD tumors may have a unique immune
response or there may be an opportunity to take advantage of these tumors
from an immune perspective. The genomic instability and increased total muta-
tional load of HRD tumors result in neoantigens which may increase the efficacy
of immunotherapy in these tumors [54]. Additionally, preclinical data suggest
PARP inhibition may have immunomodulatory potential PARPi treatment on HRD
tumors is thought to increase neoantigen and tumor-associated antigen expression
and reshape the tumor microenvironment with the potential to restore the antitu-
mor immune response [54]. Based on accumulated preclinical evidence, clinical
trials have been designed to address BRCA1/2 germline mutated PDAC and are
currently recruiting (Table 8.1, rows 7–9). Current trials are testing whether the
addition of checkpoint inhibition to maintenance PARPi treatment will prolong
PFS and possibly OS.

8.1.3 Expanded Targeting of DNA Damage Response
Mechanisms

It is important to discriminate between the different mechanisms of actions of the
chemotherapeutic agents versus PARPis and additional, emerging targeted DDR
drugs in development. These considerations may have a profound clinical impact,
since a DDR-deficient tumor may show sensitivity to DDR-related chemotherapy
(platinum-based), but not to a specific targeted DDR drug in development (e.g.,
PARP, WEE1, and ATR inhibitors).

The platinum salts (carboplatin, cisplatin, and oxaliplatin) generate covalent
cross-links between DNA bases. The cytotoxic effects are determined by the rel-
ative amount and specific structure of DNA adducts [55]. Alkylating agents (e.g.,
temozolomide) modify DNA bases. Electrophilic alkyl groups covalently bind to
cellular nucleophilic sites, including bases in DNA, and these interactions are
responsible for cytotoxicity [56]. Topoisomerases are essential for all organisms
as they prevent DNA and RNA entanglements and resolve DNA supercoiling
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during replication and transcription. Inhibitors of topoisomerase 1 (camptothecin,
topotecan, and irinotecan) and topoisomerase 2 (etoposide and doxorubicin) gener-
ate non-productive topoisomerase-DNA cleavage complexes (so-called TOP-DNA
adducts) leading to inefficient re-ligation and ultimately DNA-strand breaks [56].
There are clear similarities and differences between the DNA-damage-inducing
chemotherapies irinotecan and platinum agents, which are both part of a standard
of care treatment for PDAC.

A more specific approach to targeting the DDR pathway includes biological
therapeutics, specifically PARP inhibitors, for tumors with defects in DNA repair.
Tumors with compromised ability to repair double-strand breaks (DSBs) by HR
are highly sensitive to blockage of the repair of DNA single-strand breaks (SSBs)
via the specific and targeted inhibition of PARP. PARP-inhibition causes failure
of the repair of SSBs that, when encountered by the replication fork, can stall
the fork and lead to its collapse and the formation of DSBs, especially in the
absence of HR functional proteins (e.g. BRCA1/2). Additional PARP inhibition
mechanisms include the “trapping” of PARP-1 protein at the site of DNA dam-
age, which may also interfere with replication fork progression. This therapeutic
strategy has demonstrated wide applicability in BRCA-associated ovarian, breast,
prostate, and pancreatic cancers. Furthermore, this approach has been seen in the
treatment of sporadic cancers with additional HR pathway impairments [57].

The most well described HRD biomarker in PDAC is germline BRCA1/2
mutations. The global prevalence of germline BRCA1/2 is around 7% [58]. This
subgroup of patients has shown a superior OS when treated with platinum-based
chemotherapy in retrospective studies [59]. However, the toxicity profile of plat-
inum treatment including the accumulating neuropathy and hematological toxicity
is well described and needs to be considered here [60]. PDAC associated with
a germline BRCA1/2 mutation demonstrate efficacy to platinum treatment. How-
ever, the side effects are debilitating, and dose reductions or cessations are usually
mandatory, thus limiting the profound therapeutic usefulness in BRCA-associated
cancers. Therefore, additional maintenance strategies have been explored. The aim
of a maintenance treatment is to provide an alternative treatment approach without
compromising the patient’s quality of life. The clinical trial design in mainte-
nance studies, include comparison of drugs in the maintenance setting that have a
potentially superior therapeutic window. For instance, the aim of the POLO study:
Olaparib as Switch Maintenance Therapy after Response to platinum-based treat-
ment of metastatic germline BRCA-mutant pancreatic cancer [58]. Patients had
to have received a minimum of 16 weeks of platinum-based first line chemother-
apy, and they had to demonstrate stable disease (SD) or partial response (PR)
or complete response (CR) in order to be eligible for the clinical trial. Identified
patients were randomized in a 2:1 ration olaparib 300 mg twice daily or placebo.
The primary endpoint PFS was 7.4 months on olaparib versus 3.8 months in the
placebo arm, HR 0.53. (95% CI 0.35, 0.82; P = 0.0038). OS did not demonstrate
statistically significant difference between olaparib and placebo (HR 0.83; p =
0.3487). At 3 years: 17.2% of patients remained on olaparib treatment vs 3.3%
on placebo; 21.5% of patients in the olaparib arm remained free of subsequent
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cancer therapy vs 3.6% in the placebo arm (TFST: HR 0.44, nominal p < 0.0001);
33.9% of patients receiving olaparib were alive compared with 17.8% on placebo
(Golan et al. ASCO GI 2021). No statistical differences were noted in quality-of-
life measurements between the olaparib versus placebo arm. Olaparib-arm patients
were more likely to achieve a response to treatment or maintain disease control;
responses were durable lasting a median of over 2 years. Of note, this strate-
gic approach of first line platinum-based chemotherapy followed by maintenance
PARP inhibitor together has an extended PFS benefit to patients with a germline
BRCA1/2 mutations and metastatic disease. This study is the first Phase III trial
to validate a targeted treatment in a biomarker-selected population of pancreatic
cancer patients, highlighting the importance of germline BRCA mutations testing
in this setting. PARPi in patients with DDR genomic alterations (beyond germline
BRCA1/2) in advanced PDAC have been assessed in a phase II study with limited
efficacy to date [61].

Additional biological agents targeted to DDR pathways (beyond PARPi) are
recently emerging, as described above. The rationale behind development of new
therapeutic strategies is to expand response to treatment by tackling additional
pathways to overcome emerging resistance to PARP inhibition.

Rad-3 related (ATR) is a serine/threonine kinase involved in DDR signaling and
plays a key role in maintaining genome integrity during DNA replication through
the phosphorylation and activation of Chk1 and regulation of the DNA damage
response. Preclinical evidence suggests that targeting ATR can selectively sensi-
tize cancer cells but not normal cells to DNA damage, and this strategy can cause
synthetic lethality in ATM-mutant cancer cells [62]. Additionally, targeting ATR in
high-grade serous ovarian cancer in combination with PARPi was shown to be syn-
ergistic and leading to durable and complete responses in a variety of PDX models
that harbor genetic alterations, including BRCA1 mutations. Of note, all PDX mod-
els evaluated exhibited PARPi or platinum resistance [63]. Thus, ATR is among
actionable DDR targets [46] and ATR inhibitors are in the early stages of clini-
cal development in patients with solid tumors, including PDAC (NCT03188965,
NCT03718091 and NCT04514497).

WEE1 Another actionable DDR target in PDAC, which participates in both the
intra-S phase and G2/M checkpoint activities [45, 46]. WEE1 kinase regulates the
G2/M checkpoint by phosphorylating CDC2 in response to DNA damage [64, 65].
Previous studies have reported that the highly selective, small molecule WEE1
inhibitor AZD1775 (adavosertib, previously MK-1775) can abrogate the G2/M
checkpoint, thereby forcing damaged DNA through mitosis [64, 66]. Inhibition
of WEE1 prevents the arrest of damaged DNA, which enhances CDC2 activity
and drives cells in S phase to prematurely enter mitosis before repair [65]. In
cells with mutated p53 (~75% of all PDCA cases) G1 checkpoint is defected,
thus forcing cancer cells to rely primarily on the G2/M checkpoint to repair DNA
damage before mitosis. AZD1775 has also been shown to enhance sensitization to
chemotherapy and antimetabolites in cancer cells with wild type p53, which indi-
cates the beneficial effects of this compound are not dependent on dysfunctional
p53 [67]. Phase 1 clinical data has shown AZD1775 is clinically viable and can
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safely be combined with chemotherapies (gemcitabine, cisplatin or carboplatin)
in advanced solid tumors NCT00648648 demonstrating partial response or stable
disease [68]. Preclinical studies using PDAC PDX models with different p53 sta-
tus showed tumor growth inhibition with combination of AZD1775 and irinotecan
or capecitabine in the p53-mutated models [69]. These and other preclinical stud-
ies have built the basis for clinical trial design in PDAC patients testing WEE1i
(AZD1775) in combination with chemotherapy.

8.1.4 Novel Therapies and Therapeutic Resistance

Virtually all therapies for PDAC have limited disease modifying effect due to ther-
apeutic resistance, which emerges in most cases. And the clinical management of
PDAC, with so few active targeted therapeutic options, would certainly benefit
from an expansion in druggable targets leveraging DDR defects in particular [70,
71]. Studying resistance mechanisms emerging in response to existing active ther-
apies, like PARPi, offers an opportunity to identify promising therapeutic targets
and combination therapies.

For example, data have suggested a role for post-transcriptional gene regu-
lation in rapidly modulating multiple, co-signaling pathways involved in PDAC
tumorigenesis and therapeutic resistance. A key protein involved in this mode of
gene regulation is the RNA-binding protein HuR (ELAVL1) [72]. HuR is overex-
pressed in PDAC cells where it promotes mRNA stabilization and the expression
of specific mRNAs functionally linked to PDAC cell survival. In vivo studies
also indicate that the efficacy of clinically relevant therapies (i.e., oxaliplatin and
PARPi) is enhanced by HuR inhibition [73–76], suggesting that HuR and/or its
downstream mRNA targets may play a role in refractory PDAC. The prioritization
of certain HuR targets has aided the discovery of non-canonical targets in these
kinds of tumors, including the DNA repair protein poly (ADP-ribose) glycohydro-
lase (PARG) in PDAC cells [77–79]; cell cycle regulator WEE1 [80, 81]; and the
serine threonine kinase PIM1 [73].

Example of an HuR target that may be important for targeting resistance
and the DDR pathway: The use of PARG inhibitors in PDAC.

Recent efforts targeting PARG have been promising [78, 79]. PARG is an essen-
tial enzyme primarily responsible for the rapid turnover of poly (ADP-ribose)
(PAR) created by PARP1/2 in response to DNA damage [82–84]. PARylation,
or the creation of PAR polymer chains, at DNA damage sites is thought to repre-
sent a flagging system involved in the recruitment of the various components of
the repair process. Once repair is underway or completed, PARG removes PAR
chains, contributing to the release of PARP from the damaged site and, in the
S-phase, aids the restart of the replication fork.

WhytargetPARGinPDAC? Evidence suggests pro-oncogenic HuR is elevated
in PDAC and amplifies PARG expression in cancer cells, and based upon the role
PARG plays in DNA damage resolution and replication fork restart [78], there is
a strong basis for targeting PARG in combination with other DDR proteins. In
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a PDAC xenograft mouse model with doxycycline-induced PARG silencing, Jain
et al. 2019 revealed that PARG knockdown significantly decreased tumor volume,
which was directly ascribed to increased tumor cell killing. This was true espe-
cially (but not exclusively) in the context of HR-deficient cells, such as BRCA1/
2-deficient cells, where the main pathway for double strand DNA break repair is
not functional [79]. At the cellular level, PARG inhibition may act in more than
one way to add stress and induce death in cancer cells. First, PARG inhibition
contributes to DNA damage by limiting replication fork restart in the context of
replication stress response; stalled forks increase the probability for double strand
breaks, eventually leading to apoptosis. Additionally, PARG inhibition limits the
turnover of PAR chains, which are created by PARP-driven oligomerization of
NAD+monomers. NAD+is an essential cofactor metabolite and cancer cells have
unique dependencies on NAD+metabolic pathways, including those critical for
cell survival. PARG inhibition depletes freely available NAD+by preventing PAR
breakdown, resulting in NAD+sequestration and collapse of metabolic homeosta-
sis leading to cell death [85]. In PDAC, multiple preliminary lines of evidence,
from in vitro to in vivo, show that targeting PARG both genetically (i.e., CRISPR
and sh/siRNA strategies) and with available small molecule inhibitors can inhibit
PDAC cells [77–79]. However, a limited number of compounds exists that tar-
get PARG, and in some cases their poor bioavailability prevents in vivo studies.
Mechanistically, PARG inhibition can alter DNA repair, the cell cycle, and cause
apoptosis [79]. Identifying and characterizing new targets with synthetic lethal
potential is critical for the development of novel therapeutic options for PDAC.

Synergistic partners to PARG inhibition. The importance of identifying and
investigating novel synergistic approaches cannot be overstated; there is a desper-
ate unmet need to develop new therapy regimens for PDAC, where the outcomes
remain dismal and the standard-of-care therapies are combination therapies (i.e.,
FOLFIRINOX). Synergy is important because the enhanced effect of two (or more)
compounds may create a scenario that is detrimental to a cancer cell; and combi-
nation therapies may allow for lower doses to be achieved for a desired therapeutic
effect, diminishing unwanted side effects. The interest in PARG is further increased
by evidence in the literature that PARG inhibition can synergize with a number of
molecules [77, 85–87]. Among these:

WEE1: The Brody lab [77, 88] and others [89] have shown synergy by
simultaneously targeting PARG and WEE1 (AZD1775), both using inhibitory
compounds and with genetic silencing. WEE1 is a protein kinase with the ability
to phosphorylate—and therefore inhibit—Cdk1, a protein which is crucial for the
cyclin-dependent checkpoint especially at the G2/M transition. Agostini et al. 2020
have demonstrated [77] successful co-targeting of WEE1 (with a WEE1 inhibitor)
and PARG (via a CRISPR silencing of the gene) in: (1) an in vivo model of can-
cer; (2) the synergistic effects of targeting PARG and WEE1 in a colony formation
assay in PDAC cells; and (3) how it mechanistically targets PARylation and causes
DNA damage.

CF10: Haber et al. 2021 suggested that PARG inhibition could synergize with
CF10, targeting PARylation, DNA damage, and cancer cell death [86]. Importantly,
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CF10 synergizes with PARG but nor PARP inhibition, suggesting a mechanism of
action that might be relevant to patients who develop resistance to PARPi. CF10 is
a second generation polymeric fluoropyrimidine, targeting the key enzymes DNA
topoisomerase-1 (Top1) and thymidylate synthase (TS), which aims at addressing
some of the limitations of 5-FU and Irinotecan, two of the components of the
common chemotherapy regimen FOLFIRINOX. The polymeric nature of CF10
allows a more efficient conversion to the TS-inhibitory metabolite FdUMP, and
generation of lower levels of ribonucleotide metabolites that are responsible for
5-FU’s systemic toxicities. These are frequently serious and even life-threatening
in some patients. CF10 also includes a non-native nucleotide (AraC) at the 3’-
terminus to limit plasma degradation and enhance anti-cancer activity while PEG5
at the 5’-terminus modulates binding to plasma proteins [90]. Researchers are now
looking to leverage these data in preclinical modeling developed with Dr. Gmeiner
at Wake Forest University.

Future clinical trials and ex vivo modeling that could target both DDR path-
ways and therapeutic resistance. At the 2022 American Association of Cancer
Research, Dr. Charles Sawyers presented the concept that for targeted therapies
there are acquired “on-target” resistance mechanisms and “off-target” resistance
mechanisms (see Fig. 8.1). For an updated discussion on broad therapeutic resis-
tance mechanisms (e.g., innate and acquired) please see a review by Tyner J. et al.
2022 [91]. Although DNA damaging agents certainly have on-target resistance
events (such as reversion mutations) that induce PDAC cell resistance, off-target
resistance (e.g., HuR transcript regulation) is also a significant contributor to
poor clinical responses. Although many opportunities present themselves in the

DNA
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Fig. 8.1 It is helpful to conceptualize two categories of resistance, on target (genomic) and off tar-
get (non-genomic). On target resistance is well studied and refers to the acquisition of point muta-
tions or other genomic rearrangements, including whole or partial genome duplications, which alter
structural motifs of targeted proteins (loss of drug binding) or lead to increased copy numbers of
proteins implicated in resistance or bypass pathways. Off target resistance is less studied and refers
to concepts like the non-genomic transformations of cells into subtypes that are more resistant to
therapy, or changes in transcript regulation via RNA binding proteins like HuR, among other mech-
anisms yet to be elucidated. Note: inspired, adapted, and modified from a Preliminary Session talk
by Dr. Charles Sawyers (AACR, 2022). Created with Biorender.com
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on-target setting; it is worthwhile to evaluate tractable, off-target resistance mech-
anisms such as PARG. Taking advantage of ongoing, cutting-edge clinical trials
such as the SMMART program and/or the COMPASS trials, will allow the com-
munity to assess the effect of treatments in “real-time” on the tumor ecosystem.
Understanding these changes upon treatment will provide clues to our ability to
target the plasticity of off-target pathways [92, 93]. In addition to this modernized
clinical trial, the generation and validation of patient derived models from these
trials will provide opportunities to test targeting these strategies outside the patient.
In the future, once researchers have better mastered the generation of model sys-
tems like these, resistance mechanisms may be modeled in real time and used to
select rational combinations that are more likely to drive tumors toward extinction.

In conclusion, targeting the DNA damage response in DDR-altered PDAC is the
best-in-class personalized approach to the treatment of these patients to date. The
key to future clinical success in this arena will be: 1) discovering and evaluating
novel targets of DDR and therapeutic resistance; 2) expanding and understanding
the role of other DDR-related defective genes in PDAC (e.g., as predictive mark-
ers); 3) development of clinical trials that collect longitudinal biopsies to evaluate
changes to the tumor ecosystem (including the important tumor microenvironment
and the immune system) in real-time; and 4) integrating patient derived models
into predictive marker platforms. The field is primed to target the Achilles’ heel
of DDR-altered PDAC in an effort to dramatically improve patient outcomes.
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9Combining Poly (ADP-Ribose)
Polymerase (PARP) Inhibitors
with Chemotherapeutic Agents:
Promise and Challenges

Kyaw Zin Thein, Rajat Thawani, and Shivaani Kummar

9.1 Introduction

Better understanding of molecular drivers and dysregulated pathways has furthered
the concept of precision oncology and rational drug development. The role of
DNA damage response (DDR) pathways has been extensively studied in carcino-
genesis and as potential therapeutic targets to improve response to chemotherapy
or overcome resistance [1–3]. The integrity of DNA is maintained by the repair
processes; subtle damage such as damage at DNA base pair or single-strand
breaks (SSBs) are repaired by base excision repair (BER) or nucleotide exci-
sion repair (NER) whereas large-scale double-strand breaks (DSBs) or clustered
lesions require homologous recombination repair (HR) and non-homologous end
joining repair (NHEJ) [4–6]. BReast CAncer genes 1 and 2 (BRCA1/2), RAD51
and Partner and localizer of BRCA2 (PALB2) genes are important key players in
HR [7]. Genomic instability, which is one of the hallmarks and characteristics of
most cancers, can occur where there are errors in the DDR pathway. HR-deficient
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cancer cells such as those harboring germline mutations in BRCA 1/2 (gBR-
CAm), are dependent upon lower-fidelity SSB repair mechanisms and patients with
gBRCAm was known to be predisposed to ovarian, breast, prostate, and other can-
cers [8, 9]. PARP1, one of the most prominent proteins among 17 PARP family
enzymes, binds to the single-strand DNA break sites and PARP complexes then
lead to auto-PARylation and downstream recruitement of the SSB repair effectors
[5, 10, 11].

Treatment with small molecule inhibitors of PARP has resulted in clinical
response and conferred survival benefit to patients with ovarian cancer, BRCA-
mutant breast cancer, HRD-deficient prostate cancer and BRCA-mutant pancreatic
cancer, leading to US Food and Drug Administration (FDA) approvals [12–21].
However, the observed clinical benefit with single agent PARP inhibitors is lim-
ited to few tumor types within the relevant genetic context. Since DDR pathways
are essential for repair of damage caused by cytotoxic agents, PARP inhibitors
have been evaluated in combination with various chemotherapeutic agents to
broaden the therapeutic application of this class of drugs. Resistance mechanisms
to PARP inhibitors are upregulation of drug efflux pump ATP-binding cassette
(ABC) transporter protein ABCB1 transporter, Homologous recombination (HR)
repair restoration via re-expression of BRCA1/2 mutations or BRCA1-independent
or restoration of DNA replication fork stability/ protection, and various target fac-
tors such as mutations in PARP1 or loss of poly (ADP-ribose) glycohydrolase
(PARG) [2]. In this chapter, we discuss the combination of PARP inhibitors with
different chemotherapeutics agents, clinical experience to date, lessons learnt, and
future directions for this approach.

9.2 Clinical Development of Poly (ADP-Ribose) Polymerase
(PARP) Inhibitors

Four PARP inhibitors (olaparib, rucaparib, niraparib and talazoparib), are currently
approved by the US FDA. The potent molecule AZD2281 (olaparib) enhances its
potency and stability via a fluorine atom where another potent, small molecule
rucaparib (AGO14699) suppresses phosphorylated signal transducer and transcrip-
tion 3 (STAT 3) activation and helps in sensitizing tumor cells [22, 23]. Veliparib
(ABT-888), a small potent oral PARP 1/2 inhibitor, has demonstrated broad activ-
ity in sensitizing cancer cells to different anticancer treatments (radiation therapy
and chemotherapy) [24]. Although ABT-888 has less activity in stabilizing PARP-
DNA complex in preclinical models compared to olaparib and has shown modest
tumor suppression as a single agent, ABT-888 was studied more in CNS malig-
nancies due to higher CNS penetration capability [25, 26]. In contrast, talazoparib
(BMN 673), another PARP inhibitor which was shown to trap more PARP-DNA
complexes and be 100 times more potent in cytotoxicity assays compared to ola-
parib and rucaparib [27]. Similarly, niraparib (MK-4827), another potent oral small
molecule PARP 1/2 inhibitor, also has stronger PARP trapping activity than ola-
parib and veliparib [28]. Currently, the approvals of PARP inhibitors are for the
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treatment of ovarian cancer, BRCA-mutant breast cancer, HRD-deficient prostate
cancer and BRCA-mutant pancreatic cancer. Although EMBRACA study showed
improvement in PFS and talazoparib got approved in BRCA-mutant breast can-
cer, the PFS benefit did not translate into OS benefit [12, 29]. Moreover, Golan
and group presented the updated final results from the POLO trial, which led to
the approval of olaparib in gBRCA-mutant metastatic pancreatic adenocarcinoma
after the study demonstrated significant PFS benefit, at the ASCO gastrointestinal
cancers meeting in 2021 and showed that study arm failed to confer statistically
significantly better OS compared to control arm [30]. Single agent PARP inhibitors
are overall well tolerated but have limited clinical activity in a few tumor types.
Hence identifying an optimal combination regimen has become an important focus
of ongoing investigations.

9.3 Combination of PARP with Cytotoxic Chemotherapeutic
Agents

Cytotoxic chemotherapeutic agents, such as platinum-based compounds or alky-
lating agents, cause DNA damage in rapidly-proliferating cancer cells through
formation of platinum-associated crosslinks or alkylated nucleobases [1]. Dam-
age caused by chemotherapy is repaired by the following main processes; BER or
NER for the subtle damage, such as damage at the DNA base pair SSBs, and HR
and NHEJ for large-scale DSBs [4–6]. Hence targeting DNA repair pathways to
improve efficacy of chemotherapeutic agents, concept of chemopotentiation, has
been actively pursued in the clinic [1]. PARP-1 accounts for the majority (75%)
of PARP activity and increased expression has been shown to confer resistance
to chemotherapeutic agents in both in vitro and in vivo studies [1]. High PARP-1
expression has been shown to be associated with poor response to platinum ther-
apy in lung cancer cell lines while low PARP activity conferred higher response
to chemotherapy in pancreatic cancer cell lines [31, 32]. Preclinical studies have
also demonstrated synergy between PARP inhibitors and chemotherapy, prompting
multiple trials (Table 9.1).

9.4 Early Phase Combination Trials in Advanced Solid
Tumors

Early phase studies were conducted utilizing different PARP inhibitors with var-
ious chemotherapies to evaluate safety, tolerability, and overall efficacy of the
regimen (Table 9.1) [33–37]. A study led by National Cancer Institute first demon-
strated the tolerability and promising activity of oral veliparib, a small molecule
inhibitor of PARP, in combination with metronomic cyclophosphamide especially
in BRCA-mutant tumors [38]. Of 35 patients, 7 achieved partial response (PR)
while 6 had stable disease (SD) for at least 6 cycles. Grade 2 myelosuppression
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was the most common adverse event reported. Veliparib was also studied in com-
bination with irinotecan in advanced solid tumors in a phase 1 safety study [39].
Grade 3 febrile neutropenia, grade 4 neutropenia, grade 3 diarrhea and grade 3
fatigue were the four observed dose limiting toxicities (DLTs). The most prevalent
adverse events were diarrhea, fatigue, nausea, neutropenia and leukopenia. Six out
of 31 evaluable patients had PR, conferring objective response rate (ORR) of 19%.
Appleman et al. [40] reported results of a phase 1 study employing veliparib with
carboplatin and paclitaxel, one of the most commonly used chemotherapy regi-
mens. Of 67 evaluable patients, 5 obtained complete response (CR), 22 had PR
while 32 achieved SD, resulting in an ORR of 40%, with 9 of 13 breast cancer,
and 7 of 16 lung cancer patients deriving clinical benefit. Neutropenia and febrile
neutropenia were the most common DLTs observed.

In a study from Italian and Switzerland groups, Del Conte and colleagues stud-
ied oral olaparib with liposomal doxorubicin in 44 patients with advanced solid
malignancies [41]. Sixty-one percent had grade 3 and above toxicities whereas
27% had serious adverse events. ORR was 33% and noteworthily, 13 of 14 respon-
ders were patients with ovarian cancer while 11 patients had gBRCA mutation.
Olaparib was also studied in combination with carboplatin and/or paclitaxel in
a phase 1 study: continuous and intermittent schedules [42, 43]. Bone marrow
suppression was frequent in continuous schedules, and hence finding the optimal
dosing regimen was onerous. In intermittent schedule (n = 132), ORR was 46%
while 47% experienced neutropenia of any grade (39% experienced grade≥3)
and 39% had thrombocytopenia of any grade (13% experienced grade≥3). Bone
marrow toxicities frequently led to dose modifications despite using intermit-
tent schedule. In another phase 1 study, olaparib and dacarbazine was studied
in patients with advanced solid tumors where majority of patients had melanoma
(82.5%) [44]. Of 40, two patients with melanoma (5%) achieved PR. As there was
no response in melanoma patients who were chemo naïve, the study concluded
that there was no added clinical advantage from the addition of PARP inhibitor
compared to dacarbazine alone in this patient population.

Wilson and colleagues studied different chemotherapy combinations using
intravenous and oral rucaparib in 85 patients with advanced solid tumors [45].
In the remaining arm with oral rucaparib after the intravenous arms were dis-
continued, 3 DLTs (grade 4 neutropenia and grade 4 thrombocytopenia) were
observed while 75.3% had high grade adverse events. Grade 3 and above neu-
tropenia, thrombocytopenia, fatigue and anemia, the most prevalent high grade
adverse events, were 27.1%%, 18.8%, 12.9% and 11.8%, respectively.

9.5 Breast Cancer

Early phase study of veliparib in combination with cisplatin plus vinorelbine was
conducted in patients with triple-negative and BRCAm-associated advanced breast
cancers [46]. Thirty-five percent achieved ORR and median progression-free sur-
vival (PFS) was 5.5 months in the overall population. Detailed analysis revealed
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that patients with gBRCA mutation had higher median PFS and overall survival
(OS); 9.2/22.6 months versus 4.2/8.7 months in gBRCA wild type. Fatigue and
nausea were the most common adverse events whereas hematological toxicities
were the most prevalent grade 3 and 4 (G3/4) adverse events. Another phase 1
study evaluated olaparib plus paclitaxel in 2 cohorts of patients with TNBC where
cohort 2 was allowed to receive growth factor support [47]. Although 68% had
grade 3 and above adverse events where the commonest high grade adverse event
was neutropenia, 20% of patients in cohort 2 experienced high-grade neutropenia
compared to 44% in cohort 1. Notably, 37% achieved partial responses.

Results of the combination of PARP inhibitor with chemotherapy were reported
for the randomized BROCADE and BROCADE3 studies in patients with BRCA-
mutated advanced breast cancer [48, 49]. In phase 2 BROCADE trial, 290 patients
were randomized into 3 arms; Veliparib with temozolomide (VT) or carboplatin
plus paclitaxel (VCP) versus placebo with carboplatin plus paclitaxel (CP). ORR
were 61.3% in CP, 77.8% in VCP, and 28.6% in VT while median PFS and OS
reported were 12.3/25.9 months in CP arm, 14.1/28.3 months in VCP arm, and 7.4/
19.1 months in VT arm. Despite notable increase in ORR and numerical increasein
survival from the addition of veliparib to carboplatin and paclitaxel without addi-
tional notable toxicities, there was no statistically significant difference in PFS
and OS in patients receiving VCP versus CP, and VT was shown to be inferior
to PCP. Given this intriguing result, VCP and CP was further studied in patients
with HER2-negative gBRCA-mutated advanced breast cancer in the BROCADE3
trial. One difference between the two studies was that veliparib was continued as
monotherapy if the chemotherapy was discontinued before progression in BRO-
CADE3 trial. Although ORR was similar 75.8% versus 74.1%, median PFS was
statistically significant at 14.5 months in VCP arm compared to 12.6 months in
CP (HR 0.71, p = 0.0016). The study demonstrated that the addition of veliparib
to carboplatin and paclitaxel was feasible and well tolerated with no additional
discernable safety concerns and treatment discontinuation due to treatment-related
adverse events was modest at less than 10%.

In the neoadjuvant setting, phase 3 BrighTNess trial was conducted utilizing
veliparib plus carboplatin or carboplatin alone to standard neoadjuvant chemother-
apy (VCP vs CP vs paclitaxel) in clinical stage II-III triple-negative breast cancer
(Table 9.2) [50]. The reported rates of breast-conservation surgery after neoadju-
vant chemotherapy were 62%, 44%, and 44% while pathological CR (pCR) was
reported in 53%, 58%, and 31% respectively. Although VCP and CP increased the
proportion of patients achieving pCR compared to paclitaxel arm, the addition of
veliparib to CP failed to characterize extra benefit while similar safety profile with
no increased toxicities were noted among VCP and CP arms.
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9.6 Gynecological Malignancies

Gray et al. [51] studied veliparib in combination with carboplatin and gemcitabine
in 75 patients with advanced solid tumors, with majority of patients with ovarian
and breast cancer (88%). Although 89% had any grade 3/4 adverse event while
neutropenia and thrombocytopenia were the two DLTs observed, 69% of patients
with BRCA-deficient ovarian cancer achieved ORR with a quarter achieving CR.
Recently, ROLANDO study evaluated the efficacy of olaparib in combination with
liposomal doxorubicin in 31 patients with platinum-resistant ovarian cancer with
or without BRCA mutation (84% were BRCA wild-type), where 29% achieved
PR and 48% had SD [52].

Olaparib in combination with chemotherapy, followed by maintenance
monotherapy was compared to standard chemotherapy in patients with recurrent
high-grade serous ovarian cancer who were platinum sensitive [53]. In the overall
population, median PFS was statistically significant at 12.2 months in the exper-
imental group versus 9.6 months in control group (HR 0.51, p = 0.0012). The
difference in PFS was more pronounced in the patient subset carrying BRCA muta-
tion (HR 0.21, p = 0.0015). Sixty-five percent experienced≥G3 adverse events in
the combination group compared to 57%≥G3 adverse events in the control group,
majority of these were hematological adverse events.

Coleman and colleagues subsequently reported the phase III VELIA study
which randomized veliparib with first-line induction chemotherapy with carbo-
platin and paclitaxel and as single agent maintenance therapy compared to first-line
chemotherapy in previously untreated high-grade serous ovarian cancer (Table
9.2) [54]. 1140 patients with previously untreated high-grade serous ovarian can-
cer were randomized, 26% harbored BRCA-mutation and 55% of tumors were
HR deficient (HRD). HRD status was defined by patients who had tumors that
were BRCA-mutated or had HRD according to the myChoice assay (score≥33).
Median PFS was statistically significant at 34.7 months in the veliparib-throughout
arm compared to 22.0 months in the control arm (HR 0.44, P < 0.001), of the
patients included in the BRCA-mutation group. In the HRD group, median PFS
was 31.9 months versus 20.5 months, respectively (HR 0.57, P < 0.001). Fatigue,
nausea, neutropenia and anemia were the most reported adverse events while
hematological toxicities were the most prevalent G 3/4 adverse events in patients
receiving veliparib in addition to chemotherapy.

The combination of veliparib with cisplatin and paclitaxel was shown safe and
feasible in a phase 1 NRG Oncology study which enrolled 34 patients with recur-
rent cervical cancer [55]. ORR was reported at 34% and DLTs observed were
grade 4 dyspnea, grade 3 neutropenia lasting≥3 weeks, and febrile neutropenia.
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9.7 Lung Cancers

In patients with metastatic non-small cell lung cancer (NSCLC), a randomized
phase 2 study was conducted to determine the survival benefit of the addition of
veliparib to standard carboplatin and paclitaxel [56]. Although there was a favor-
able trend in survival for patient with squamous histology, there was no statistical
significance observed in median PFS (5.8 months versus 4.2 months, respectively;
p = 0.17) and median OS (11.7 months versus 9.1 months, respectively; p =
0.27). No increased toxicities were observed, and high-grade hematological toxi-
cities were comparable. Hence, Ramalingam and colleagues conducted the phase
3 study of carboplatin and paclitaxel with or without veliparib in patients with
untreated metastatic squamous NSCLC [57]. However, the survival benefit was
not confirmed in this phase 3 study from the addition of veliparib to conven-
tional chemotherapy in patients with advanced squamous NSCLC who are current
smokers.

In relapsed small cell lung cancer (SCLC), an early phase I/II study utilizing
olaparib and temozolomide was performed [58]. Although increased hematologi-
cal toxicities were observed with higher dose levels none met DLT criteria, and the
recommended phase 2 dose was established at temozolomide 75 mg/m2 daily and
olaparib 200 mg twice daily, both days 1 to 7 of a 21-day cycle. ORR was notable
at 41.7% and median PFS and OS were 4.2 months and 8.5 months, respectively.
Pietanza and colleagues reported the randomized phase 2 trial of temozolomide
in combination with either veliparib or placebo in recurrent (relapsed-sensitive or
refractory) SCLC [59]. The study did not meet the primary endpoint of improve-
ment in 4-month PFS (36% vs 27%; p = 0.19) although there was significant
increase in ORR (39% vs 14%; p = 0.016). However, statistically significant
improvement in PFS (5.7 months vs 3.6 months; p = 0.009) and OS (12.2 months
vs 7.5 months; p = 0.014) was noted in patients with SCLC harboring SLFN11
expression who had received temozolomide (TMZ) in combination with veliparib.
SLFN11 regulates response to DNA damage and replication stress and hence, is
a predictive marker of sensitivity to DNA-damaging chemotherapies [60]. TMZ
by itself leads to cytotoxicity and apoptosis, but PARP-dependent base excision
repair pathway is a known resistance mechanism for TMZ. Combination of these
two agents has been shown to lead to greater tumor growth delay or regression.
High grade hematological toxicities were observed more in the combination group
compared to temozolomide alone.

ECOG-ACRIN 2511 study randomized either veliparib or placebo in combina-
tion with cisplatin and etoposide in patients with untreated extensive-stage small
cell lung cancer [61]. Median PFS was 6.1 months versus 5.5 months (p = 0.06),
and median OS was 10.3 months versus 8.9 months (p = 0.17) for the veliparib
arm. ORR was 71.9% versus 65.6%, respectively. Grade 3 lymphopenia and grade
3/4 neutropenia were more common in the PARP containing regimen while other
adverse events were comparable between the two groups. Recently, Byers and
colleagues reported results of a randomized phase 2 study in treatment-naïve ES-
SCLC where three arms were conducted; veliparib plus carboplatin and etoposide
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(EP) followed by veliparib maintenance (veliparib throughout), veliparib plus EP
followed by placebo (veliparib combination only), or EP (control) [62]. Improve-
ment in PFS was observed in veliparib throughout group compared to control arm
(HR, 0.67; 80% CI, 0.50–0.88; p = 0.059), yet this did not translate into an overall
survival benefit as median OS was reported at 10.1 months in veliparib throughout
group compared to 12.4 months in control arm (HR, 1.43; 80% CI, 1.09–1.88).

9.8 Gastrointestinal Malignancies

The addition of veliparib to first line FOLFIRI (with or without bevacizumab) in
patients with metastatic colorectal cancer was evaluated in a phase 2 randomized
study [63]. This study failed to demonstrate survival benefit, median PFS and OS
were 12 months/25 months in veliparib group compared to 11 months/27 months
in the control arm, respectively. Moreover, there was a significant increase in
hematological adverse events observed in the veliparib containing regimen.

O’Reilly and group conducted a phase 2 randomized trial of the addition of
veliparib to cisplatin and gemcitabine in patients with metastatic pancreatic cancer
carrying gBRCA or PALB2 mutation, after a phase 1 trial demonstrated substan-
tial antitumor activity in gBRCA-mutant metastatic pancreatic cancer [64]. ORR
was 74.1% in the study arm versus 65.2% in control arm (p = 0.55). Median PFS
and OS were 10.1 months/15.5 months in veliparib arm compared to 9.7 months/
16.4 months in control group. Grade 3/4 hematological toxicities were doubled in
the veliparib group compared to standard cisplatin plus gemcitabine arm. Pishvaian
et al. [65] showed the safety and tolerability of veliparib in combination with 5-
fluorouracil plus oxaliplatin (FOLFOX) in metastatic pancreatic cancer patients in
a phase 1/2 study. The recommended phase 2 dose (RP2D) was veliparib 200 mg
twice daily, days 1 to 7 of 14-day cycle. Although overall ORR was 26%, ORR was
further heightened in HR-DDR mutated, platinum-naïve metastatic pancreatic can-
cer patients (57%). However, the randomized phase II SWOG S51513 study failed
to demonstrate survival benefit of veliparib with modified FOLFIRI over FOLFIRI
alone as second-line treatment of metastatic pancreatic cancer. In addition, grade
3/4 toxicities were more common in veliparib arm (69 vs 58%) [66].

A randomized phase 2 study was conducted to determine the efficacy of ola-
parib and paclitaxel in Asian patients with recurrent metastatic gastric cancer
who had progressed following first-line therapy and had low levels of ATM [67].
Although there was no improvement in PFS, the addition of olaparib to paclitaxel
demonstrated increment in OS in both the overall population (HR, 0.56; p = 0.005)
as well as in metastatic gastric cancer patients with low or undetectable levels of
ATM by immunohistochemistry (HR, 0.35; p = 0.002). Hence, the randomized
phase 3 GOLD study was launched [68]. However, GOLD study failed to meet the
primary endpoint of improvement in OS. In overall population, median OS was
8.8 months in olaparib/paclitaxel group versus 6.9 months in placebo arm. Median
OS was 12 months versus 10 months, respectively, in ATM-negative population.
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9.9 Other Cancers Including Cancers Affecting the Pediatric
and Adolescent Population

Two arms in SARC025 trial evaluated the combination of niraparib with irinotecan
or temozolomide in pretreated Ewing sarcoma [69]. Five of 29 patients had DLTs
(hematological toxicities) in temozolomide arm and 3 patients in irinotecan arm
experienced DLTs (gastrointestinal adverse events). One patient experiences a PR
with ORR of 8.3% although two patients with SD remained on study for~1.5 year.
The phase 1b TOMAS trial from Italian sarcoma group also demonstrated the
encouraging preliminary activity of olaparib in combination with trabectedin in 54
patients with advanced bone and soft tissue sarcomas [70]. While 14% attained PR,
grade 3/4 hematological toxicities were frequently observed; 64, 62, 28 and 26%
experienced grade 3/4 lymphopenia, neutropenia, thrombocytopenia and anemia,
respectively.

In patients with unresectable stage III or IV metastatic melanoma, 346 patients
were randomized to 3 groups (temozolomide plus veliparib 20 mg or 40 mg, or
placebo) in a phase 2 study [71]. Median PFS/OS reported were similar among
3 arms: 3.7/10.8 months, 3.6/13.6 months, and 2/13.6 months, respectively. ORR
was 10.3% versus 8.7% versuss 7.0%, and high-grade adverse events were 55%,
63%, and 41%, respectively. Hematological toxicities were the most commonly
reported high-grade adverse events (42, 49 and 23%).

Recently, Alliance A091101 reported the early phase study of addition of
veliparib to induction regimen (carboplatin and paclitaxel) in patients with locore-
gionally advanced head and neck squamous cell carcinoma where ORR was
55.6%, 24-month OS was 77.8%, and 24-month PFS was 66.7% [72]. The study
demonstrated the feasibility of the addition of veliparib to induction regimen while
hematological toxicities were the most common G 3/4 adverse events.

A study led by St Jude Children’s research hospital in 41 pediatric and young
adults with refractory solid tumors (53% Ewing sarcoma) showed that talazoparib
and irinotecan (± temozolomide) was feasible with hematological toxicities such
as neutropenia and thrombocytopenia being the most reported G 3/4 adverse events
[73]. In terms of efficacy, 10% obtained ORR from the doublet and 25% had ORR
in the triplet group, where the correlation between SLFN11 positivity and effi-
cacy was observed. Another phase 1 consortium study (ADVL1411) from COG
demonstrated that talazoparib with low dose temozolomide was plausible with
thrombocytopenia and neutropenia being the two DLT [74]. However modest activ-
ity was reported while no to little efficacy was noted in Ewing sarcoma and CNS
tumors. The feasibility of the combination of veliparib, temozolomide and radi-
ation therapy was studied in a Pediatric Brain Tumor Consortium study [75].
However, the trial was stopped for futility following a planned interim analysis
due to inability to show survival benefit despite the combination being clinically
tolerable.

Recently, the VERTU study reported the results of randomized phase 2 study
using veliparib and temozolomide plus radiation therapy (RT) versus standard of
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care concurrent temozolomide plus RT, in 125 patients with unmethylated O-6-
methylguanine-DNA methyltransferase (MGMT) glioblastoma [76]. Although the
addition of veliparib was well tolerated (similar grade 3/4 adverse events in both
arms with 55%), and 6 months PFS in study group was higher at 46% compared
to 31% in standard group, median OS was similar; 12.7 months in experimental
arm versus 12.8 months in standard arm.

9.10 Challenges, Remaining Questions, and Future Directions

Although preclinical or early phase studies showed promise for the concept of
chemopotentiation using the combination of PARP DNA repair pathway inhibitors
and cytotoxic chemotherapeutic agents, the clinical value has been debatable with
increased toxicities and marginal, if any, PFS/OS benefit despite higher response
rates in some studies. The clinical experience to date underscores the need to
pursue alternate, intermittent schedules to improve tolerability, and better defining
patient selection to improve efficacy. Biomarkers beyond BRCA status, such as
SLFN11, need to be studied, preclinically and in clinical trials, to identify patients
likely to benefit. Development of more selective PARP1 targeting agents may lead
to better tolerability. Initial single agent data was reported at AACR 2022 for
AZ5305, a selective PARP1 inhibitor [77]. Further clinical evaluation is needed
to establish whether selective targeting of PARP1 will result in better efficacy and
ability to safely combine with chemotherapeutic agents.

PARP inhibitors are now widely available and approved in some tumor types,
however optimal combination regimens with cytotoxic chemotherapies that have
enhanced efficacy, while being well tolerated, are yet to be identified. Newer com-
bination strategies for PARP inhibitors are focusing on immunotherapy or targeted
agents such as the KEYLYNK or MEDIOLA studies. However, there remains a
strong rationale to evaluate PARP inhibitors in combination with chemotherapy
to broaden the population of patients who can derive benefit from this class of
drugs. This will require carefully thought out trials with current and next genera-
tion PARP inhibitors that include patient selection based on novel biomarkers and
evaluation of alternate schedules to optimize efficacy and tolerability.
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10Rational Combinations of PARP
Inhibitors with HRD-Inducing
Molecularly Targeted Agents

Elizabeth K. Lee and Joyce F. Liu

10.1 Introduction

PARP inhibitors have a clear role in treating cancers with BRCA mutations and
homologous recombination deficiency (HRD). However, preclinical and early clin-
ical data suggest that PARP inhibitor combinations could expand the activity of
PARP inhibitors across a range of tumor types and molecular backgrounds. In par-
ticular, homologous recombination (HR) proficient and BRCA-wildtype tumors,
which represent a substantial proportion of cancers, may benefit from PARP
inhibitor combination strategies. Additionally, acquired resistance to PARP inhi-
bition is common, often due to restoration of homologous recombination repair
(HRR), and represents an emergent area of unmet clinical need. Targeted agents
which induce HRD or restore “BRCA-ness” are a promising strategy to re-sensitize
cancers to PARP inhibition. In this chapter, we review molecularly-based targeted
therapies associated with induction of HRD and evidence for effective combi-
nation with PARP inhibitors, summarized in Table 10.1. General principles and
mechanisms are reviewed; however, as molecular features, genetic alterations, and
pathway dependencies differ between various tumor and histologic subtypes, spe-
cific combinatorial strategies may not be active across all tumor types and will
require validation in any tumor type of particular interest.
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Table 10.1 Mechanisms of HRD induction

Target Mechanism of HRD induction
by target inhibition

Combinations in clinical trials

VEGF/VEGFR (angiogenesis) • BRCA1/2 downregulation
• RAD51 downregulation

Cediranib/olaparib
• Phase 2: cediranib/olaparib
PFS 17.7 months versus
olaparib PFS 9.0 months [1]

• Phase 3 NRG-GY004:
cediranib/olaparib PFS
10.4 months and ORR
69.4% versus chemotherapy
PFS 10.3 months and ORR
71.3% [2]

• Phase 2 EVOLVE:
cediranib/olaparib ORR 3/
34 patients [3]

Bevacizumab/niraparib
• Phase 2 AVANOVA:
niraparib/bevacizumab PFS
11.9 months versus
niraparib PFS 5.5 months
[4]

Bevacizumab/olaparib
• Phase 3 PAOLA-1: olaparib/
bevacizumab PFS
22.21 months versus
bevacizumab 16.6 months
[5]

PI3K pathway • BRCA1/2 downregulation
• Impaired non-oxidative
pentose phosphate pathway,
depleting the nucleotide
pool

• Depletion of MCL-1
• Suppression of SUV39H1
methyltransferase

Buparlisib/olaparib
• Phase 1: ORR 29% ovarian
cancer, ORR 28% breast
cancer [6]

Alpelisib/olaparib
• Phase 1b: ORR 35%
BRCA-wildtype ovarian
cancer, ORR 30%
BRCA-mutant ovarian
cancer [7]

• Phase 1b: ORR 18% breast
cancer [8]

Vistusertib/olaparib
• Phase 1: ORR 27%
endometrial cancer, ORR
20% ovarian cancer, ORR
6% breast cancer [9]

Capivasertib/olaparib
• Phase 1: ORR 25%
advanced solid tumors [10]

• Phase 1b: ORR 19%
endometrial, ovarian, and
breast cancer [11]

(continued)
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Table 10.1 (continued)

Target Mechanism of HRD induction
by target inhibition

Combinations in clinical trials

MAPK pathway • BRCA1/2, RAD50,
RAD51,MRE11, NBN
downregulation

• Altered PARP1 expression

Selumetinib/olaparib
• Phase 1 SOLAR: ORR 17%
advanced solid tumors [12]

• Phase 1 SOLAR dose
expansion ongoing in
ovarian and endometrial
cancers (NCT03162627)

BET/BRD4 • BRCA1 downregulation
• RAD51 downregulation
• CtIP downregulation

AZD5153/olaparib
• Phase 1: advanced solid
tumors and lymphoma,
ongoing NCT03205176 [13]

NUV-868/olaparib
• Phase 1: advanced solid
tumors, ongoing
NCT05252390

ZEN003694/talazoparib
• Phase 1: ovarian cancer,
ongoing NCT05071937 [14]

EZH2 • BRCA1/2 downregulation
• REV7 upregulation

Tazemetostat/talazoparib
• Phase 1: prostate cancer,
ongoing NCT04846478

SHR2554/ SHR3162
• Phase 1: breast cancer,
ongoing NCT04355858

HDAC • BRCA1 depletion and
downregulation

• RAD51 downregulation
• RAD50 downregulation
• MRE11 downregulation

Vorinostat/olaparib
• Phase 1: breast cancer,
ongoing NCT03742245

Belinostat/talazoparib
• Phase 1: breast, prostate,
and ovarian cancers
NCT04703920

Hsp90 • BRCA1 degradation
• BRCA1/2 downregulation
• RAD51 downregulation
• MRE11 downregulation

Onalespib/olaparib
– Phase 1: ORR 0% advanced
solid tumors [15]

AXL • Replication fork collapse
• RAD51 downregulation
• MRE11 downregulation

None

10.2 Anti-angiogenic Inhibition

Anti-angiogenic agents induce HRD through several mechanisms and pairing these
with PARP inhibition is a compelling strategy. One mechanism of HRD induction
through VEGF signaling blockade is via subsequent abrogation of VEGF-induced
AKT-mediated non-homologous end-joining (NHEJ) and HRR, with increased lev-
els of unresolved yH2AX foci and delayed resolution of DSBs [16]. Intratumoral



174 E. K. Lee and J. F. Liu

hypoxia, whether chronic from tumor architecture or induced by VEGF/VEGFR
inhibition and vascular pruning, is associated with down-regulation of BRCA1/
2 and RAD51 expression, leading to defective HRR and increased susceptibil-
ity to DNA damage agents [17–22]. A second mechanism of HRD induction is
via suppressed BRCA1/2 expression; in preclinical studies in ovarian cancer cells,
selective inhibition of VEGFR3 downregulated BRCA1 and BRCA2 mRNA lev-
els by up to ninefold, effectively mimicking BRCA deficiency in BRCA-wildtype
cells [23]. VEGFR3 inhibition re-sensitized platinum-resistant ovarian cancer cells
and BRCA-reverted cells to platinum and inhibited tumor [23]. The combination
of olaparib and cediranib, a small molecular oral VEGFR1/2/3 inhibitor, inhibited
growth of ovarian cancer patient-derived xenografts (PDXs), with additive benefit
in tumors resistant to platinum and to olaparib monotherapy, supporting the evi-
dence of VEGF inhibitor-mediated induction of HRD and re-sensitization to PARP
inhibition [24]. Enhancement of tumor cell apoptosis may be due to cediranib-
induced AKT inhibition and subsequently increased FOX01-mediated apoptosis
and cell cycle arrest [25].

Several clinical trials evaluating PARP and VEGFR inhibitor combinations
provide promising evidence of clinical activity. In a Phase 2 trial, adding cedi-
ranib to olaparib resulted in an improved median PFS of 17.7 months compared
to the control arm of 9.0 months with olaparib alone [1]. In post-hoc analyses,
patients without a known germline BRCA mutation experienced a longer median
progression-free survival (PFS, 23.7 months) and median overall survival (OS,
37.8 months) compared to those receiving olaparib alone (PFS 5.7 months; OS
23.0 months), suggesting potential synergism in the HR-proficient setting [1].
In a subsequent phase 3 trial, combination olaparib/cediranib was compared to
platinum-based chemotherapy in patients with platinum-sensitive ovarian cancer;
while the trial did not meet the primary endpoint of improved PFS compared
to standard platinum-based chemotherapy, substantial activity of the combina-
tion was observed, with median PFS of 10.4 months and ORR 69.4% compared
to 10.3 months and 71.3% for chemotherapy. In contrast, while formal statis-
tical comparison was not performed, olaparib monotherapy in this population
resulted in a PFS of 8.2 months and an ORR of 52.4% [2]. Similarly, in the
phase 2 AVANOVA trial randomizing patients with recurrent platinum-sensitive
ovarian cancer to niraparib or combined niraparib and bevacizumab, combina-
tion therapy demonstrated a PFS benefit of 11.9 months compared to 5.5 months
with PARP inhibition alone [4]. PFS prolongation was seen even in patients
with HR proficiency or BRCA wild-type disease, again reflecting the potential
PARP inhibitor-sensitizing effects of VEGFR blockade. In the PAOLA-1 trial
randomizing ovarian cancer patients to maintenance bevacizumab or olaparib/
bevacizumab following response to first-line chemotherapy, the combination of
olaparib/bevacizumab was superior to bevacizumab monotherapy across the study
population (PFS of 22.1 months vs. 16.6 months) [5]. A direct comparison of
combined PARP inhibitor and anti-angiogenic to PARP inhibitor monotherapy
as first-line maintenance therapy in ovarian cancer has not been performed; a
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population-adjusted indirect treatment comparison of olaparib/bevacizumab to ola-
parib as first-line maintenance in patients with BRCA-mutated suggested a slight
numerical but not statistically significant improvement in PFS [26]. Whether other
populations might benefit from the combination and whether benefit would be seen
in a direct head-to-head comparison remains unknown.

As more patients with ovarian and other cancers receive PARP inhibitors as
monotherapy, an emerging question is whether combined PARP and VEGFR inhi-
bition can overcome resistance to prior PARP inhibitor monotherapy. Combined
olaparib/cediranib after progression on prior PARP inhibitor was evaluated fur-
ther in the phase 2 EVOLVE trial in women with recurrent ovarian cancer [3]. In
this trial, only 3 of 34 patients achieved a partial response to treatment with ola-
parib/cediranib [3]. Evaluation of tumor specimens obtained after progression on
prior PARP inhibitor sheds light on mechanisms of acquired PARP inhibitor resis-
tance, including RAD51B reversion mutation, BRCA1/2 reversion mutations, and
BRCA1/2 amplification or overexpression, overall suggesting restoration of HRR
and were associated with worse outcomes. Interestingly, one patient with amplifi-
cation of BRCA1, RAD51C, BRIP1, and NBN after progression on PARP inhibitor
was able to achieve a response with olaparib/cediranib [3]. However, the overall
low response rate in this study suggests that mechanisms of resistance to PARP
inhibitors are likely to affect response to combined VEGF/PARP inhibition and
indicates a need to incorporate molecular characteristics in determining the most
appropriate patient population to receive this treatment. The ongoing KGOG 3056
trial evaluating bevacizumab and niraparib in ovarian cancer patients previously
treated with a PARP inhibitor will provide further insight into this combinatorial
strategy in PARP inhibitor-exposed patients [27].

10.3 PI3K Pathway Inhibition

The phosphatidylinositol 3-kinase (PI3K) pathway has broad oncogenic roles in
cell metabolism, proliferation, and survival and can aberrantly mediate chemore-
sistance [28]. Inhibition of the PI3K pathway suppresses BRCA1/2 transcription via
ERK-regulated phosphorylation of the ETS1 transcription factor, establishing an
HRD phenotype [29]. PI3K inhibition reduces flux through the non-oxidative pen-
tose phosphate pathway, depleting the nucleotide pool available for DNA repair
[30]. Additionally, glycolytic activity is reduced with PI3K inhibition, affecting
amino acid synthesis; this impairs synthesis of bases and further inhibits DNA
repair [30]. Upregulation of PARylation in the setting of PI3K inhibition provides
further rationale for synthetic lethality from paired PARP and PI3K inhibition.
In fact, combined PI3K/PARP inhibition impairs the pentose phosphate pathway
more than either alone [30]. Interestingly, inhibition of PI3K but not AKT, a signal-
ing partner downstream of PI3K, was associated with reduced pentose phosphate
pathway flux and a DNA damage phenotype, demonstrating that signaling partners
within a pathway may have disparate downstream effects [30].
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In support of combining PI3K and PARP inhibition, in vitro and in vivo models
demonstrated greater DNA damage and tumor growth inhibition with combined
PI3K pathway and PARP blockade in HR proficient or BRCA-wildtype settings,
including in breast, ovarian, endometrial, and cervical cancers [31–38]. A phase 1
trial combining buparlisib, an inhibitor of all PI3K isoforms, and olaparib, yielded
an ORR of 29% in ovarian cancer and ORR 28% in breast cancer, including in
patients without germline BRCA mutations [6]. A phase 1b trial of olaparib with
alpelisib, a PI3Kα isoform-specific inhibitor, yielded similar results in ovarian can-
cer with an ORR of 35% (6/17) in those without germline BRCA mutations and
an ORR of 30% (3/10) in those with germline BRCA mutations, in a trial popu-
lation that was almost fully comprised of platinum resistant or refractory disease
as a surrogate marker of HR proficiency [7]. In patients with triple-negative breast
cancer, including many with BRCA wild-type tumors, activity was also seen, with
an ORR of 18% (3/17) and disease control of 59% (10/17) [8]. Although the num-
bers are limited, these results suggest that PI3K inhibition can effectively induce
HRD and sensitize tumors to PARP inhibition in these settings. An international
phase 3 trial randomizing patients with germline BRCA-wildtype platinum resis-
tant ovarian cancer to combined olaparib/alpelisib or chemotherapy is underway
(NCT04729387).

Studies evaluating inhibition of mTOR, a downstream signaling partner within
the PI3K pathway, shed further light on additional mechanisms of HRD induc-
tion. This may occur by depleting MCL-1, an anti-apoptotic BCL-2 protein [39].
Depleting MCL-1 switches the preferential DNA repair pathway from HRR to
error-prone NHEJ and inhibits resolution of stalled replication forks [40]. mTOR
inhibition, possibly reflecting overall PI3K pathway inhibition, also suppresses the
expression of the epigenetic regulator SUV39H1 histone methyltransferase [41],
which regulates heterochromatin stability and has been implicated in double-strand
DNA break repair [42, 43]. Loss of SUV39H1 suppresses HRR [44]. mTOR inhi-
bition, utilizing everolimus and KU, sensitized BRCA-proficient triple-negative
breast cancer cells in vitro and in vivo to olaparib and talazoparib, increasing
apoptosis, reducing cell viability, and inhibiting xenograft tumor growth more
than mTOR inhibition or PARP inhibition alone [41]. Combining mTOR inhi-
bition with PARP inhibition has also been shown to synergistically suppress tumor
growth in other xenograft models of colorectal cancer, glioblastoma multiforme,
and breast cancer [39, 45]. In a phase 1 trial of patients with of predominantly
BRCA-wildtype endometrial, ovarian, and breast cancer, the combination of ola-
parib and vistusertib, an mTOR inhibitor, yielded ORRs of 27%, 20%, and 6%
respectively [9]. These preliminary efficacy results may speak to different effects
of mTOR/PARP inhibition in different cancer types.

The AKT serine/threonine kinases are downstream PI3K pathway mediators
which are also implicated as oncogenic drivers. In xenograft models of glioblas-
toma, AKT inhibition using the small molecule inhibitor MK-2206 had more
pronounced effects increasing γH2AX, delaying double-strand break repair, and
sensitizing to radiotherapy than VEGF inhibition [16], an intriguing finding con-
sidering the evidence for paired VEGF/PARP inhibition. In vitro, BRCA-deficient,
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but not -proficient, ovarian cancer cells are sensitive to combined MK-2206 and
olaparib [46]. This may reflect BRCA deficiency-associated upregulation of AKT
activity as a primary survival mechanism, and renders AKT inhibition an attractive
strategy to further impair cancer cell survival [46]. Results from early phase clin-
ical trials support utilizing combined AKT/PARP inhibition. In a phase 1 trial of
olaparib and capivasertib, a pan-AKT inhibitor, in advanced/recurrent solid tumors,
25% of evaluable patients (14/56) achieved partial responses and an additional 20%
(11/56) achieved stable disease (SD) for at least 4 months [10]. The majority of
the enrolled patients harbored germline BRCA mutations, other pathogenic DNA
repair mutations, or PI3K pathway alterations. Fourteen of the 25 patients (56%)
achieving clinical benefit (CR + PR + SD≥4 months) had germline BRCA muta-
tions. Interestingly, 4 patients who were previously resistant to PARP inhibition
experienced clinical benefit with combined olaparib/capivasertib, with 2 of these
patients achieving prolonged stable disease of 56 and 115 weeks respectively, sup-
porting the hypothesis of re-sensitization to PARP inhibition [10]. On-treatment
tumor biopsies showed an increase in phosphorylated ERK, supporting the pre-
clinical rationale of ERK-mediated suppression of BRCA expression and induction
of HRD [10]. The combination of olaparib/capivasertib was further studied in a
phase 1b trial in endometrial, ovarian, and breast cancer patients, yielding a 19%
response rate with an additional 22% experiencing stable disease for 4 months or
greater [11]. High receptor tyrosine kinase and RAS/MAPK pathway activation in
baseline tumor samples was associated with poor outcome to olaparib/capivasertib,
suggesting upregulation of bypass survival pathways and a potential biomarker of
resistance [11]. Preclinical evidence supports this translational finding, in which
combined PI3K/PARP inhibition did not show synergistic activity in RAS-mutated
cells [47].

10.4 MAPK Pathway Inhibition

Upregulation of the mitogen-activated protein kinase (MAPK) pathway has been
demonstrated in the setting of PARP inhibitor resistance, and RAS mutations
confer resistance to PARP inhibitors in vitro [47, 48]. Expression of BRCA1/2,
RAD50, RAD51, MRE11, and NBN are reduced in the setting of MEK inhibition,
at least partly through regulation of the E2F transcription factor, thereby inducing
HRD [23, 47, 49]. DNA damage checkpoint proteins CHK1, CHK2, and Wee1 are
also reduced in response to MEK inhibition, further exacerbating replication stress
[47]. Through induction of FOXO3a, a forkhead family transcription factor, MEK
inhibition also alters PARP1 expression and decreases sensing of DNA damage
[11]. As VEGF production is mediated by mutant RAS and FOXO3a, MEK inhi-
bition may decrease vascularity and indirectly promote HRD through increased
intratumoral hypoxia [47, 50, 51].

In vitro synergy between the PARP inhibitors olaparib and talazoparib and two
MEK inhibitors, including selumetinib, was demonstrated in ovarian cancer cell
lines with and without BRCA mutations, suggesting that these combinations may
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increase the efficacy and spectrum of PARP inhibitor activity even in HR proficient
settings [47]. The presence of KRAS mutations were found to be the most signif-
icant predictor of MEK/PARP inhibitor synergy, possibly by blocking adaptive
responses induced by each drug on its own and inducing a synthetic lethal inter-
action [47]. RAS mutation may therefore be a biomarker of response to combined
MEK/PARP inhibition. A phase 1 trial of olaparib and selumetinib in solid tumors
with RAS pathway alterations reported an ORR of 17% and clinical benefit rate of
33% in 12 evaluable patients [12]. Enrollment to dose expansion cohorts, includ-
ing ovarian and endometrial cancers with RAS pathway alterations and PARP
inhibitor-resistant ovarian cancer, is ongoing (NCT03162627). Modulation of anti-
tumor immunity may be an additional mechanism of synergy between MEK and
PARP inhibition; MEK inhibition amplifies the DNA damage, cGAS/STING path-
way activation, and immune microenvironment changes associated with PARP
inhibition [48], providing rationale for adding PD-1/PD-L1 blockade to MEK/
PARP inhibition.

10.5 BET Inhibition

The bromodomain and extraterminal (BET) protein family controls the transcrip-
tion of many genes involved in inflammation, immunity, and pattern recognition
receptors [52]. PARP inhibition increases expression of BRD4, a BET family
member; upregulated BRD4 expression is associated with increased expression
of aldehyde dehydrogenase, which promotes the NHEJ DNA repair pathway and
drives PARP inhibitor resistance [53]. Therefore, targeting BET family proteins
represents a rational strategy for reversing PARP inhibitor resistance. Drug-
combination screens identified BET inhibitors as potential synergistic partners to
olaparib, confirmed on siRNA knockdown of the BET proteins BRD2, BRD3, and
BRD4 [54].

Specific inhibition of BRD4 presents an opportunity for PARP inhibition in
HR proficient settings. BRD4 inhibition reduces transcription of and depletes C-
terminal binding protein interacting protein (CtIP), which is crucial for HRR by
interacting with the MRN complex at double-strand DNA breaks, promoting the
nuclease activity of MRN, and facilitating DNA end-resection to generate single-
stranded DNA and RAD51 loading. HRR is further impaired by BRD4-associated
downregulation of BRCA1 and RAD51 [54–56]. BRD4 inhibition generates an
HRD gene signature, confirming the overall effect and opportunity for synthetic
lethality with PARP inhibition [57].

Combined BRD4/PARP inhibition demonstrated anti-cancer synergy broadly
across multiple ovarian, endometrial, and breast cancer cell lines [57], regard-
less of BRCA status. Acquired resistance to PARP inhibition in vitro was reversed
with BRD4 inhibition, specifically circumventing PARP inhibitor resistance mech-
anisms of 53BP1 or PARP1 loss [57]. Marked anti-tumor synergy of combined
BRD4/PARP inhibition was seen in HR-proficient xenograft models of ovarian,
breast, and pancreatic cancer which were resistant to PARP inhibitor monotherapy
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[57]. Dual BET/PARP inhibitor synergy has also been demonstrated in pancreatic
and cholangiocarcinoma models [56, 58]. This is a compelling treatment strategy
under active clinical study. Early phase trials are ongoing, evaluating the com-
bination of olaparib and BET inhibitor AZD5153 (NCT03205176) [13], olaparib
and BET inhibitor NUV-868 (NCT05252390), and talazoparib and BET inhibitor
ZEN003694 (NCT05071937) [14].

10.6 EZH2 Inhibitors

EZH2 is the catalytic subunit of the polycomb repressive complex 2 (PRC2), which
trimethylates histone H3 at lysine 27 to epigenetically silence target genes [59].
EZH2 is recruited to sites of DNA damage, implying a role in modulating the
DNA damage response [60]. Significant changes in DNA damage response-related
genes by gene enrichment analysis in response to EZH2 inhibition, including
reduced BRCA1/2 expression, provides further support for the combinatorial strat-
egy of paired EZH2 and PARP inhibition [61]. EZH2 inhibition or knockdown also
sensitized lung adenocarcinoma cells to platinum-based chemotherapy, further bol-
stering the hypothesis that EZH2 inhibition causes functional HRD that sensitizes
cells to agents such as platinum and PARP inhibitors [62].

One mechanism of EZH2 inhibition-induced HRD is through altering the
shieldin complex, which typically promotes HRR by localizing to double-strand
DNA breaks in a 53BP1-dependent manner. Inhibiting EZH2 upregulates the
REV7 component of the shieldin complex and decreases DNA end-resection,
thereby suppressing HRR, promoting error-prone NHEJ, and sensitizing HR-
proficient ovarian cancer cells to PARP inhibition [63]. Of note, this effect was
seen only in CARM1-amplified ovarian cancer cells and xenografts [63]. CARM1,
also known as PRMT4, is an arginine methyltransferase epigenetic regulator, and
amplification of CARM1 is typically mutually exclusive with BRCA1/2 mutations
[63]. CARM1 drives a switch from SWI/SNF complex-mediated gene silencing to
that of EZH2, with subsequent effects on NHEJ-associated genes, such as REV7
[63]. Therefore, CARM1 amplification is necessary for effective HRR suppression
in the setting of EZH2 inhibition. CARM1 may therefore serve as a predictive
biomarker of response to dual EZH2/PARP inhibition in ovarian cancer, although
whether the same molecular context is necessary in other cancer types must be
investigated.

This combinatorial strategy is under active clinical investigation, with early
phase trials evaluating the combination of SHR2554 (EZH2 inhibitor) and
SHR3162 (PARP inhibitor) in breast cancer (NCT04355858) and the combination
of talazoparib and tazemetostat in prostate cancer (NCT04846478). Addition-
ally, novel dual EZH2/PARP inhibitors are also in development as a separate
strategy to effect combined simultaneous EZH2 and PARP inhibition. A first-in-
class dual EZH2/PARP inhibitor was effective in vitro in reducing cell growth of
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BRCA-wildtype triple-negative breast cancer cells, with improved activity com-
pared to olaparib monotherapy, tazemetostat (an EZH2 inhibitor) monotherapy, or
combined olaparib/tazemetostat [64].

10.7 HDAC Inhibition

Histone deacetylases (HDACs) regulate gene expression by acetylating histones
and have multiple effects on base excision repair, nucleotide excision repair,
double-strand DNA damage signaling and repair, and NHEJ [65–67]. The repair
of double-strand DNA breaks relies on HDAC modulation of chromatin accessi-
bility and interaction with ATM [67]. Pan-HDAC inhibition downregulates RAD50
and MRE11 [68], altering DNA end-resection and impairing HRR [67]. In prostate
cancer and lung adenocarcinoma cells, vorinostat, a pan-HDAC inhibitor, induced
double-strand DNA breaks, suppressed RAD50 and MRE11 protein expression,
and induced cell death [68]. These effects were not seen in normal cells, suggest-
ing selectivity of effect, likely due to normal cells’ retained ability to repair DNA
damage.

In prostate cancer cells in vitro, HDAC inhibition concomitantly depleted the
ubiquitin ligase UHRF1 and BRCA1 protein, likely acting on the UHRF1-BRCA
complex, thus sensitizing to cells to PARP inhibition [69]. Combined HDAC and
PARP inhibition also reduced levels of BRCA1 and RAD51 [70] and synergisti-
cally inhibited tumor growth in prostate xenograft models [69]. Similarly, HDAC
inhibition in pancreatic cancer cells decreased RAD51 and CHK1 via proteasomal
degradation, thereby enhancing anti-tumor effect with PARP inhibition [71]. In
glioblastoma cells treated with vorinostat (HDAC inhibitor) and olaparib, BRCA1
and RAD51 protein expression were reduced, double-strand DNA breaks signif-
icantly increased, and apoptosis markedly increased [72]. Oxidative damage to
DNA bases from vorinostat-induced reactive oxygen species may have further
contributed to increased DNA damage, replication stress, and the synergy of dual
HDAC/PARP inhibition [72]. Similar synergy has been demonstrated in vitro in
anaplastic thyroid cancer [73] and breast cancer [74]. Notably, there were differ-
ing levels of sensitivity to HDAC inhibition and PARP inhibition across cell lines
in preclinical studies, underscoring the importance of validation in cancer- and
histology-specific contexts. Dual PARP/HDAC inhibitors are under development
and demonstrate preclinical anti-tumor activity [75, 76]. Compound P1, a dual
PARP/HDAC inhibitor, effectively reduced cell viability and increased apoptosis
across a number of vorinostat-resistant cancer types, including in breast cancer and
Burkitt lymphoma cell lines, underscoring the efficacy of the combination [75].
The clinical effectiveness of combined HDAC/PARP inhibition is being explored
in trials of olaparib/vorinostat in breast cancer (NCT03742245) and talazoparib/
belinostat in breast, prostate, and ovarian cancer (NCT04703920).
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10.8 Hsp90 Inhibition

Heat shock protein 90 (Hsp90) is a molecular chaperone that facilitates the appro-
priate folding, conformational stability, and function of numerous client proteins,
thereby regulating cell cycle, survival, and intracellular signaling pathways; it is
now understood to also have a role in DNA damage repair [77].

In BRCA-mutated breast cancer cells with acquired PARP inhibitor resistance
due to an abnormal BRCA C-terminal domain, Hsp90 promoted protein fold-
ing and conformational stability, preventing degradation of the mutant BRCA
protein and preserving HRR [78]. This finding suggests that inhibiting Hsp90
could re-sensitize a subset of PARP inhibitor-resistant, BRCA-mutant cells to
DNA-damaging treatment. Additionally, Hsp90 inhibition induces BRCA1 ubiqui-
tination, proteasomal degradation of BRCA1, and inhibition of both HRR and
NHEJ, thereby sensitizing cancer cells to radiation and platinum-based ther-
apy [79, 80]. Mitotic catastrophe was most pronounced in BRCA-mutant cells;
however, inhibiting Hsp90 with the small molecule ganetespib was able to syn-
ergistically sensitize BRCA-wildtype ovarian cancer cells to talazoparib [81]. In
these BRCA-wildtype ovarian cancer cells, ganetespib treatment was associated
with reduced BRCA1 and BRCA2 levels, as well as reduced levels of RAD51,
MRE11 (a member of the MRN complex), ATM, and CHK1, providing evidence
of a broad range of Hsp90-associated client proteins involved in DNA repair [81].
Preclinically, even sub-lethal levels of Hsp90 inhibitors are sufficient to synergize
HR-proficient ovarian cancer cells to platinum therapy [82].

In high grade glioma cells and xenograft models, inhibiting Hsp90 with brain-
penetrant onalespib depleted RAD51 and CHK1, reduced expression of BRCA1/2
and XRCC2, attenuated HRR, and sensitized glioma cells to treatment with radi-
ation and the alkylating chemotherapy temozolomide [83]. Addition of onalespib
to chemoradiation extended survival of murine glioblastoma models compared to
chemoradiation alone, providing support for this approach in this and other tumor
types. In p53-mutated squamous cell carcinoma of the head and neck, Hsp90
inhibition induced chromosomal fragmentation and sensitized to platinum-based
chemoradiation as well [84].

In clinical studies, a phase 1 trial of olaparib and onalespib in advanced solid
tumors did not report any objective responses, although 32% of patients (7/22)
experienced stable disease lasting 24 weeks or more [15]. Two of these 7 patients
had previously progressed through PARP inhibitor therapy. One of the patients had
CCNE1 amplification; Cyclin E is also an Hsp90 client protein, and in this patient,
may have been an additional effect by onalespib to promote disease stability. While
no responses were seen in this study, the significant portion of patients that had
disease stability with dual Hsp90 and PARP inhibition despite being heavily pre-
treated supports that this treatment strategy may still have merit, but additional
work will be required to identify the optimal patient population.
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10.9 GAS6/AXL Inhibition

Growth arrest-specific 6 (GAS6) is a ligand of the receptor tyrosine kinase AXL,
as well as Mer and Tyro3. Axl is expressed on endothelial and cancer cell surfaces
and is implicated in epithelial to mesenchymal transition, invasion, and cancer
metastasis [85]. High GAS6 serum levels are associated with a poor progno-
sis in ovarian cancer patients, with poor response to neoadjuvant chemotherapy,
and shorter PFS and OS [86]. Evidence suggests a role for AXL in modulat-
ing HRR potentially through activation of DNA-PK [87], altered MAPK and
PI3K signaling [88], and changes in replication fork dynamics via DNA damage
response-associated proteins CHK1 and CHK2 [89].

AVB-S6-500, a high-affinity AXL decoy receptor which disrupts GAS6/AXL
signaling, increased responses in ovarian cancer cells in vitro and in murine
xenograft models when given in combination with carboplatin [86, 90]. Mecha-
nistically, this was due to increased DNA damage as evidenced by significantly
more γH2AX foci in comparison to carboplatin monotherapy, altered replication
fork dynamics, and reduced RAD51 foci. These changes were seen in HRD as well
as HR proficient settings, providing evidence that GAS6/AXL inhibition induces
HRR [86]. AVB-S6-500 sensitized ovarian cancer cells to olaparib, reducing cell
viability and impairing xenograft tumor growth more than olaparib alone. Similar
findings with AXL inhibition were seen in models of lung, breast, and head and
neck cancers, in which combined AXL/PARP inhibition also diminished protein
levels of RAD51 and MRE11 [85, 91]. Thus, combined GAS6/AXL and PARP
inhibition may represent a novel approach to improve response to or re-sensitize
cancer cells to PARP inhibitors in ovarian and other solid tumors.

10.10 Conclusion

PARP inhibitors have transformed the treatment paradigm for BRCA-mutated
cancers and have become an FDA-approved therapy across a number of dis-
ease types, including ovarian, breast, prostate, and pancreatic cancers. However,
challenges remain in the clinical development of PARP inhibitors, including
whether PARP inhibitor sensitivity can be induced in cancer cells that are homol-
ogous recombination proficient or otherwise intrinsically not susceptible to PARP
inhibitor monotherapy. An additional unmet need includes a rapidly growing num-
ber of patients who have received a PARP inhibitor and developed resistance
to monotherapy; how PARP inhibitor resistance can be reversed, and if PARP
inhibitors can be used effectively again, remain questions of significant clinical
interest. Multiple lines of preclinical evidence suggest that certain combinato-
rial strategies can leverage agents that induce HR deficiency and thereby increase
PARP inhibitor sensitivity. Whether these combinatorial strategies can be success-
fully deployed in the clinical arena, and if they can overcome acquired or de novo
PARP inhibitor resistance, are areas of active investigation. Overall, these combi-
natorial strategies guide our understanding of HRR as a whole and hold potential
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to broaden the population of patients who may benefit from treatment with PARP
inhibitors.
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11Combination DNA Damage Response
(DDR) Inhibitors to Overcome Drug
Resistance in Ovarian Cancer
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11.1 Introduction

The DNA damage response (DDR) results in the activation of a series of key target
kinases such as ATM, ATR, CHK1/2, DNA-PK and WEE1 that response to differ-
ent DNA damage insults (Yap et al. 2015; Khanna et al. 2001). DNA double strand
breaks (DSB) activate ATM and DNA-dependent protein kinases while accumula-
tion of single stranded DNA breaks will active ATR and the downstream CHK1
and WEE1 (Caldecott et al. 2014; Bakkenist et al. 2003; Bartek et al. 2007). DNA
damage response coordinates cell-cycle progression and permits DNA repair [1].
Tumor cells rely on these pathways to trigger cell cycle arrest cell, stall replica-
tion forks and permit DNA repair thus maintaining genomic stability. Inhibition of
these pathways permits cell cycle progression, stalled replication forks leading to
DNA replication stress and accumulation of DNA damage, ultimately triggering
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apoptosis if DNA damage is irreparable [2]. Certain tumors have higher levels of
DNA replication stress such as those with oncogene activation (e.g. CCNE1 ampli-
fication, KRAS mutations) or BRCA1/2 mutations, which sensitize cancer cells to
agents targeting DNA damage response (Primo et al. 2019).

Monotherapy activity of DDR targeting agents such as PARP inhibitors
(PARPi), ATR/CHK1/WEE1 inhibitors, usually correlate with the underlying
tumor mutational profile (e.g. PARPi in HRD deficient tumors, WEE1 inhibitors
[WEE1i] in CCNE1 amplified tumors, and ATR inhibitors [ATRi] in ATM defi-
cient tumors) but responses are often not durable even for biomarker-selected
populations [3–5]. In addition, emergence of resistance to monotherapy for
oncogene-addicted tumors is almost universal [6]. Identification of patients with
tumors harboring specific DNA alterations that increase DNA replication stress
(referred to any condition that compromises the fidelity of genome replication)
may allow lower dose strategies making combinations tolerable without jeopardiz-
ing antitumor activity. For example, homologous recombination deficient (HRD)
tumors as well as CCNE1 amplified tumors are characterized by high levels
of replication stress and represent a population that could benefit from DDR
inhibitor combinations (DDR-DDR). CCNE1 amplified ovarian tumors are typi-
cally platinum-resistant and carry an extremely poor prognosis. Moreover, with the
widespread adoption of PARPi for HRD tumors, overcoming resistance is another
clinically unmet need. In the present chapter we discuss rationale of DDR-DDR
strategies that capitalize on genomic alterations found in ovarian cancer and may
provide in the near future, new treatment options for these patients.

11.2 Mechanisms of Resistance to PARPi

Resistance to PARPi can be classified into HR-dependent and HR-independent
mechanisms [3]. HR-independent mechanisms include upregulation of drug efflux
pumps, alteration of PARP activity and activation of alterative pathways such as
RAS/RAF/MEK, and PI3K/AKT pathways. Although, preclinical work has iden-
tified, overexpression of drug-efflux transporter genes (e.g. ABCB1, ABCD1, and
ABCG2) and subsequent decreased cellular availability of PARPi as a resistance
mechanism, the clinical significance of this resistance of this mechanism has yet
to be elucidated. For HR-proficient cells (or cells with residual BRCA1 activity
secondary to hypomorphic BRCA1 mutations) emergence of PARP1 mutations can
decrease protein binding to DNA (PARP trapping) or preserve the endogenous
functions of the enzyme when bound to a PARPi leading to the emergence of
PARPi resistance [7]. PARG is responsible for degradation of PAR chains from
target proteins. PARG loss can restore PARylation, diminish PARP1 trapping and
lead to PARPi resistance [8]. Again, the clinical significance of this resistance
mechanism is not well established.

HR-dependent mechanisms of resistance to PAPRi are clinically relevant given
the widespread adoption of PARPi for HRD tumors and include: (i) reversion of
HR gene mutations, (ii) HR pathway rewiring facilitating BRCA1 independent
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end resection, and (iii) stabilization of the DNA replication forks [3]. Rever-
sion of HR gene mutations and restoration of DNA repair function has been
observed in the clinic as a major PARP resistance mechanism (Domchek et al.
2017), [9]. Since most mutations in the BRCA1/2 genes are single-nucleotide muta-
tions or short insertions/deletions leading to frameshifts, under selection pressure,
tumors can acquire secondary reversion mutations leading to frame-restoration
and restored protein function. Reversion mutations in other HRD genes such as
RAD51C, RAD51D, and PALB2 have also been described (Noordermeer et al.
2019). Demethylation of the hypermethylated BRCA1 gene promoter has also
been described [10]. Another HR-dependent resistance mechanism is reactivation
of the HR pathway by rewiring facilitating BRCA1-independent end resection;
loss of proteins involved in non-homologous end joining (NHEJ; TP53BP1, RIF1
and REV7) suppress the HR-counteracting pathway leading to PARPi resistance
[11]. Another important resistance mechanism in HRD tumors is stabilization of
the stalled DNA replication forks [12, 13]. Cell cycle arrest triggered by DNA
damage permits tumor cells to repair DNA by recruiting BRCA1/2 that stabi-
lizes and protects the stalled replication fork. For BRCA1/2 mutant tumors, EZH2
and PTIP recruit the nucleases MRE11 and MUS81 that degrade the replication
forks leading to chromosomal aberrations [13], (Lemacon et al. 2018). Fork col-
lapse is potentiated by PARPi. Resistance to PARPi can occur following fork
reversal by chromatin remodelers (e.g. SMARCAL1, ZRANB3, HLTF), by EZH2-
mediated methylation of H3K27, by methylation of H3K4 or by loss of SLFN11,
a replication stress effector (Noordermeer et al. 2019). It should be underlined
that clinically, PARPi resistance can be multifactorial since multiple resistance
mechanisms can be observed following PARPi progression. Restoration of HR and
replication fork protection can simultaneously occur during the process of PARPi
resistance [11].

11.2.1 Strategies to Overcome PARP-Resistance with DDR-DDR
Combinations

PARPi have revolutionized the treatment landscape of ovarian cancer. Follow-
ing success in the recurrent setting, over the past few years PARPi has moved
to frontline maintenance treatment. It is currently standard of care for patients
with HRD tumors to receive PARPi maintenance with remarkable prolongation of
progression-free interval (Washington et al. 2021), [14]; however, resistance ulti-
mately emerges. Although there is less clinical benefit in HR proficient tumors
[15] it is anticipated that most ovarian cancer patients will receive a PARPi either
as maintenance or in the recurrent setting. Understanding and battling PARPi resis-
tance is a clinically unmet need. A recent phase III blind randomized trial (OReO/
ENGOT Ov-38) examined the role of PARPi maintenance in platinum-sensitive
recurrent ovarian cancer who had previously received PARPi [16]. Among patients
with BRCA1/2 mutations, only a modest increase in PFS was observed after plat-
inum doublet followed by PARPi maintenance treatment compared to placebo
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(median PFS 4.3 vs. 2.8 months, HR 0.57 (95% CI: 0.37, 0.87) suggesting that
novel strategies to overcome PARPi resistance are needed [16]. DDR-DDR com-
binations is a rationale strategy to overcome multiple resistance mechanisms and
could provide a therapeutic avenue for these patients.

ATR is activated by replication stress, stabilizes replication forks and causes cell
cycle arrest at the S and G2-M checkpoints that permit DNA repair (Fig. 11.1).
ATR inhibition (ATRi) can result in replication fork collapse and generation of
DSB (Dunwala et al. 2015). ATRi also results in the loss of the G2/M check-
point that allows tumor cells with damaged DNA to progress prematurely into M
phase leasing to mitotic catastrophe and apoptosis [17]. Treatment with PARPi
results in generation of DSB that are repaired by HR requiring BRCA1/2 proteins.
PARPi resistant cells regain the ability of RAD51 loading to DNA double strand
breaks and stalled replication forks and become heavily dependent on the ATR
pathway to maintain genomic integrity (Kim et al. 2020), [11]. For these tumors,
ATRi further disrupts HR repair and fork protection leading to replication fork col-
lapse and bypass PARPi resistance (Kim et al. 2020), [11]. Interestingly, among
PARPi resistant tumor cells lines, ATR pathway activation was more pronounced
in cell lines with acquired PARPi resistance (Kim et al. 2020). The combination of
PARPi-ATRi (PARPi, olaparib and ATRi, ceralasertib) demonstrated strong in vitro
synergy across multiple PARPi resistant cell lines and various genetic contexts (e.g.
BRCA1/2 reversions, CCNE1 amplification). ATRi re-sensitizes PARPi/platinum-
resistant cells by impairing HR (Kim et al. 2020). In addition, in PDX models, the
combination of PARPi-ATRi led to durable tumor regression in PARPi-resistant
models as well as platinum-resistant PDX models derived from BRCA1/2 mutant
patients (Kim et al. 2020).

The strong preclinical evidence supported the further exploration of PARP–
ATR inhibitor combinations in clinical trials targeting PARPi resistance in the
HRD ovarian cancer. In the ceralasertib-olaparib arm of the exploratory OLAPCO
basket trial that enrolled patients with tumor mutations in HR and other DDR
genes included 7 patients with high-grade serous ovarian cancer and BRCA1/2
mutations who had received prior PARPi and had progressed during their most
recent PARPi treatment. In that group the ORR was 14% (n = 1) while the clinical
benefit rate was 85.7% (n = 6). A multicohort non-randomized trial (CAPRI,
NCT03462342) examines the safety and efficacy of dual PARPi-ATRi (olaparib-
ceralasertib) in recurrent HGSOC. A total of 13 patients with BRCA1/2 mutations
or tumors with evidence of HRD (Cohort C) and platinum-sensitive disease who
benefited but then progressed on PARPi at their last therapy, received a median
of 8 cycles. Based on 12 patients, the ORR was 50% (6 partial responses) with
a median PFS of 7.5 months. Overall, the toxicity profile of the combination was
acceptable (31% grade 3 toxicity; 23% grade 3 thrombocytopenia, 8% anemia
and 8% neutropenia) with no patient discontinuing treatment secondary to toxicity
[18]. The cohort had received a median of 3 prior lines of therapy and had been on
PARPi for a median of 13 months (range 4–60 months) while the majority (84.6%)
had progressed while on PARPi. Multiple other early clinical trials are currently
open to enrollment and if preclinical evidence is confirmed in phase II/III trials, in
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Fig. 11.1 DDRtargets for combination strategies.Available DDR inhibitors have different roles
in affecting the cell cycle and DNA damage repair. WEE1 acts at both G1/S and G2/M check-
points by phosphorylation of CDK1 and CDK2. Inhibition of WEE1 leads to hyper-activation of
the Cyclin E1—CDK2 complex leading to dysregulation at the G1/S checkpoint and also prema-
ture entry into M-phase because of its role in regulating the Cyclin A/B—CDK1 complex. ATR/
CHK1, while also playing a role to halt DNA progression at the G2/M checkpoint to allow time for
DNA repair, also helps stabilize replication forks in S phase. PKMYT1, similar to WEE1, phos-
phorylates CDK1 at the G2/M checkpoint to regulate cell cycle entry into M phase. DNA-PK can
act through all phases of the cell cycle to help promote double strand break (DSB) repair through
NHEJ. PARP1 is involved in single strand break (SSB) repair. When inhibited during S phase, there
is an accumulation of SSBs, which will lead to DSBs, which then need to be repaired by homolo-
gous recombination. In BRCA1 deficient tumor cells, Ubiquitin Specific Protease—1 (USP1) is
localized at the replication fork and is pivotal for its protection and stabilization. USP1 inhibi-
tion is synthetically lethal with BRCA1 deficiency. POLθ is a DNA repair enzyme required for
double strand break (DSB) repair through MMEJ. DNA-PK can act through all phases of the cell
cycle to help promote DSB repair through NHEJ. AsiDNA is a double-helix DNA molecule that
mimics DSBs and leads to hyperactivation of PARP1 and DNA-PK, which prevents detection of
DNA breaks and recruitment of proteins involved in HR and NHEJ. Chemotherapies can also inter-
fere with DDR. Gemcitabine exacerbates replication stress by incorporation into DNA and also
inhibits ribonucleotide reductase leading to depletion of deoxyribonucleotide pools. Carboplatin
causes intra- and inter-strand crosslinks in DNA, which interferes with DNA damage and repair



194 D. Nasioudis et al.

the near future, PARPi-ATRi may become a treatment option to overcome PARPi
resistance (Table 11.1).

CHK1, downstream of ATR, is a cell cycle checkpoint kinase that is critical
for HR repair (Fig. 11.1; Sorensen et al. 2005). CHK1 interacts and phospho-
rylates RAD51 facilitating the interaction between RAD51 and BRCA2 [19]. In
addition, CHK1 induces cell cycle arrest by facilitating the degradation or seques-
tration of CDC25 phosphatases, while it also regulates mitotic progression [20,
21]. Following DNA damage and activation of CHK1 and regulation of CDK2
and CDK1, cell cycle arrests occurs at the S and G2 checkpoints permitting time

Table 11.1 Active clinical trials enrolling patients with gynecologic tumors (phase I or II) or solid
tumors (phase I) exploring DDRi combinations

Combination Class Phase Tumors Identifier

AsiDNA +
niraparib

Dbait-PARP Ib/II Recurrent
platinum-sensitive
ovarian cancer

NCT04826198

AZD6738 +
olaparib

ATR-PARP II Relapsed
gynecological tumors

NCT04065269

BAY1895344
+ niraparib

ATR-PARP Ib Advanced solid
tumors and ovarian
cancer

NCT04267939

AZD6738 +
olaparib

ATR-PARP I/IIa Recurrent ovarian
cancer

NCT03462342

RP-3500 +
niraparib or
olaparib

ATR-PARP Ib/II Advanced solid
tumors

NCT04972110

M1774 +
niraparib

ATR-PARP I Metastatic or locally
advanced
unresectable solid
tumors

NCT04170153

Adavosertib +
olaparib

WEE1-PARP II Recurrent ovarian
cancer progressed on
PARPi

NCT03579316

ZN-c3 +
niraparib

WEE1-PARP I/II Platinum-resistant
ovarian cancer

NCT05198804

RP-6306 +
Gemcitabine

PKMYT1—chemotherapy I Advanced solid
tumors

NCT05147272

RP-6306 +
RP-3500

PKYT1—ATR I Advanced solid
tumors

NCT04855656

KSQ-4279 +
PARPi

USP1—PARP I Advanced solid
tumors

NCT05240898

ART4215 +
talazoparib or
niraparib

Pol theta—PARP I/IIa Advanced or
metastatic solid
tumors

NCT04991480
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for DNA repair (Dai et al. 2010). To maintain genome integrity, HR-deficient high-
grade serous ovarian cancer cells, heavily rely on an intact ATR/CHK1 pathway
to allow adequate time for DNA repair [22]. In patient-derived xenograft mod-
els established from PARPi resistant BRCA1 mutant tumors that demonstrated HR
restoration, CHK1/CHK2 inhibition (CHKi) with prexasertib exhibited monother-
apy activity (Parmar et al. 2019). In addition, in BRCA1-mutant PARPi resistant
high-grade serous ovarian cancer tumor cells, prexasertib was able reverse sta-
bilization of replication forks likely by preventing RAD51 accumulation at sites
of stalling and also compromise HR repair (Parmar et al. 2019). Combination of
olaparib with CHK1i was also in vitro markedly synergistic in a BRCA1 mutant
ovarian cancer cell line rendered resistant to olaparib following long-term expo-
sure [23]. Given the strong preclinical evidence demonstrating that CHK1 can
target HR restoration and replication fork protection, two major PARP resistance
mechanisms in HR-deficient cells, a recent phase I trial explored the combination
of olaparib (PARPi) and prexasertib (CHK1i) in high-grade serous ovarian cancer
and other solid tumors, using an attenuated course of olaparib to avoid overlapping
hematologic toxicities [24]. A patient expansion cohort included HGSOC patients
with BRCA1/2 mutations who had received at least 6 months of prior PARPi and
derived clinical benefit. A total of 29 patients were enrolled and the most com-
mon dose-limiting toxicities were grade 3 neutropenia and febrile neutropenia.
The recommended phase 2 dose was 70 mg/m2 IV for prexasertib and olaparib
100 mg twice daily [24]. Paired tumor biopsies further elucidated the mecha-
nism of action. Following combination treatment, CHK1 mediated modulation of
HR repair was observed by reduction of RAD51 foci formation and induction of
replicative stress leading to increased replication stress. In the cohort of patients
with BRCA1/2-mutant, PARP-resistant HGSOC (n = 18) encouraging antitumor
activity was observed with 4 (22%) patients achieving a partial response while
10 (56%) patients remained on the study for at least 4 cycles [24]. These patients
were heavily pretreated with the majority progressing within 6 months on first-line
platinum-based chemotherapy while tumor biopsies demonstrated HR restoration
as the mechanism of resistance to PARPi. By preventing RAD51 foci formation
and RAD51 transnuclear localization, CHK1i can enhance the anti-tumor activity
of PAPRi in BRCA1/2 wild-type high-grade serous ovarian cancer models [25],
(Parmar et al. 2019). For BRCA1/2 proficient HGSOC cells, inhibition of CHK1/
CHK2 by prexasertib can lead to an impaired G2/M checkpoint and a mitotic
catastrophe in the presence of a PARPi [26]. It should be noted that heavily pre-
treated tumors may be less responsive to CHK1i, secondary to downregulation of
cyclin B [27]. In addition, FAM122A expression level can serve as a biomarker
predicting CHK1i sensitivity, since loss of FAM122A expression is associated with
resistance to ATR-CHK1 inhibition secondary to WEE1 stabilization [27, 28].

As previously discussed, PARPi induce DNA damage and cell dependency on
S-phase and G2/M checkpoint regulation. WEE1, down stream of ATR and CHK1
through phosphorylation of CDK2 and CDK1 prevents cell cycle progression from
G1 to S and from S/G2 to M (Fig. 11.1). Inhibition of WEE1 can lead can-
cer cells with unrepaired DNA alterations to enter mitosis prematurely resulting
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in a mitotic catastrophe [29]. Also, WEE1 inhibition increases replication stress
through uncontrolled firing of replication origins and nucleotide starvation leads
to genomic instability [30]. While PARPi induces two key mitotic gatekeepers
(CDC2Y15 and FOXM1), a decrease in expression is observed when combined
with WEE1i [31]. PARPi induces G2 cell cycle arrest, however WEE1i is able
to promote entry into M phase and override the effects of PARPi [31]. While the
combination of WEE1i-PARPi has demonstrated synergy across multiple tumors
models [32–34] dual WEEi-PARPi is also a rational strategy to overcome PARPi
resistance. As previously discussed, overlapping toxicity profiles is a major limita-
tion of DDR-DDR combinations. A phase I dose escalation clinical trial examining
the combination of adavosertib with olaparib in 119 patients with refractory solid
tumors reported a high incidence of grade 3+hematologic toxicity (anemia 23.5%,
neutropenia 21.8% and thrombocytopenia 16.8%). However, antitumor activity
was observed (ORR 11.1% in the total population) while activity was noted in
both BRCA1/2 mutant and wild-type tumors. A recently presented phase II non-
comparative study (EFFORT trial) enrolled patients with recurrent PARPi-resistant
ovarian cancer and randomized to adavosertib with (n = 35) or without olaparib
(n = 35) [35]. It should be noted that benefit from prior PARPi was not required
while intervening chemotherapy following PARPi was permitted and eligibility
was agnostic to HRD status. ORR in the monotherapy and combination arms was
23% and 29% with a clinical benefit rate of 63% and 89% respectively. Median
duration of response was 5.5 months in the adavosertib arm and 6.4 months in the
combination arm. A high incidence of grade 3/4 toxicity was observed (76%) in
the combination arm compared to monotherapy (51%); most commonly involving
thrombocytopenia (20%) and neutropenia (15%). A total of 36 (88%) of patients
required at least one dose interruption, while 29 (71%) required dose reduction,
and 4 (10%) did not restart due to toxicity [35].

Preclinical work using ovarian cancer PDX models has demonstrated that fol-
lowing cessation of monotherapy treatment with PARPi or WEE1i, the effects of
the inhibitors persist, as such sequential treatment can be as efficacious as concur-
rent treatment while ameliorating the toxicity of the combination [31]. Presence
of high levels of endogenous replication stress only in tumor cells but not normal
cells is key for the efficacy of the combination [31]. The sequential combination
of olaparib followed by adavosertib is being currently evaluated in a phase I trial
(STAR study, NCT04197713) that is enrolling patients with advanced solid tumors
with PARPi resistance. Patients are eligible if they have germline or somatic muta-
tions in BRCA1/2 genes and evidence of progression at their 1st restaging while
on PARPi (intrinsic resistance) as well as patients with germline or somatic muta-
tion in any of the DDR genes (BRCA1, BRCA2, BRIP1, FANCA, PALB2) or CCNE1
amplification who had prior complete or partial response to PARPi (acquired resis-
tance). Patients are receiving olaparib twice daily on days 1–5 and 15–19 of each
cycle and adavosertib once daily on days 8–12 and 22–26 of each cycle.

AsiDNA is a double-helix DNA molecule that mimics a double-strand break
and is part of a new class of DNA damage repair pathway inhibitors, Dbait [36].
AsiDNA acting as an agonist, hyper-activates PARP1 and DNA-PK, prevents the
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detection of DNA breaks and recruitment of other proteins involved in HR and
NHEJ, thus disorganizing the DNA damage response. In vitro AsiDNA increases
the efficacy of PARP inhibition across multiple cancer cell lines irrespective of
their BRCA1/2 or HRD status without exerting additive toxic effect on normal
cells [37]. The combination of AsiDNA and olaparib induced a transient HRD sta-
tus and prevented the recruitment of XRCC1 and RAD51/53BP1 enzymes at areas
of DNA damage [37, 38]. Interestingly, AsiDNA potentiated the effect of PARPi
irrespective of their mechanism of action suggesting that trapping of PARP on
DNA is not required. Moreover, in vitro treatment with AsiDNA abrogated PARPi
resistance emerged following repeated exposure to PARPi [38]. Since acquired
resistance to AsiDNA is less likely to occur, the combination of PARPi-AsiDNA
is an attractive option for patients who have previously received PARPi. A phase
IB/II (NCT04826198) is currently evaluating the safety of the combination of
AsiDNA and niraparib (PARPi) in patients with relapsed platinum-sensitive ovar-
ian cancer that have already received a prior line of PARP for at least 6 months
(Table 11.1).

Although DDR-DDR combinations demonstrate encouraging activity to over-
come multiple PARPi resistance mechanisms further studies are required to define
the optimal biomarker that will drive their use in the clinic. In addition, over-
lapping toxicity profiles require non-conventional dosing regimens and limit their
clinical application. However, with the introduction of the next generation PARP1
selective inhibitors (such as AZD5305 that recently demonstrated acceptable safety
and efficacy in the phase I/II PETRA trial), DDR combinations using PARPi may
be more tolerable [39].

11.2.2 DDR Inhibitor Combinations in the Setting
of Platinum-Resistance

Patients with high-grade serous ovarian cancer initially respond to platinum-based
chemotherapy. However, after multiple lines of treatment, platinum-resistance ulti-
mately emerges. Prognosis of patients with platinum-resistant ovarian cancer is
poor and novel treatment options are urgently needed [40]. DDR combinations are
a strategy to exploit the unique genomic alterations of high-grade serous ovarian
cancer that are characterized by a high incidence of Cyclin E overexpression and
increased replication stress (Karst et al. 2014). CCNE1 complexes with CDK2 to
promote cell-cycle progression from G1 to S phase and its overexpression pro-
motes premature entry into S phase resulting in increased stress at the replication
forks and double-strand DNA breaks (Fig. 11.1; Jones et al. 2013). Along the DDR
pathway, WEE1 is an attractive target for TP53 mutant tumors such as high-grade
serous ovarian cancer cells given that loss of p53 regulation of the G1 checkpoint
results in increased reliance on the G2 checkpoint controlled by WEE1 (Kawabe
et al. 2004). WEE1 through phosphorylation of CDK2 and CDK1, prevents cell
cycle progression from G1 to S and from S/G2 to M and protects the stability
of stalled DNA replication forks (Heald et al. 1992; Elbaek). Inhibition of WEE1
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can lead cancer cells with unrepaired DNA alterations to enter mitosis prematurely
resulting in a mitotic catastrophe [41]. Also, WEE1 inhibition increases replication
stress through uncontrolled firing of replication origins and nucleotide starvation
leads to genomic instability [30].

Given that WEE1i leads to premature mitotic entrance of tumor cells with unre-
paired DNA alterations, combination of WEE1i with DNA-damaging chemother-
apy agents such as carboplatin (causes intra and inter-stand DNA cross-links)
is a rational approach to potentiate the effects of chemotherapy and overcome
resistance to platinum. Combinations of WEE1i with chemotherapy have already
been explored in the setting of recurrent platinum resistant disease demonstrat-
ing encouraging results. The majority of trials examine the safety and efficacy
of adavosertib in combination of chemotherapy. In a proof-of-principle phase II
trial enrolling 24 patients with recurrent platinum-resistant or refractory TP53
mutated ovarian cancer that evaluated the combination of carboplatin (AUC5) with
adavosertib (225 mg twice daily over 2.5 days every 21-day cycle), based on 21
patients the ORR was 43% with a median PFS and OS of 5.3 and 12.6 months
respectively, though hematologic toxicity was significant with 48% having grade
4 thrombocytopenia and 39% grade≥3 neutropenia [42]. An open label four arm
multicenter phase II study enrolled 94 patients with primary platinum-resistant
ovarian cancer and evaluated the addition of adavosertib to gemcitabine, carbo-
platin, pactitaxel and gemcitabine (Moore et al. 2021). A signal of efficacy was
observed in the combination of adavosertib with carboplatin with a ORR of 66.7%
and a median PFS of 12 months among patients in the C2 arm (n = 12) who
received adavosertib 225 mg twice daily on days 1–3„ 8–10, 15–17 and carboplatin
AUC5 on day 1 of a 21 day cycle. Another phase II randomized trial enrolling
99 patients with platinum-resistant or refractory high-grade serous ovarian can-
cer evaluated the addition of adavosertib administered as 175 mg/po on D1-2,
D8-9 and D15-16 of a 28 cycle to gemcitabine (1000 mg/m2) and demonstrated
improved PFS (median 4.6 vs. 3.0 months, HR 0.56, 95% CI: 0.35–0.90), partial
response rate (21% vs. 3%, p = 0.02) and OS (median 11.5 vs. 7.2 months, HR
0.56, 95% CI: 0.34, 0.92) compared to placebo [43]. Grade 3 or worse hematologi-
cal toxicities were more common in the combination arm and included neutropenia
(62% vs. 30%), and thrombocytopenia (31% vs. 6%). In all aforementioned trials,
incidence of grade≥3 hematologic toxicity was high. In a dose escalation phase I
trial, a novel WEE1 inhibitor (ZN-c3) demonstrated improved bone marrow tox-
icity with less than 10% of patients experiencing hematologic toxicities [44]. A
phase IB dose escalation trial evaluating the safety and preliminary clinical aci-
tivity of ZN-c3 in combination with chemotherapy for heavily pretreated patients
with platinum-resistant or refractory ovarian cancer, encouraging responses were
observed in combination with carboplatin (n = 11, ORR 45.5%), and paclitaxel
(n = 8, 62.5%) but not with pegylated-doxorubicin (n = 24, 12.5%). Combination
was well tolerated with the rate of grade≥3 neutropenia (34.1%), thrombocytope-
nia (17.1%) and anemia (9.8%) being relatively low compared to other WEE1i
agents [45]. A fourth cohort exploring the combination of ZN-c3 with gemcitabine
in the same patient population is anticipated to open enrollment soon.
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Gemcitabine is a chemotherapy agent that inhibits DNA repair by incorporation
in DNA helix and inhibits ribonucleotide reductase leading to depletion of deoxyri-
bonucleotide pool utilized for DNA repair (de Sousa Cavalcante et al. 2014). As
such, gemcitabine can exacerbate replication stress in high-grade serous ovarian
cancer and is a rationale combination partner for other DDRi agents such as ATRi
and WEEi. In a recent phase II trial enrolling 70 patients with platinum-resistant
ovarian cancer (including 18 who previously received PARPi) the addition of ATRi
(berzosertib) to gemcitabine was superior to gemcitabine alone (median PFS 22.9
vs. 14.7 weeks, p = 0.044) with no increase in the rate of serious adverse events
(26% vs. 28%) [3].

Using a CRISPR synthetically lethal screen, PKYT1 inhibition has been
recently identified as a synthetically lethal combination with CCNE1 amplifica-
tion [46]. For CCNE1 overexpressing tumors, elevated DNA replication stress
and MMB-FOXM1 transcription increase cyclin B-CDK1 levels and activity in
S phase. Since PKMYT1 is a negative regulator of CDK1, PKYT1i can promote
early mitosis in cells that undergo DNA synthesis leading to catastrophic genomic
instability (Fig. 11.1, [46]). For CCNE1 overexpressing ovarian cancer tumor mod-
els, enhancement of replication stress with gemcitabine was highly synergistic with
PKYT1i in vivo [46]. A phase I trial (MAGNETIC is now exploring the combina-
tion of gemcitabine with PKYT1i (RP-6306 in patients with advanced solid tumor
(NCT05147272. PKMYT1 (RP-6306 is also being evaluated in combination with
ATRi (RP-3500) in a Phase I trial (MYTHIC, NCT04855656).

CCNE1 overexpression also activates the ATR/CHK1/WEE1 signaling. Dual
WEE1i-ATRi is synergistic in CCNE1 amplified tumors that are characterized
by high levels of replication stress. In tumor cells with high CCNE1 expression,
induction with a low-dose of WEE1i leads to defective DNA replication at S-phase
entry and increasing tumor cell reliance on ATR signaling for replication fork
stability [4]. Addition of an ATRi increased M-phase entry and replication fork
instability, leading to fork collapse in early S phase. ATRi also blocked the WEE1-
mediated induction of the feedback loop. More importantly, dual WEE1i-ATRi
required low doses to elicit robust antitumor effect sparing normal cells from treat-
ment toxicity which is critical for moving the combination to the clinic. In vitro
and in vivo experiments identified increased CCNE1 expression as a biomarker
predictive of response to the combination of WEE1i-ATRi in ovarian and uterine
cancer models. Promising antitumor activity of the WEE1i-ATRi combination has
also been demonstrated in other biomarker unselected tumors [47, 48] (Bukhari
et al. 2020).

11.3 Other DDR-DDR Combinations

DNA-PK is a protein part of the PI3K-related kinase family that is pivotal in the
classic non-homologous end joining (NHEJ) DNA repair process (Fig. 11.1) [49].
Following binding of the Ku70/Ku80 heterodimer complex in double-stranded
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DNA break ends, DNA-Pks are recruited and activated following autophospory-
lation that leads to recruitment of other complexes such as the endonuclease
ARTEMIS, gH2AX and XRCC4 [50]. DNA-PKcs are also involved in DNA repli-
cation stress response through phosphorylation of RPA32 [51]. Repair of DSB
generated from topoisomerase inhibitors or ionizing radiation heavily relies on
DNA-PKcs [52]. Several DNA-PKcs inhibitors have been previously developed
but their clinical application has been limited secondary to a poor in vivo phar-
macokinetic profile and lack of selectivity [53]. However, a new generation of
DNA-PKcs are currently being explored AZD7648, nedisertib, CC-115, samo-
tolisib, voxtalisib [54]. Inhibition of NHEJ may represent an important strategy
for HR proficient tumors. Loss of ATM gene was associated with sensitivity to a
DNA-PKc inhibitor (AZD7648) [52]. Combination of AZD7648 and olaparib was
synergistic in ATM-deficient preclinical models, however the combination with
doxorubicin was selected for further evaluation in a phase I trial (NCT03907969).

ATM is a key serine/threonine phosphoinositide 3-kinase-related protein kinase
involved in DDR by orchestrating homologous recombination following activation
by DSBs. Activation of ATM potentiates the DNA-damage signal and generates
dockings sites for other proteins such as BRCA1 [55]. In addition, ATM can con-
trol cell cycle following generation of DNA damage; activation of ATM results in
an increase of p21 levels and G1 arrest as well as activation of CHK1/2 and G2
arrest. Sensitivity of ATM deficient tumors (such as prostate cancer) to ionizing
radiation as well as PARPi has been previously demonstrated, however only a small
fraction of tumors harbor ATM gene mutations. In vitro for ATM proficient tumor
cells, combination of ATMi and PARPi was synergistic and resulted in G2-M
cell cycle arrest, and cell growth inhibition [56, 57]. In preclinical tumor models,
ATMi created a DDR-deficient phenotype and potentiated the anti-tumor effects
of olaparib both in vitro across multiple cell lines and well as in vivo in two triple-
negative breast cancer tumor models [57]. A phase I trial evaluating the safety
and efficacy of escalating doses of ATMi (AZD0156) as monotherapy or in com-
bination with chemotherapy (FOLFIRI) or olaparib has been recently concluded
(NCT02588105) and results are awaited. As previously discussed, DNA-PKcs are
involved in c-nNHEJ as such dual ATM and DNA-PKc inhibition could be syn-
thetically lethal. For ATM-defective tumor cells DNA-PKcs inhibition results in
accumulation of DSB and generation of ssDNA repair intermediates that trigger
apoptotic pathways.

USP1 is also another emerging target involved in the DDR pathway that is
overexpressed in BRCA1 deficient tumors promoting the stabilization of repli-
cation forks [58]. USP1 inhibition with KSQ-4279 had antitumor activity either
as monotherapy or in combination with PARP inhibitors in ovarian cancer PDX
models [59]. A phase I clinical trial explores KSQ-4279 as monotherapy or in
combination with PARPi or platinum-based chemotherapy (NCT05240898). DNA
polymerase theta (Polθ) is a multifunctional DNA repair enzyme with dual poly-
merase and helicase activity required for the repair of dsDNA strand breaks
through Microhomology-mediated End Joining [60, 61]. Polθ is overexpressed in
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tumors with homologous recombination deficiency serving as an alternative mech-
anism of DSB repair. Inhibition of Polθ is synthetic lethal with HR, in vitro and
in vivo. In addition, Polθ inhibition can overcome or prevent acquired PARPi resis-
tance [60, 61]. A phase I trial exploring ART4215 a Polθ inhibitor as monotherapy
or in combination with PARPi are open to enrollment (NCT04991480).
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12Combining PARP Inhibition
and Immunotherapy
in BRCA-Associated Cancers

Geoffrey I. Shapiro and Suzanne M. Barry

12.1 Cytotoxic T-Cell Recruitment and Activation in Response
to PARP Inhibition in BRCA-Deficient Cancers

Effects of PARP inhibition on cytotoxic T-cell infiltration and activation have
been extensively investigated in breast cancer models, including the immunocom-
petent K14-Cre-Brca1f/f ;Trp53f/f genetically engineered mouse model (GEMM)
of BRCA1-deficient triple-negative breast cancer (TNBC) [1]. When individual
tumors arising from this model were transplanted into syngeneic mice, olaparib
significantly increased CD3+and granzyme B-positive CD8+T-cell infiltration as
early as 3 days after exposure. Olaparib also increased infiltration of CD4+T-cells,
without affecting the proportion of T-regulatory FOXP3+CD4+T-cells (Tregs),
suggesting an increase in CD4+T-helper cells, further contributing to an effective
immune response. Importantly, the critical role of activated cytotoxic T-cell infil-
tration in the response to PARP inhibition was demonstrated by the significantly
reduced efficacy of olaparib with anti-CD8 antibody-mediated T-cell depletion and
the more prolonged survival afforded by olaparib against tumors expanded in
immunocompetent versus immunodeficient mice [1]. Similar findings have been
described in a BRCA1-deficient TNBC MDA-MB-436 xenograft model expanded
in humanized mice, where PARP inhibition was also associated with an increased
T-cell infiltrate and activated interferon signaling demonstrated on transcriptomic
analysis [2].

In the context of breast cancer preclinical models, modulation of the immune
microenvironment has been largely restricted to a BRCA-deficient background.
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For example, when tumors were established using a cell line derived from the
Brca1-deficient TNBC GEMM and a Brca1-reconstituted isogenic cell line, treat-
ment with olaparib only caused accumulation of significantly higher CD3+, CD8+,
and granzyme B-positive CD8+T-cell proportions in Brca1-deficient tumors [1].
Additionally, in the syngeneic Brca-proficient EMT6 model, PARP inhibition was
shown to decrease T-cell infiltration and increase PD-L1 expression via GSK3β
inactivation, contributing to immunosuppression, albeit reversed by the addition of
an anti-PD-L1 antibody [3].

12.2 Mechanisms of PARP Inhibitor-Induced T-Cell Infiltration
and Activation

cGAS-STING pathway activation. PARP inhibitor-mediated DNA damage in HR-
deficient breast cancer has been associated with activation of the cGAS-STING
pathway [1], a component of the innate immune system, activated primarily
in response to micronucleation and the presence of cytosolic DNA (Fig. 12.1).
Double-strand breaks that are inadequately repaired promote chromosomal misseg-
regation and formation of micronuclei, a source of immunostimulatory cytosolic
DNA. Detection of cytosolic DNA by cyclic GMP-AMP synthase (cGAS) leads to
its activation and subsequent production of the second messenger 2′3′ cyclic GMP-
AMP (cGAMP). cGAMP activates STING (Stimulator of Interferon Genes), which
goes on to recruit TANK-binding kinase 1 (TBK1), promote TBK1 autophospho-
rylation, and subsequent phosphorylation of interferon regulatory factor 3 (IRF3).
Phosphorylated IRF3 then enters the nucleus and induces the expression of type 1
interferon genes, interferon stimulating genes, and other inflammatory mediators/
chemokines, including CCL5 and CXCL10 [4], thereby triggering the immune
system and mediating the infiltration of immune cells, including T-cells [5, 6].

Evidence for the importance of the cGAS/STING pathway in breast can-
cer was first recognized in a molecular subtype identified as DNA damage
response-deficient (DDRD), characterized by a 44-gene assay that was validated
as predicting benefit from DNA-damaging chemotherapy [7]. This gene signature
was defined by upregulation of interferon-related genes and interferon signaling.
Follow-up work in a group of 184 primary breast cancer patients demonstrated that
the DDRD subtype was associated with CD4+and CD8+T lymphocyte infiltration
[8].

In isogenic cell lines representing DDRD-positive and negative subtypes, there
were significantly higher levels of the chemokines CCL5 and CXCL10 in DDRD
cells compared to DNA damage response-proficient T-cells. Conditioned medium
from DDRD cells attracted significantly more PBMCs when compared with
medium from DNA damage response-proficient T-cells, which was dependent on
CCL5 and CXCL10. Importantly, DDRD cells demonstrated increased cytosolic
DNA and constitutive activation of the cGAS/STING pathway, related to endoge-
nous S-phase DNA damage. DDRD cells also demonstrated expression of PD-L1
in a STING-dependent manner [8].
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Fig. 12.1 cGAS/STING pathway. Sensing of cytosolic DNA by cGAS catalyzes the formation
of cGAMP, leading to activation of STING. Activated STING recruits TBK1, resulting in the phos-
phorylation of IRF3. Phosphorylated IRF3 translocates to the nucleus and induces the expression
of type 1 interferon genes, interferon stimulating genes, and inflammatory chemokines. Image
generated with BioRender

These results suggested cGAS/STING activation as a potential mechanism by
which tumor cells deficient in DNA repair processes mount an inflammatory
response in response to endogenous DNA damage that may be further augmented
by exposure to exogenous damage. Consistent with this hypothesis, it has been
demonstrated that in response to olaparib, the cGAS/STING pathway is activated
in vivo in Brca1-deficient tumor cells derived from the K14-Cre-Brca1f/f ;Trp53f/f

model but not in Brca1-proficient tumor cells, which was correlated with the induc-
tion of DNA damage, as demonstrated by the convergence of immunofluorescence
for pIRF3 and γ-H2AX in Brca1-deficient tumor cells after olaparib exposure [1].

Notably, similar results have been reported in models of high-grade serous ovar-
ian cancer (HGSOC) [9]. Olaparib-induced effects on the immune system were
dependent on HR status, with effects confined to the HR-deficient setting and not
observed in HR-proficient models. In a pair of syngeneic Brca-deficient (Trp53-/-;
Brca1-/-; c-Myc; PBM) or Brca-proficient (Trp53-/-; Pten-/-; c-Myc; PPM) HGSOC
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GEMMs, olaparib treatment led to activation of the cGAS-STING pathway in
PBM tumor-bearing mice, along with a significant delay in tumor progression com-
pared to vehicle control-treated mice. Gene expression profiling after 18 days of
olaparib treatment indicated an enrichment for the upregulation of genes associated
with immune response, T-cell activation, as well as IFN-γ response, compared to
vehicle control-treated animals. As in the breast cancer model, when PBM tumors
were engrafted on to immunodeficient Rag-/- mice this response was attenuated;
tumor growth inhibition by olaparib was also diminished when animals were also
exposed to neutralizing anti-CD8 antibodies [9].

Effects of PARP inhibition on antigen presenting cells. Importantly, CRISPR-
mediated knockout of STING exclusively in tumor cells in the Brca1-deficient
breast cancer model was sufficient to abolish PARP inhibitor-induced cytotoxic
CD8+T-cell infiltration and antitumor efficacy [1]. Although cytosolic DNA is
a known activator of dendritic cells (DCs) into effector antigen presenting cells
(APCs) [10], and DCs are the predominant T-cell type that produces type I IFNs in
the tumor microenvironment (TME), other cell types, including tumor cells them-
selves, may also be type I IFN producers. These results are consistent with the
cGAS/STING activation that was previously demonstrated in DDRD breast can-
cer cell lines, where endogenous S phase-specific DNA damage activated cGAS/
STING signaling, resulting in proinflammatory cytokine production [8].

Although PARP inhibition activated the STING pathway with elevated levels
of pTBK1 and pIRF3 in both Brca-deficient breast tumor cells and dendritic cells
in vivo, olaparib did not directly induce TBK1/IRF3 signaling in DCs isolated
from bone marrow and treated ex vivo [1]. This was also observed in the study
of Brca-deficient ovarian cancer models, in which olaparib treatment led to DCs
present in the TME expressing elevated levels of costimulatory markers CD80
and CD86 and antigen presentation molecules (MHC class II), although there was
no activation of the cGAS/STING pathway when DCs alone were cultured with
olaparib. In contrast, co-culture of olaparib-treated ovarian cancer cells with naïve
DCs led to increased TBK1, IRF3, CXCL10, and IFNβ [9]. These results indicate
that STING-mediated signaling exclusively within tumor cells is necessary and
sufficient for the cytotoxic CD8+T-cell infiltration in olaparib-treated tumors and
imply that olaparib- induced maturation of DCs is reliant upon paracrine signaling
from neighboring cells rather than direct activation.

Effects of PARP inhibition on tumor mutational burden. Given the induction of
DNA damage by PARP inhibition in an HR repair-deficient setting, it has been con-
sidered whether treatment could result in mutagenicity and increased mutational
burden, thereby contributing to the induction of an anti-tumor immune response.
Whole genome sequencing (WGS) following long term exposure to niraparib in
several cell line models, including BRCA1-mutant SUM149PT TNBC cells, found
no significant increase in the number of genomic alterations, including single
nucleotide variations, short indels, deletions, and genomic rearrangements, com-
pared to vehicle-treated cells [11]. Similar results were observed in vivo, where
there was no contribution of niraparib to subclonal mutations arising in breast
cancer-derived xenografts. However, it should be noted that SUM149PT-cells carry
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an exon 11 mutation that results in expression of a truncated BRCA1 �11b isoform
that may retain residual HR function. Additionally, the patient-derived xenografts
studied were both BRCA wild-type. Indeed, the BRCA wild-type xenografts were
used to model the lack of mutagenesis expected in the heterozygous somatic tissue
of patients with BRCA-deficient tumors.

Nonetheless, similar results were observed in both BRCA WT and BRCA1–
/– DT40 cells exposed to PARP inhibition. However, there was an increase in
microhomology-mediated deletions in BRCA1–/– DT40 cells. The large BRCA1
deletion in these cells precluded reversion mutation, but recent reports indicate
that reversion mutations in BRCA1- or BRCA2-mutated breast and ovarian cancers
arising during PARP inhibitor treatment are mediated by microhomology-mediated
end joining (MMEJ) [12]. These results present several testable implications. First,
suppression of MMEJ via POLθ inhibition [13, 14] may prevent or delay the
emergence of deletions associated with functional reversion and PARP inhibitor
resistance. Conversely, it is possible that BRCA reversion mutants may create an
increase in neoantigen load, capable of T-cell activation and ultimate sensitiza-
tion to immune checkpoint blockade. One provocative clinical result that supports
the latter hypothesis are the impressive responses to ipilimumab combined with
nivolumab observed among patients with heavily pretreated pancreatic ductal ade-
nocarcinoma (PDAC) harboring BRCA1/2 or RAD51C/D mutations, suggesting an
increased tumor mutational burden capable of conferring sensitivity to immune
checkpoint blockade [15].

Mutational frequencies following veliparib have also been studied in BRCA1-
mutant and BRCA1-complemented HCC1937 TNBC cells using WGS and whole
exome sequencing (WES) [16]. TMB was found to be low in BRCA-deficient T-
cells treated with veliparib. Surprisingly, in BRCA1-complemented cells, TMB
was increased approximately twofold. Bioinformatic algorithms were used to
model the MHC binding affinity for predicted neoantigens and indicated that in
BRCA1-deficient T-cells there was limited effect compared to untreated controls.
However, in BRCA1-complemented cells, some predicted neoantigens were identi-
fied and were modeled to have a significantly higher affinity compared to untreated
controls, indicating that PARP inhibitors may potentially prime the immune sys-
tem in some BRCA1 wild-type cells. The underlying mechanism by which this
occurs requires further elucidation.

12.3 PARP Inhibition and PD-L1 Expression

Based on the activation of interferon signaling in response to PARP inhibition in
HR repair-deficient cancer cells, it is not surprising that PARP inhibition increases
PD-L1 levels in various cancer models, including ovarian cancer [9, 17] breast
cancer [2, 3] and pancreatic cancer [18]. Effects of PARP inhibition on PD-L1
expression have been observed both in vitro and in vivo and may be a direct
consequence of cGAS/STING pathway activation. Although PD-L1 upregulation
has been more strongly linked to type II interferons, it may also be upregulated



212 G. I. Shapiro and S. M. Barry

by a type I response [19]. Beyond use of olaparib, similar findings have been
observed in studies using other PARP inhibitors, as well as in gene silencing
experiments; in ovarian cancer cell line and mouse models, both niraparib and
siRNA-directed PARP1 knockdown resulted in increased PD-L1 expression [17].
While PARP inhibitor-mediated induction of PD-L1 expression may contribute to
PARP inhibitor resistance, it also provides rationale for combining PARP inhibition
with PD-1/PD-L1 blockade. In GEMM models of HGSOC, immune checkpoint
blockade targeting PD-1 plus olaparib resulted in sustained inhibition of tumor
growth with concurrent prolonged survival compared to olaparib alone, indicating
that activation of the immune inhibitory activity of PD-1/PD-L1 by olaparib may
limit its activity, but may be overcome by combining with PD-1 blockade [9].
In HGSOC models, PARP inhibition has also been successfully combined with
CTLA-4 blockade [20]. Notably, however, in MDA-MB-436 BRCA1-mutant breast
cancer xenografts established in humanized mice, the addition of PD-1 blockade
to niraparib resulted in only modest combinatorial benefit [2].

12.4 Clinical Trials of Combination PARP Inhibitors
and Immuno-Oncology Agents

Non-randomized studies in HGSOC and breast cancer. Preclinical results have
stimulated numerous clinical trials combining PARP inhibition with immune
checkpoint blockade in solid tumors. The KEYNOTE-162/TOPACIO trial
(NCT02657889) was a phase 1/2 trial of the PARP inhibitor niraparib in combina-
tion with the anti-PD1 antibody pembrolizumab in PARP inhibitor-naïve patients
with either platinum-resistant HGSOC [21] or TNBC [22] irrespective of BRCA1/
2 mutational status or PD-L1 expression. In the phase 1 part of this study, the rec-
ommended phase 2 dose (RP2D) was established as 200 mg niraparib once daily
and 200 mg pembrolizumab on day 1 of each 21-day cycle.

In contrast, the MEDIOLA trial (NCT02734004) was a phase 1/2 basket study
of olaparib and durvalumab in patients with PARP inhibitor-naïve solid tumors,
focusing on germline BRCA1/2-mutated, metastatic ovarian cancer (without and
with bevacizumab) [23] and germline BRCA1/2-mutated, metastatic breast cancer
[24], as well as gastric cancer and small-cell lung cancer [25]. Patients received
olaparib lead-in dosing of 300 mg orally, twice daily for 4 weeks, followed by
olaparib (300 mg, twice daily) and durvalumab 1.5 g (IV, every four weeks). There
were no new safety signals nor excess immune-mediated adverse events observed.
The olaparib/durvalumab combination was also examined in a single-site study of
patients with recurrent HGSOC.

A third program included two large trials evaluating the PARP inhibitor
talazoparib combined with avelumab-mediated PD-L1 blockade in PARP inhibitor-
naïve patients. In the JAVELIN PARP Medley phase 1b/2 basket trial
(NCT03330405), the combination was studied in 223 patients assigned to 10
cohorts based on presence of BRCA1/2 mutations, DDR defects (DDR+) defined
using a 34-gene panel, or those with immune checkpoint blockade-sensitive
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advanced tumors. Among the 10 cohorts were those for recurrent, platinum-
sensitive ovarian cancer, and recurrent, platinum-sensitive, BRCA1/2-mutated
ovarian cancer; as well as TNBC, and hormone receptor-positive/ERBB2-negative/
DDR-positive breast cancer [26]. In a second study, the JAVELIN BRCA/ATM
trial (NCT03565991), the combination was exclusively studied in patients with
BRCA1/2-mutated and ATM-mutated tumors in a Phase 2b trial, involving 200
patients (159 patients in the BRCA1/2 cohort and 41 in the ATM cohort) [27].

HGSOC. In the platinum-resistant ovarian cancer arm of the TOPACIO trial
[21], the niraparib and pembrolizumab combination had activity in patients with
both BRCA1/2-wild type and mutant disease, with confirmed complete and partial
responses (5 and 13%, respectively), and stable disease (47%) observed. The ORR
for all participants was 18% and the disease control rate (DCR; complete response
+ partial response + stable disease) was 65%. Interestingly, when analyzed as
subgroups based on previous bevacizumab treatment, or tumor BRCA or homolo-
gous recombination deficiency (HRD) status, response rates were similar between
subgroups, indicating that patients with metastatic ovarian cancer may experience
clinical benefit from niraparib and pembrolizumab, regardless of their biomarker
status.

While BRCA status, HRD status, and prior therapy were not predictive, deeper
genomic analysis performed on archival biopsies obtained at some point prior to
treatment identified mutational signature 3 (Sig3) as a determinant of response to
niraparib plus pembrolizumab [28]. Sig3 is a mutational signature identified to
reflect HRD [29], with Sig3-positive cell lines being sensitive to PARP inhibitors.
In the TOPACIO trial, 51% of ovarian cancer patients were Sig3-positive, a feature
associated with longer PFS compared to that achieved by patients whose tumors
were negative for Sig3 (5 months vs. 2.2 months). Significantly more Sig3-positive
patients experienced stable disease or partial responses compared to Sig3-negative
patients.

Additionally, components of the immune microenvironment were also exam-
ined, which demonstrated differences between gene expression patterns in chemo-
naïve samples and those taken after platinum-based chemotherapy. This analysis
revealed enrichment for immune related pathways in post-chemotherapy samples,
along with higher immune cell-type scores and positive correlation to PD-L1 posi-
tivity. In chemo-naïve tumors, gene expression analysis revealed six pathways that
were significantly enriched in patients achieving objective responses to niraparib/
pembrolizumab, three of which related to Type-I interferon signaling. Samples
obtained post-chemotherapy were more enriched for immune-related pathways;
these samples demonstrated elevated levels of exhausted CD8+T-cells in those
with an objective response, along with a higher ratio of exhausted CD8+T-cell
scores to total CD8+T-cell scores in responders compared to non-responders.
Immune Score (IS) positivity was designated as follows: chemo-naïve samples
having the highest 25% of the pathway score for any of the interferon pathways
were considered IS-positive; chemo-exposed samples having the highest 25% of
the exhausted CD8+T-cell/CD8+T-cell score were also considered IS-positive.
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Importantly, positivity of Sig3, IS or both were found in all patients who expe-
rienced an objective response and were also significantly associated with clinical
benefit and prolonged progression-free survival (PFS) [28].

In a single-center, proof-of-concept phase 2 study of olaparib/durvalumab in
35 patients with recurrent ovarian cancer, predominantly platinum-resistant and
BRCA1/2 wild-type, the objective response rate was 14%, while DCR (par-
tial response + stable disease) was 71%. Notably, treatment enhanced IFNγ

and CXCL9/CXCL10 expression, systemic IFNγ/TNFα production, and tumor-
infiltrating lymphocytes in paired biopsies, indicating an immunostimulatory
environment. Increased IFNγ production was associated with improved PFS,
while elevated VEGFR3 levels were associated with worse PFS [30]. Taken
together, the results of this trial and of the TOPACIO trial demonstrate mod-
est activity of PARP inhibition combined with immune checkpoint blockade
in platinum-resistant HGSOC. Positivity for Sig3 or a positive IS as defined
in TOPACIO may be potential predictive biomarkers, serving as surrogates for
HRD and for interferon-primed, CD8+-exhausted effector T-cells in the tumor
microenvironment, respectively. Additionally, these results suggest that despite
immunomodulatory effects of these combinations, the addition of VEGF/VEGFR
blockade may improve efficacy.

Consistent with the potential benefit of addition of VEGF blockade, MEDIOLA
enrolled patients with relapsed germline BRCA1/2-mutated platinum-sensitive
ovarian cancer; 32 of whom received doublet olaparib and durvalumab and 31 of
whom received triplet olaparib, durvalumab, and bevacizumab. Results showed an
objective response rate (ORR) of 34% with the doublet, with median progression-
free survival (PFS) 5.5 months, median OS 26.1 months and disease control rate
(DCR) at 56 weeks of 9.4%. With the triplet, there was an ORR of 87%, median
PFS of 14.7 months, median OS of 31.9 months and DCR at 56 weeks of 38.7%
[23].

In the JAVELIN program, disease control was achieved in all patients with
confirmed BRCA1/2-mutated platinum-sensitive disease, with an ORR of 70%
and median duration of response not reached, with a range of 5.6 to at least
18.4 months (55% of patients alive and progression-free at 18 months) [26].
Despite the caveat of cross-trial comparisons, response durability compared favor-
ably with that seen with olaparib monotherapy (e.g., median 8.2 months with
olaparib monotherapy in the olaparib/cediranib program [31] and 13.2 months
in the SOLO3 trial [32]). While MEDIOLA and JAVELIN are indicative of
the activity of combined PARP inhibition and immune checkpoint blockade in
platinum-sensitive, BRCA1/2-mutated disease, and suggestive of greater durability
with combination treatment than with PARP inhibitor monotherapy, these results
are limited by small sample sizes and non-randomized trial designs.

Breast Cancer. Of the 55 PARP inhibitor-naïve TNBC patients enrolled in
TOPACIO, 47 of whom were evaluable for efficacy, there were confirmed complete
and partial responses and instances of stable disease observed in 5, 5, and 13 par-
ticipants, respectively. Response rates were substantially higher in in patients with
BRCA-mutant tumors (n = 15), where the ORR was 47%, DCR 80% and median



12 Combining PARP Inhibition and Immunotherapy in BRCA-Associated Cancers 215

PFS was 8.3 months, compared to an ORR of 11% a DCR of 33% and median
PFS of 2.1 months in patients with BRCA-wild type tumors. Similarly, clinical
activity was observed irrespective of PD-L1 status, though the activity was more
pronounced in PD-L1-expressing TNBC [22].

In the germline BRCA1/2-mutated breast cancer cohort of the MEDIOLA trial,
the ORR was 63% with median duration of response (DOR) of 9.2 months and
median PFS of 8.2 months; twenty-four of 30 patients (80%) had disease control at
12 weeks, with median OS of 21.5 months [24]. Overall, the results of the breast
cancer cohorts in these trials are in line with PARP inhibitor monotherapy [33]
raising the possibility that adding immune checkpoint blockade to olaparib may
not lead to improve clinical outcomes in BRCA-mutant breast cancer. However,
there was evidence of promising DOR in early line treatment of TNBC, indicating
that some subsets of breast cancer patients may benefit from olaparib and durval-
umab combination therapy. Biomarker analyses indicated that PD-L1 status was
not predictive of response; however, in patients with high CD8+ tumor infiltrating
lymphocytes there was a modest improvement in OS, indicating that further, more
selective studies may be warranted for this combination [24].

Similar to TOPACIO, in the JAVELIN program, clinical activity was primar-
ily observed in the patients with BRCA1/2-mutated tumors. Response rates were
similar to those reported in talazoparib monotherapy studies, although durability
of response appeared to compare favorably, with DOR of 11.1 months in patients
with TNBC, and 15.7 months in patients with hormone-receptor positive, ERBB2-
negative, DDR+breast cancer, compared to a median DOR of 8.6 months in the
EMBRACA monotherapy study [34].

Randomized trial. The results of the TOPACIO, MEDIOLA and JAVELIN pro-
grams all point to the need for randomized studies to more definitively address
whether immune checkpoint blockade improves the efficacy of PARP inhibitor
monotherapy. This is also borne out by the results of the JAVELIN BRCA/ATM
trial, with objective responses rates of 26.4% and 4.9% in the BRCA1/2 and ATM
cohorts, respectively. Although responses were more frequent and durable in tumor
types associated with BRCA1/2 mutations (median DOR 10.9 months), neither
cohort met a prespecified objective response rate of 40% [27].

To date, there has only been one randomized Phase 2 trial reported involv-
ing PARP inhibition combined with immune checkpoint blockade, in which
patients with metastatic BRCA1/2-mutated breast cancer were randomized to
receive olaparib at 300 mg twice-daily versus olaparib combined with ate-
zolizumab at 1200 mg every 21 days. This NCI-sponsored trial (NCT02849496)
demonstrated no significant differences between the treatment arms. PFS and
OS were 7.0 and 26.5 months in the olaparib monotherapy arm, respectively,
and 7.67 and 22.4 months in the combination arm. Similar comparative results
between monotherapy and combination treatment were observed in both TNBC
and hormone receptor-positive subsets [35].
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12.5 Effects of PARP Inhibition on the Macrophage
Component of the Immune Microenvironment

The negative randomized clinical trial of olaparib versus olaparib combined with
atezolizumab in BRCA1/2-mutated metastatic breast cancer strongly suggests that
other components of immune suppression in the TME must be overcome to
improve clinical outcomes. Recently, there has been significant interest in the role
of tumor-associated macrophages (TAMs) [36, 37], in part because macrophages
have been shown to be the predominant infiltrating immune cell type in BRCA1/
2-associated TNBC [38]. Notably, PARP inhibitors have been shown to enhance
both anti- and pro-tumorigenic features of macrophages [38, 39]. After olaparib
treatment in the Brca1-deficient GEMM, F4/80 + CD45+cells increased expres-
sion of the co-stimulatory molecule CD80, as well as that of the activation marker
CD40, demonstrating potential induction of an anti-tumor phenotype, whereas lev-
els of CD206, associated with a pro-tumor phenotype [40], did not change, so that
the ratio of CD40+anti-tumor macrophages to CD206+pro-tumor macrophages
significantly increased following olaparib exposure [38]. In line with this finding,
olaparib also induced activation of the STING pathway effector TBK1 as measured
by phosphorylation of Ser-172 in macrophages. Conversely, following olaparib
treatment, there was also a significant increase in the frequency of F4/80 + PD-
L1+and F4/80 + CSF1R + macrophages. Therefore, these data demonstrated
that PARP inhibition drives complex and opposing phenotypes, demonstrated by
increased expression of functional anti-tumor markers (CD80, CD86, CD40 and
pTBK1), as well as immunosuppressive markers (PD-L1 and CSF1R) [38].

These results were recapitulated in differentiating macrophages exposed to
PARP inhibition ex vivo. In these experiments, PARP inhibitor-mediated changes
in both anti- and pro-tumor features of macrophages were linked to glucose
and lipid metabolic reprogramming, driven by the sterol regulatory element-
binding protein 1 (SREBP1) pathway, such that SREBP1 inhibition rescued
the olaparib-induced expression of PD-L1 and CSF1R [38]. Importantly, in
mice bearing Brca1-deficient tumors expanded from the K14-Cre-Brca1f/f ;Trp53f/f

GEMM, CSF-1R blockade selectively reduced the CD206+ immunosuppressive
macrophage population in the tumor microenvironment and when combined with
olaparib, prevented the olaparib-induced increase in expression of CSF-1R and
PD-L1 in F4/80+macrophages. As a result, the combination of CSF-1R blockade
and olaparib more than doubled the median survival of mice bearing BRCA1-
deficient tumors compared to olaparib alone [38]. These results have justified the
development of clinical trials of combined CSF-1R blockade and PARP inhibition
in patients with BRCA1/2-mutant breast cancer.
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12.6 Combined PARP Inhibition and STING Agonism

As an alternative approach to improving the efficacy of PARP inhibitor monother-
apy in BRCA1/2-associated breast cancer, intratumoral STING agonism has also
been investigated, again utilizing the K14-Cre-Brca1f/f ;Trp53f/f GEMM [41].
Compared to monotherapies, combined PARP inhibition and STING agonism
results in increased STING pathway activation, greater cytotoxic T-cell recruitment
and enhanced DC activation. Additionally, the combination markedly improved
efficacy in vivo, with evidence of complete tumor clearance, prolongation of sur-
vival and induction of immunologic memory. To facilitate clinical translation, these
results require confirmation with systemic STING agonism, with several agents in
early phase clinical trials. Mechanistically, in addition to increased cytotoxic T-cell
recruitment and activation, STING agonism may also contribute to the repolariza-
tion of tumor-associated macrophages to an anti-tumor phenotype [42] and may
also contribute to the activation of NK cells in the tumor microenvironment [43].

12.7 Confirmation of Preclinical Findings on Immune
Stimulation in Clinical Samples

Several studies utilizing PARP inhibition, without or with concomitant immune
checkpoint blockade, have evaluated the immune microenvironment in pre- and on-
treatment samples. In a pilot study in which patients with TNBC received olaparib
and durvalumab, serial tumor samples obtained pre- and after a 28-day lead-in
treatment of olaparib were evaluated [44]. In one patient with BRCA1-mutant basal
breast cancer, who was an exceptional long-term survivor, tumor destruction was
accompanied by a marked infiltration of immune cells containing CD8+T-cells; in
contrast, there were minimal changes in the TME of a luminal androgen receptor
rapid progressor, likely due to the absence of DNA damage and tumor cell death
in response to PARP inhibition. Consistent with a CD8+T-cell infiltrate, analy-
sis of pre- and on-treatment biopsies from 6 patients in the breast cancer cohort
of the MEDIOLA trial (5 on-treatment biopsies obtained after olaparib alone and
1 obtained after combination treatment), gene set variation analysis from whole
transcriptome RNA-seq demonstrated an increase in STING and Type I interferon
pathway activity in 5 patients. The one patient who did not demonstrate an increase
in STING pathway expression after treatment was a rapid progressor in whom a
BRCA1 reversion mutation was identified on ctDNA [45]. Finally, in the TALAVE
trial, in which patients with metastatic BRCA-associated breast cancer or sporadic
TNBC received a one-month lead-in of talazoparib prior to combined treatment
with talazoparib and avelumab, serial biopsies procured pre- and post-talazoparib
monotherapy and post-talazoparib/avelumab have demonstrated tumor cell destruc-
tion among patients with BRCA-associated disease, along with increased T-cell
and CD68+CD163+macrophage infiltrates, demonstrated by RNA-seq, as well
as by cyclic immunofluorescence [46]. Taken together, these studies demonstrate
that preclinical predictions emerging from immunocompetent mouse models are



218 G. I. Shapiro and S. M. Barry

reflected in primary patient samples from patients with BRCA-associated breast
cancer treated with PARP inhibition.

12.8 Summary

In addition to tumor cell death induced by PARP inhibition in BRCA- and other
HR-deficient cancer cells based on the principles of synthetic lethality, DNA dam-
age is associated with micronucleation, cGAS-STING pathway activation, a Type
I interferon response and cytotoxic T-cell infiltration, associated with increased
PD-L1 expression. Intratumoral STING pathway activation and CD8+T-cell infil-
tration are required for maximal efficacy in preclinical models. PARP inhibition
serves as a model for other DNA repair inhibitors targeting HR-deficient cancers,
(e.g., inhibitors of polymerase θ) [47, 48], as well as for other inhibitors of the
DNA damage response producing synthetic lethality in other DNA repair-deficient
backgrounds [49]. Despite this biology, a randomized clinical trial combining
PARP inhibition with immune checkpoint blockade in metastatic BRCA-associated
breast cancer did not demonstrate combinatorial benefit compared to PARP inhi-
bition alone. While these results do not preclude success in randomized trials
in earlier stage breast cancer that may be more immunogenic [50], or in other
disease types [26, 51, 52], they point to the critical need to comprehensively eval-
uate the immunosuppressive tumor microenvironment to fully leverage the promise
of combined targeted DNA repair inhibition with immuno-oncology approaches.
Addressing pro-tumorigenic macrophages in the microenvironment of BRCA-
associated cancers either by depletion or repolarization is likely to be critical,
as are other strategies that may correct deficiencies in the immune cycle and that
may promote immunologic memory.
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13Mitotic MTH1 Inhibitors in Treatment
of Cancer

Thomas Helleday

13.1 Introduction

It is established that cancers in general have a lost redox balance [1] and in some
cases show high levels of reactive oxygen species (ROS) [2]. The increased amount
of ROS in cancer may also explain a general increase in the antioxidant defences
system being upregulated in cancer. Also, targeting and generating high ROS levels
is becoming a novel strategy for anti-cancer strategy [3].

That ROS could be potentially interesting in treatments of cancer is not entirely
new. Many established treatments generate ROS either as a cell death causing agent
or as a consequence of the treatment. In the case of ionizing radiation, generation
of singlet oxygen or hydroxyl radicals are critical to generate DNA single- and
double-strand breaks that eventually kill cells. Furthermore, inability to generate
ROS in hypoxic regions is associated with resistance to ionizing radiation [4].
While it is established that cisplatin-induced DNA adducts are critical to generate
toxicity in cells, cisplatin-induced ROS, unrelated to nuclear DNA damage, is also
emerging to be important in the mechanism of action of cisplatin induced anti-
cancer effects [5]. In spite of ROS being central in both cancer development and
in the most common anti-cancer treatments, very little attention has been to inhibit
repair of oxidative DNA damage in cancer, potential because knockout mice of the
genes encoding oxidative DNA repair proteins have only mild phenotypes [6–8].
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Fig. 13.1 MTH1 activity prevents damage incorporation and promotes cancer survival. A,
8oxo-dGTP can be incorporated into DNA to cause oxidative DNA damage. MTH1 enzymatic
activity cleaves 8oxo-dGTP into 8oxo-dGMP, which cannot be incorporated into DNA. B, Cancer
incidence in Mth1/Ogg1 knockout mice. Knockout mice were examined by macroscopic proce-
dure at 580 (±1) days after birth to identify spontaneous lung tumour development. Mean number
of lung tumours/mouse for each knockout mouse is shown and the number of lung tumour-bearing
mice/total mice is indicated in parentheses. Statistical differences were examined using Student’s
t test. Data are presented from experiment 1 in Ref. [14]

One of the oxidative DNA repair proteins is MTH1 (encoded by the NUDT1
gene), which prevents oxidative lesions in the DNA by hydrolysing 8-oxodGTP
or 2-OHdATP in the dNTP pool; cleaving off a pyrophosphate to generate 8-
oxodGMP or 2-OHdAMP, respectively that cannot be incorporated into DNA [9,
10] (Fig. 1A). Since cancer cells have deregulated redox balance the MTH1 pro-
tein could be a potential anti-cancer target, to prevent incorporation of 8-oxodGTP
into DNA. The rationale is that the free bases on the dNTP pool are 190–13,000
times more susceptible to damage as compared to bases in the double-stranded
DNA, which are protected by being base-paired in the double helix and by being
packed into nucleosomes [11]. Hence, it is plausible that the free dNTP pool in
cancer cells could be particularly susceptible to a lost redox balance and high
ROS. Hence, oxidized dNTPs would be potentially toxic only to replicating can-
cer cells. Following this, ours and other laboratories developed MTH1 inhibitors
demonstrating potent anti-cancer activity [12, 13], generating a general interest in
this protein as an anti-cancer target.

13.2 Biological Roles of MTH1

The Human MutT homologue 1 (MTH1) protein was originally identified as MutT
in E. coli and shown to hydrolyse 8-oxodGTP to prevent incorporation of 8-oxodG
in to DNA, which otherwise induce mutations [9, 15]. Although the bacterial MutT
mutation result in a 1000-fold increase in mutation, the human MTH1 protein
(catalysing the same reaction) is surprisingly not suppressing mutation rates as
Mth1-/- knockout mice show no increase in mutations [16]. The initial hypothesis
that there were backup proteins carrying out the reaction in humans appears to be
incorrect [17, 18] and the likely explanation is instead that there are low levels of
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oxidative DNA damage in mammals. Instead, the MTH1 protein in mammalians
appears to be a stress-induced protein, being required for survival under stressed
conditions [19]. Also, the MTH1 protein levels are induced after treatments with
ionizing radiation (IR) [20] or environmental pollutants [21, 22].

13.2.1 MTH1 in Inflammation and Cancer

MTH1 and oxidative DNA damage is associated with numerous diseases other than
inflammation and cancer, and reviewed elsewhere [23]. Early on it was reported
that MTH1 protein levels are potently up-regulated in phytohemagglutinin-
activated T lymphocytes [24]. This is interesting and is likely related to that
activated T cells have increased ROS levels which is related to the glycolytic
switch in activated T cells [25], potentially resembling the same glycolytic switch
in cancer [26]. Some activated T cells have high level of MTH1 [27] and another
subset low MTH1 levels for unknown reasons [28]. As may be expected, the
MTH1 inhibitor TH1579 only kills activated MTH1high T cells at low nM con-
centrations by introducing oxidative DNA damage [28]. There are several reported
therapeutic effects in in vivo models of autoimmune hepatitis [27] and experimental
autoimmune encephalomyelitis [28]. While MTH1 inhibitors may have important
applications in inflammatory conditions, this is outside the scope of this review.

In many cancers, both the MTH1 protein levels [29–31], as well as 8-
oxodGTPase activity is upregulated [32], likely owing to the stress condition and
lost redox balance. Furthermore, MTH1 is also a prognostic biomarker for survival
in lung cancer [33, 34], colorectal [35, 36], pancreatic cancer [36], hepatocellu-
lar carcinoma [37]. A likely reason for MTH1 activity being high in cancer is
to prevent ROS-induced senescence of cancer cells [38]. The MTH1 inhibitors
developed in our laboratory have a broad anti-cancer activity in in vitro and
in vivo models [27, 3940–45] and are now tested in clinical trials for treatment
of solid (NCT03036228) and heamatological cancers (NCT04077307). It is inter-
esting to note that while the mitotic MTH1 inhibitor TH1579 is highly effective
anti-cancer treatment it is also highly tolerable. This inhibitor and MTH1 as a
target in anti-cancer treatments is the topic of this review.

13.3 MTH1 as an Anti-cancer Target

13.3.1 Genetic Validation of MTH1 in Cancer

There is overwhelming evidence that numerous diseases and ageing are associated
with oxidative stress and reactive oxygen species (ROS) [46]. Transgene expres-
sion of hMTH1 in mice increased longevity and improved cognitive ability [47].
Hence, it is surprising that Mth1-/- knockout mice are viable and grow old without
any serious phenotype [7]. However, when grouping the incidence of lung, liver,
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and stomach cancers this was statistically significantly higher in Mth1-/- as com-
pared to the same group of cancers in Mth1+/+mice [7]. This increased incidence
of these particular cancers have however not been confirmed in other laboratories
studyingMth1-/- mice (Lindahl, personal communication and unpublished results).
More strikingly is that Sakumi and co-workers demonstrated that increased lung
cancer incidence observed in Ogg1-/- mice is absent when additionally targeting
MTH1 in the Ogg1-/- Mth1-/- double knockout mice [14] (Fig. 1B). This is in vivo
genetic validation that the MTH1 protein is required for tumour growth. A mech-
anistic reason for MTH1 being important for cancer cells was first offered by Dr
Priyamvada Rai in Prof Robert Weinberg’s laboratory, showing that senescence in
cancer was induced in the absence of MTH1 [38]. Since then, other laboratories,
including our own, have demonstrated that MTH1 siRNA or shRNA targeting is
toxic or arrest cancer cells both in vitro and in vivo [13, 38, 48–53] and that this
toxicity is rescued by expression of RNAi resistant MTH1 protein [12].

Since these reports, there have been other reports challenging MTH1 as an
anti-cancer target by demonstrated that targeting of MTH1 by the CRISPR-Cas9
technique is compatible with survival of cancer cells [54], which is also supported
by Depmap.org [55]. Several scientists suggest that this alone is sufficient evidence
to de-validate MTH1 as a target. Currently, there is an urgent need for more in
depth scientific understanding of the role of MTH1 in cancer, why it is upregulated
and its roles also outside its enzymatic activity which is needed to get a better
understanding on the role of MTH1 as potential anti-cancer target.

13.3.2 Edgetic Perturbation Limits Genetic Validation
of Anti-cancer Targets

As mentioned above, many have disqualified MTH1 as an anti-cancer target based
on that CRISPR-Cas9 knockout MTH1-/- cells are alive. With the same reason-
ing, PARP is also a de-validated anti-cancer target, as CRISPR-Cas9 targeting of
PARP1 in cancer cells is well tolerated [55]. This is clearly not an accurate vali-
dation as we earlier showed PARP inhibitors are able to kill BRCA mutated cancer
[56, 57], and the molecular explanation was later explained by PARP inhibitors
being able to trap PARP1 to generate a toxic lesion [58].

Furthermore, many current DDR targets are essential for cancer cell survival
following CRISPR-Cas9, e.g., ATR, CHK1, or DUT, suggesting that inhibition of
any of these enzymes should work for all cancer in monotherapy. We now know
that none of these inhibitors are particularly efficient in monotherapy for killing
cancer. The mechanistic explanation is because of edgetic perturbation, that node
removal by protein loss is not the same as an inhibitor perturbating an edge [59]
(Fig. 13.2).

While the CRISPR-Cas9 technology is useful, it cannot alone be sufficient for
validation of a target. In my view, full validation of a target requires a com-
bined effort by scientists in detailed mechanistic and biological experiments along
with a scientific discussion. It also requires a chemical probe. Since our original
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Fig. 13.2 Edgetic perturbation limits the value ofCRISPR-Cas9 as a validation tool to predict
drug targets. A, A protein network is made up of interactions (edges) between proteins. B, Protein
loss result in a node removal and loss of all edges to the protein, as is the case following CRISPR-
Cas9. C, Protein inhibition results in edgetic perturbation where some edges remain, some are lost
and new ones are gained

report on PARP inhibitors killing homologous recombination defective cancers
[56, 57], there has been many thousand reports on the mechanism of action and
still there is not a full understanding of the process by which PARP inhibitors
kill BRCAmut cells. The incomplete understanding of PARP1 functions did not
stop PARP inhibitors in clinical trials and these are now FDA/EMA approved for
several cancers and saving thousands of lives.

13.3.3 Generation of MTH1 Inhibitors

The MTH1 protein belongs to the Nudix hydrolases family of enzymes, which all
share a hydrolase activity to a nucleoside diphosphates linked to moiety-X [60].
Many of the enzymes in this family is now assigned to functions and there has
also been comprehensive analysis of the overall function of these enzymes [18,
61–64]. Analysing the structure of MTH1 [65], it has a very large active site that
is suitable to interfere with a small molecules. Hence, it has been relatively easy
to generate small molecule inhibitors to MTH1 [12, 54, 66, 67], and also existing
compounds, such as (S)-crizotinib, selectively targets MTH1 [13].

Interestingly, some of the MTH1 inhibitors, such as TH588, TH1579 and (S)-
crizotinib, appears to have very few off-targets, as determined in protein selectively
screens [12, 13]. Furthermore, in a proteome wide analysis (thermal proteome
profiling) MTH1 was demonstrated to be the only statistically significant target
out of 9301 proteins that was thermally stabilized by TH1579 suggesting few,
if any, off target effects [53]. Although these inhibitors appear selective, it has
been demonstrated that tubulin polymerisation is inhibited by both TH588 and
TH1579 in vitro at μM concentrations [53, 66, 68] and cells expressing the TUBB
L240F mutant are resistant to TH588 [69]. Hence, it is likely that the TH1579 and
TH588 mediate mitotic arrest also by direct inhibition of tubulin and work as a
dual inhibitor.
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13.3.4 Enzymatic Inhibition of MTH1 Is Insufficient to Kill Cancer
Cells

Since our original publications of TH588 and (S)-crizotinib inhibiting MTH1
and killing cancer [12, 13], there have been several reports on MTH1 enzymatic
inhibitors that do not kill cancer cells [54, 66, 67]. This clearly demonstrates that
MTH1 enzymatic inhibition alone is insufficient to kill cancer cells. We have anal-
ysed this in more detail and demonstrate that injection of 8-oxodGTP in zebrafish
embryos makes the enzymatic MTH1 inhibitors toxic [68]. There are several con-
clusions that can be drawn from this: (1) incorporation of 8-oxodGTP in DNA is
not only introducing mutations but is also toxic to cells through a yet unknown
mechanism, (2) the overall ROS levels appears too low in cancer cells in order to
make MTH1 enzyme inhibitors toxic, (3) MTH1 is likely having functions beyond
hydrolysing 8-oxodGTP.

13.3.5 Mechanism of Action of MTH1 Inhibitor TH588 and TH1579

The optimised MTH1 inhibitor TH1579 (Karonudib, OXC-101) is currently eval-
uated in clinical trials in solid and heamatological cancer patients [53]. The
mechanism of action of how TH1579 (and the structurally related compound
TH588) kills cancer cells is now well established (Fig. 13.3). The TH588/TH1579
compounds stop cells in mitosis through inhibition of tubulin polymerisation, acti-
vating the spindle assembly checkpoint (SAC), which result in accumulation of
ROS, oxidizing dGTP to 8-oxodGTP (Fig. 3A). It has previously been demon-
strated that ROS accumulates in mitotically arrested cells following degradation
of mitochondria [69, 70]. Inhibition of MTH1 enzymatic activity by TH1579
(Fig. 3B) results in 8-oxodGTP (and 2-OHdATP) being incorporated into DNA
during mitotic replication (cancer-specific repair synthesis), which altogether kill
cancer cells [68, 71] (Fig. 3C). Proof of this mechanism is that inhibiting the SAC
with reversin or MAD2 siRNA depletion generates resistance to the inhibitors, as
ROS is not generated as cells are not stopped in mitosis [68, 71].

A relevant question is how important incorporation of oxidative DNA damage
is to the mechanism of action of TH588/TH1579? The bacterial MutT has an 8-
oxodGTPase, but not 2-OHdATPase activity and overexpression of the bacterial
MutT in human cells restores the MTH1 8-oxodGTPase, but not 2-OHdATPase or
mitotic functions [12]. This MutT expression prevents incorporation of 8-oxodG
into DNA [53] and partially reverse the toxic effects of TH588/TH1579 [12]. In
our original publication, we suggested the partial reversion of toxicity was related
to incorporation of 2-OHdATP. In hindsight, the partial rescue is likely explained
because the mitotic arrest is not reversed. Further evidence that 8-oxodG dam-
age is important for the toxic effect of TH588/TH1579 is that cells carrying an
engineered error prone DNA Polδ that is able to incorporate 8-oxodGTP is more
sensitive to TH588 than Polδ wild type cells [71]. An important observation is
that an increase in 8-oxodGTP incorporation into DNA by error prone DNA Polδ
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Fig. 13.3 Mechanism of action of TH1579 (OXC-101, karonudib). A, TH1579 perturbs tubu-
lin polymerisation resulting in lagging chromosomes in mitosis that trigger the spindle assembly
checkpoint that hold cells in mitosis. Reactive oxygen species (ROS) accumulates in arrested cells
because of mitophagy, which in turn damage bases in the free nucleotide (dNTP) pool. B, TH1579
inhibits the MTH1 enzymatic activity that degrades 8oxo-dGTP and 2OH-dATP to detoxify the
cell. C, 8oxo-dGTP and 2OH-dATP accumulates in MTH1 inhibited cells and are incorporated
during repair synthesis in mitosis, occurring primarily in cancer cells because of oncogene-induced
replication stress [72]. Incorporated oxidative damage in DNA kills cancer cells

is also resulting in a more profound mitotic arrest [71]. Thus, it appears that 8-
oxodG in DNA is a signal for mitotic arrest, which is an area that needs to be
further explored.

13.3.6 Interference of MTH1, TH588 and TH1579 on Tubulin
Polymerisation

It has been suggested that the effects of TH588 and TH1579 are solely ascribed
to an off-target effect on tubulin polymerisation and that essentially, TH588 and
TH1579 are simple tubulin poisons [54, 66, 73, 74].

It is correct that TH588/TH1579 inhibits tubulin polymerisation also at relevant
toxic concentrations in cells [68]. However, knocking down MTH1 with siRNA
also has a similar effect on mitotic arrest and tubulin polymerisation in cancer cells
as observed with TH588/TH1579. Both MTH1 knockdown and TH588/TH1579
has an effect on (1) mitotic arrest, (2) cellular tubulin polymerisation assay, (3)
generation of a highly specific type of lagging chromosomes in mitotic spreads,
(4) loss of kinetochore-microtubule attachments, and reduced inter-kinetochore
distances in sister-chromatids, (5) in vivo evidence in tumours of mitotic arrest
[68]. Hence, MTH1 itself has roles outside of 8-oxodGTPase activity. The detailed
role of MTH1 in mitosis is not defined, but under investigation. However, the
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MTH1 protein binds tubulin directly and low nM potent MTH1 inhibitors have
different effect on breaking the MTH1-tubulin protein interaction [68]. All toxic
MTH1 inhibitors are also breaking the MTH1-tubulin protein interaction, while
some non-toxic MTH1 inhibitors do not break the interaction [68]. Furthermore,
the MTH1 protein binds to and non-enzymatically activates other mitotic proteins
which are relevant to the mitotic arrest (unpublished), suggesting the role of MTH1
in mitosis is complex and likely non-catalytic. Other potentially relevant protein
interactions that disrupts MTH1 activity is between caveolin and MTH1, which is
promoted by K-RasG12V [75].

Apart from MTH1 having a direct role in tubulin polymerisation and mitosis,
there are numerous other data demonstrating that TH588/TH1579 have a unique
phenotype compared to established tubulin poisons: (1) The effect of TH588/
TH1579 is dependent on oxidative damage [76] and hypoxic signalling, being syn-
thetic lethal with VHL [77], (2) TH588/TH1579 introduce 8-oxodG DNA damage
in cells [68], (3) TH588/TH1579 synergize with tubulin poisons [68], (4) toxicity
of TH588/TH1579 is dependent by the ability to introduce 8-oxodG into DNA by
Polδ [71] and Polκ (Sanjiv et al, unpublished), (5) TH588/TH1579 are well toler-
ated in vivo [53] and do not cause the same toxic adverse events as tubulin poisons
do, such as neuropathy.

There are also reports demonstrating TH588 induces mitotic arrest in MTH1-/-
knockout cells generated by CRISPR-Cas9 [73, 74], further reinforcing the notion
that TH588/TH1579 has a direct effect on tubulin polymerisation that is inde-
pendent of MTH1. This is also observed from the reported in vitro inhibition of
tubulin polymerisation [66, 68]. The conclusion from these collective results is that
TH588/TH1579 have both a MTH1 dependent and MTH1 independent effects on
tubulin polymerisation. Future studies on this topic could for instance exploit the
TUBB L240F mutant that is resistant to TH588 to determine if it interfere with
MTH1 dependent or independent effects (or both).

13.3.7 Structurally Distinct MTH1 Inhibitor AZ19 (Non-tubulin
Inhibitor) Generates Mitotic Arrest

There are several structurally diverge MTH1 inhibitors (e.g., TH5769, AZ19)
causes the same unique metaphase arrest with lagging chromosomes as TH588/
TH1579 [68]. The AZ19 compound is a nM potent MTH1 inhibitor and is
unable to interfere with tubulin polymerisation in vitro [54]. Yet, AZ19 inter-
feres with tubulin polymerisation in cells, arrest cells in mitosis, generate the
MTH1 characteristic type of lagging chromosomes in mitotic spreads, loss of
kinetochore-microtubule attachments, and reduced inter-kinetochore distances in
sister-chromatids [68]. Interestingly, AZ19 only affects tubulin mobility in G2/M
cells and not in interphase cells, which is where MTH1 is active in mitosis [68].
Hence, AZ19 is likely exerting it effects on tubulin and mitosis solely through
MTH1, making it likely that there may be possibilities to generate cancer killing
mitotic MTH1 inhibitors that cause mitotic arrest and incorporation of 8-oxodG
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in cells that unlike TH588/TH1579 are not themselves interfering with tubulin
polymerisation. It is worth noting that TH588/TH1579 interferes with tubulin poly-
merisation also in interphase cells, which is likely MTH1 independent, and suggest
an off-target effect on tubulin polymerisation by TH588/TH1579 in cells.

13.4 Conclusions and a Selection of Outstanding Questions

It is clear that TH1579 (OXC-101) is a highly exciting new broad acting anti-
cancer strategy and that it has a unique mechanism of action in DDR, exploiting
oxidative DNA damage. The TH1579 has a dual mechanism of action: (1) arresting
cells in mitosis by inhibiting tubulin polymerisation (also independently of MTH1)
which generates ROS and 8-oxodGTP, (2) preventing incorporation of 8-oxodGTP
into DNA (by targeting MTH1) which is toxic (Fig. 13.3).

There are several outstanding questions:

1. What is the detailed mechanism of action how 8-oxodG lesions in DNA are
toxic?

2. Why do cancer and activated T cells overexpress MTH1?
3. Are selective MTH1 inhibitors, that both inhibits the mitotic role of MTH1 and

enzymatic activity useful as anti-cancer treatments?
4. Why are TH588 and TH1579 selectively toxic to cancer and MTH1high

activated T-cells?
5. Why do TH588 and TH1579 specifically cause mitotic arrest in cancer and not

in non-transformed cells?

13.5 Perspective

It is difficult to do translational research, going from target identification to devel-
opment of a drug that eventually outperforms standard-of-care in phase III trials.
The main issue is lack of basic scientific understanding on the biological path-
ways. Several years ago, my lab (collaborating with Nicola Curtin) and the lab of
Alan Ashworth (collaborating with Stephen Jackson and KuDOS) proposed to use
PARP inhibitors in killing homologous recombination (HR) defective (BRCAmut)
cancers [56, 57]. There were numerous problems developing this PARP inhibitor
concept:

(1) The originally proposed mechanism, that PARP inhibitors generated a
replication-associated 1-ended DNA double-strand break to trigger BRCA-
dependent HR, was incomplete. It was clearly more complex than this.

(2) Highly potent nM PARP enzymatic inhibitors (such as veliparib) were unable
to kill BRCAmut cancers.
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(3) siRNA treatment of PARP1 did not recapitulate what was observed with PARP
inhibitors in BRCAmut cancers.

(4) There was a poor correlation between biochemical IC50 of PARP inhibition to
and cellular IC50 killing BRCAmut cancer cells.

(5) With the same PARP inhibitor, there were large variation between sensitivity
in BRCAmut cancer cell lines, which was not related to inhibition of PARP in
those cells (some BRCAmut cancer cell lines had upfront resistance).

At the time of our discovery, it would have been extremely easy to discredit our
original work and de-validate PARP inhibitors as a treatment of BRCAmut cancers.
In fact, several labs wrote to the editors of Nature and demanded the retraction
of our reports. Subsequently, these scientists themselves published de-validation
of PARP inhibitors in BRCAmut cancers [78, 79], which did not obtain sufficient
attention to stop further research. Because of the impressive effects on the cancers,
the scientific and pharmaceutical community continued working on completing the
science and pursued clinical development. Today, PARP inhibitors are approved
treatments and saving many lives specifically in HR defective cancers as was orig-
inally described. However, it is worth mentioning that the clinical development
were initially derailed for the wrong reasons as highlighted by a reporter in the
journal Nature [80].

In the case of MTH1, several pharmaceutical companies spent considerable
efforts in developing MTH1 inhibitors and in this process identified both com-
pounds that killed cancer cells and also those compounds that did not. Following
the first report on de-validation of MTH1 inhibitors [66], the commercial labs
closed their MTH1 programs and published de-validation reports [54, 67, 81, 82].
These reports all fail to take the complex biology into account and describe a
biased view with a selection of MTH1 enzyme inhibitors (not mitotic MTH1
inhibitors), defiling the MTH1 field and blocking future basic and translational
research, as the topic is deemed non-fundable. Bayer presented convincing inter-
nal validation work on MTH1[83] and entered into a e190 M licensing deal for
MTH1 inhibitors with a biotech company [84], which aligns poorly with their
follow up publication only demonstrating negative data [82]. The scientific com-
munity would be helped if these companied would publish a complete view on
the topic together with their lead candidate compounds that kill cancer cells, with
biological data, to help determine potential off-target effects and also to increase
our understanding of how to inhibit the mitotic function of MTH1 and if this is a
relevant anti-cancer strategy.

Here I exemplify PARP and MTH1 being problematic in the validation pro-
cess and also describe how CRISPR-Cas9 knockout fails to predict how enzyme
inhibitors work also for other targets in the DDR field. I believe this is a general
problem targeting cancer vulnerabilities, which is probably less of a problem for
the cancer therapies focussed on targeting enzymatic activities in oncogenes. The
science underlying the paradigm to target oncogene activity is simple, as it often
is the enzymatic activity that drives the cancer and by preventing this activity the
cancer growth is stopped. The underlying science in the DDR field is much more
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challenging as most DDR proteins are binding other DDR proteins and/or DNA.
Hence, while target identification using CRISPR-Cas9 technology (node removal)
may be helpful in hypothesis generation, it is likely to be flawed when trying to
use it as a validation tool and edgetic pertubations need to be taken into account
(Fig. 13.2). I think the lack of acknowledging these dificulties is a main reason to
why we have not seen DDR inhibitors approvals, other than PARP inhibitors, for
treatment in cancer.

In summary, oxygen is critical to life and oxidative DNA damage is a compo-
nent of many diseases and ageing [46]. The MTH1 protein is upregulated in many
cancers and certain immune cells and the overall biology is largely unknown,
which really provides an opportunity. The anti-cancer and anti-inflammatory
effects of TH1579 in pre-clinical models are impressive [28, 39–44, 53, 85, 86]
and clinical trials are ongoing. I call for more scientists to enter the field of oxida-
tive DDR and repair and exploit the novel inhibitors to advance science and better
human health.
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14.1 Introduction

Preserving genomic integrity is pivotal for cell survival; consequently, cells rely
on a network of complex signaling pathways to facilitate faithful DNA replication
and maintain genomic stability [1]. Increased proliferation rates are associated
with genomic instability via the accumulation of DNA damage in the form of
DNA double strand breaks (DSBs) or DNA single strand breaks (SSBs) caused by
a variety of events, including replication stress induced by stalling of replication
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forks [2–4]. These events distort genetic material due to subsequent fusion of DSBs
and shortening of telomeres, which can result in translocations, gene amplification,
and gene mutations [5–7].

When DNA damage or replication stress is sensed, cells are prevented entry into
mitosis by activating DNA Damage Response (DDR) pathways at varying phases
within the cell cycle [8]. DDR signaling pathways orchestrate tightly regulated
kinase cascades to resolve DNA damage and replication stress by pausing the cell
cycle and initiating repair [9, 10]. Ataxia telangiectasia and Rad3-related protein
(ATR) is a key PI3K-related kinase within the DDR that senses replication stress
and regulates checkpoints within the cell cycle’s synthesis (S) and gap 2/mitosis
(G2/M) phases to preserve genomic stability [1, 10–12].

Notably, replication stress and genomic instability are hallmarks of cancer cells,
making them dependent on protective DDR pathways for survival [10, 12–14].
As such, targeting ATR in cancer medicine is an attractive therapeutic approach
to circumvent cancer cell survival by exploiting their dependence on ATR-driven
processes.

14.2 ATR Acts as a Gatekeeper of DNA Damage Repair

Endogenous and exogenous sources of DNA damage lead to a wide variety of
adducts including DSBs, SSBs, base damage, bulky adducts and base mismatches
[1]. Cells have evolved complex DNA repair mechanisms designed to specifically
repair these types of damage and maintain genome stability. Repair of DNA DSBs
is of particular importance as it is estimated that a single unrepaired DNA DSB
can initiate cell death, highlighting the critical role of DDR pathways in cell sur-
vival [16]. DSBs are repaired by a number of mechanisms: the best characterized
being the error-free homologous recombination repair (HRR) pathway, the highly
efficient -but error prone- nonhomologous end joining (NHEJ) pathway, and the
error prone microhomology mediated end-joining pathway (regarded as a backup
pathway to HRR) [15].

Repair by HRR is initiated by an upstream activator of DDR, the ataxia
telangiectasia-mutated (ATM) PI3K-related kinase, which upon sensing DSBs trig-
gers a cascade of events that include cell cycle arrest, repair and apoptosis [17, 18].
During S or G2-phases, exposure of single-stranded DNA can occur as an interme-
diate of HRR at areas of resected DNA and also at stressed replication forks. These
single-stranded DNA regions quickly become coated with the high-affinity ssDNA
binding protein, replication protein A (RPA), which protects against DNA degra-
dation. The coating of single-stranded DNA by RPA recruits ATR/ATR-interacting
protein (ATRIP) complexes to sites of damage [1, 16]. Following localization
to sites of damage, ATR is activated by either topoisomerase II binding protein
(TopBP1) or Ewing tumour-associated antigen 1 (ETAA1) [17]. Moreover, recruit-
ment of TopBP1 is mediated by Rad17, which loads the 9-1-1 (Rad9-Hus1-Rad1)
complex onto chromatin, binds to TopBP1, and results in ATR activation [4]. Once
activated, ATR proceeds to phosphorylate a series of downstream targets; however,



14 Targeting ATR in Cancer Medicine 241

its activation of checkpoint kinase 1 (CHK1) is integral to its regulation of cell
cycle checkpoints (Fig. 14.1) [16].

ATR commands control over the S and G2/M checkpoints by phosphorylat-
ing and activating CHK1 [1, 18]. Active CHK1 kinase in turn phosphorylates
and inactivates the cell division cycle 25A/25C (CDC25A/CDC25C) phosphatase
proteins, leading to their respective degradation [1]. Degradation of CDC25A
thereby renders CDK2 and its associated complexes inactive by removing an
inhibitory phosphorylation present on CDK2 [19]. Consequently, progression to
S phase is interrupted, preventing DNA replication and promoting DNA repair
[16]. ATR-mediated activation of CHK1 also interrupts the G2/M checkpoint
in a Wee1-like protein kinase (WEE1) dependent manner. Active CHK1 phos-
phorylates and stabilizes WEE1, enhancing its activity toward CDK1 [19]. Both
CDK1 and CDK2 remain in inactive states induced by WEE1’s inhibitory phos-
phorylation [19]. Inactivation of CDC25C by CHK1 prevents the removal of the
inhibitory phosphorylation on CDK1, which halts the G2/M checkpoint to allow
time for post-replicative DNA repair and prevent replication of unrepaired DNA
[16].

Additionally, ATR also plays a role in regulating replication forks through
multiple mechanisms [1]. One mechanism involves ATR-mediated fork remod-
eling: ATR phosphorylates the helicase SWI/SNF-related, matrix associated, actin
dependent regulator of chromatin, subfamily-A-like 1 (SMARCAL1), promoting
maintenance of fork stability and fork restart in cooperation with RAD51 and
zinc-finger RANBP2-type containing 3 (ZRANB3) [20]. Another known mecha-
nism underscores the importance of the ATR-CHK1 axis in resolving replication
stress during the formation of R-loops, which are RNA–DNA hybrid transcription
intermediates that induce genome instability. Here, the ATR-CHK1 pathway is
activated by R-loop induced reversed replication forks. Upon activation, ATR pro-
tects the genome by regulating the activity of the MUS81 endonuclease, preventing
excess nucleolytic degradation of reversed forks. Active ATR also suppresses R-
loop accumulation and enables replication recovery, while promoting arrest of the
cell cycle at the G2/M-phase [21]. Resolution of replication stress triggers ATR to
resume HRR activities by promoting fork reversal and restart, a process involving
the recruitment of BRCA2 and RAD51 to sites of damage [11, 22].

In addition to its role in HRR, ATR has further roles in DNA repair through
its involvement in the inter-strand crosslink repair (ICLR) and nucleotide exci-
sion repair (NER) pathways. ICLR removes toxic inter-strand DNA crosslinks
(lesions involving both strands of DNA that can result in replication fork-stalling
and inhibition of transcription). The presence of ICLs activates ATR and requires
ATR-mediated phosphorylation of Fanconi Anemia proteins, which are key play-
ers in mediating ICLR [23, 24]. Lastly, NER is a critical mechanism that repairs a
wide variety of DNA lesions caused by chemical agents or environmental factors
(particularly UV radiation) [25]. In this repair mechanism, ATR phosphorylates
and stabilizes Xeroderma pigmentosa group A (XPA), thereby recruiting the pro-
tein to sites of damage during the S-phase of the cell-cycle and aiding in the
activation of the NER pathway [26]. As a key player in multiple processes, ATR
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is a master regulator of DNA repair and more broadly in the replication stress
response.

14.3 ATR Signaling Fosters Cancer Cell Survival

Activation of DDR in normal cells can either resolve DNA damage and/or replica-
tion stress to promote cell survival, or it can trigger programmed cell death when
DNA damage cannot be removed, inhibiting tumorigenesis and preventing inheri-
tance of DNA mutations in daughter cells [28–31]. Since DDR is often dampened
in cancer cells, these cells present increased DNA damage that is tolerated due to a
simultaneous amelioration of unrepaired DNA damage response. In this way, DDR
is used by cancer cells as a decoy mechanism to shield against cell death and allow
genomically unstable cells to traverse the cell-cycle unscathed, making cancer cells
dependent on DDR for survival. That is, tolerance of replication stress is crucial
for tumor viability, and oncogene-induced dysregulation of DNA replication gen-
erates high levels of replication stress in cancer cells [27–29]. Furthermore, most
cancers also feature defective G1 checkpoints, largely due to p53 signaling loss
[30], rendering cancel cells dependent on S- and G2-phase checkpoints, which are
ATR-regulated processes [30].

Frequent mutations in DDR genes also increase dependency on ATR signaling
[28, 31]. In these situations, cancer cells rely on ATR to respond to and resolve
replication stress and repair DNA damage in order to bypass cell death [27]. Given
that ATR function is conserved in the vast majority of cancers, it is has emerged as
a favorable target in cancer medicine [32]. ATR inhibition in normal cycling cells,
with intact cell-cycle checkpoints, leads to moderate cytotoxicity due to replica-
tion fork stalling and collapse; however, as cancer cells have high replication stress,
they are more dependent on ATR for survival and as a result are more sensitive to
its inhibition than normal cells [27, 28]. Furthermore, in-vitro data suggests that
chronic use of ATR inhibitors impairs the cell’s ability to repair damage by HRR
while also impacting the availability of necessary HRR proteins, such as TopBP1,
BRCA1, and RAD51 [28]. This targeted approach has culminated in the devel-
opment of many clinical studies aimed at evaluating the clinical efficacy of ATR
inhibition as both a monotherapy in certain DDR defective cancer backgrounds
and in combinational approaches [19, 33].

14.4 Early Development of ATR Inhibitors

The development of potent and selective ATR kinase inhibitors has been closely
related to (1) the availability of well-characterized assays that permit accurate
measurements of selective kinase activity, (2) the availability of structural and
functional insights to guide a drug design strategy that maximizes selectivity, and
(3) the development of screening tools and biomarkers that can identify suitable
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patients. Notably, the first generation of small molecule ATR inhibitors strug-
gled to find balance between potency and selectivity to reach clinical usage. For
instance, while Schisandrin B, an active ingredient of the magnolia berry (Schisan-
dra chinensis), inhibited ATR kinase activity at high concentrations leading to
off-target effects and toxicity, the small molecule NU6087 demonstrated moder-
ate selectivity over ATM homologs, but did not display selectivity over the wider
kinase family [34]. With the development of a cell-screening assay that measured
ATP-dependent phosphorylation of H2AX as a more accurate quantification of
ATR kinase activity in experimental conditions, the small molecule ETP-46464
was selected from a library of compounds based on its increased selectivity over
other ATR homologs. Although poor pharmacological properties in mice prevented
ETP-46464 from advancing to clinical studies, the discovery of this compound
provided proof of concept for a more reliable biomarker of replication stress
that accounts for double stand breaks and has become the standard marker for
quantifying DNA damage [35]. Based on recent advances in the development of
well-characterized assays, as well as new insights in the structure–function rela-
tionship of ATR, many pharmaceutical companies have taken on the challenge to
design and develop potent and selective ATP competitive inhibitors of ATR with
the most advanced targeted therapies described here.

14.5 ATR Inhibitors in the Clinic

14.5.1 Berzosertib (M6620/VX-970/VE-822)

Shortly after the development of the assay that measured ATR-dependent phos-
phorylation of γH2AX, a high throughput screen that combined structure–activity
relationship with homology modeling led to the discovery of VE-821, a selective
inhibitor with 600-fold selectivity for ATR over ATM, DNA-PK, mTOR, and PI3K
[36]. In addition to increased selectivity, VE-821 also showed strong inhibition of
CHK1 phosphorylation in cellular models of ATM and/or p53 deficiency [37].
In-vitro experiments showed that VE-821 sensitized ovarian cancer cells to DNA
damaging agents such as cisplatin and gemcitabine, and the effects of gemcitabine
were potentiated when combined with VE-821 in pancreatic cancer cells [38]. It
was also observed that VE-821 could further sensitize BRCA1-depleted cells to
DNA damaging agents [44]. Such synergistic effects appear to be stronger with
DNA-damaging agents, such as cisplatin and carboplatin, since DNA crosslinking
triggers early activation of ATR and the DDR machinery. Interestingly, p53-
deficient cancer cell lines were shown to be more sensitive to the combination of
VE-821 and cisplatin than normal cell lines, and significant synergistic activity was
observed in ATM-deficient cell lines [43]. These results were further confirmed by
treating ATM-proficient cells with the triple combination of VE-821, cisplatin, and
a highly selective ATM inhibitor (KU-55933) [37]. Taken together, these results
suggested that cancer cells with defective ATM signaling are more reliant on ATR;
hence, demonstrating a synthetic lethal interaction between the S-phase specific
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ATR and the ATM-p53 pathway mediating the G1 checkpoint [39]. However, it
must be noted that recent studies have shown that ATM mutations and p53 sta-
tus are not enough to predict clinical benefit to ATR inhibition, and mutations in
other DDR genes—such as PTEN, XRCC1, BRCA1, BRCA2, and ARID1A—may
promote synthetic lethality with ATR inhibitors [40].

Based on promising pre-clinical data, VE-822, an optimized analog of VE-
821 with increased potency and selectivity for ATR, became the first inhibitor
to enter clinical trials labeled as VX-970, later named M6620 and berzosertib
[41]. Berzosertib alone was found to sensitize multiple lung cancer cell lines to
a wide variety of DNA-damaging chemotherapeutic agents (cisplatin, oxaliplatin,
gemcitabine, etoposide, and the active metabolite of irinotecan, SN38), and the
combination of berzosertib and cisplatin showed sustained tumor regression in
non-small cell lung cancer (NSCLC) patient-derived xenograft models [42]. A
recent CRISPR-Cas9 screen suggested that the ATR-CHK1 pathway has the poten-
tial for synthetic lethality in small cell lung cancer (SCLC) [43]. In that study, the
combination of berzosertib with cisplatin displayed greater synergistic activity in
different SCLC cell lines and primary lung fibroblasts when compared to treat-
ment with the combination of cisplatin and etoposide. Interestingly, while SCLC
cell-derived xenografts showed that the combination of berzosertib with cisplatin
inhibited tumor growth, other studies showed that pediatric solid tumor xenografts
treated with berzosertib and cisplatin displayed a larger event free survival relative
to those treated with cisplatin monotherapy [44, 45]. Together, these studies were
the first to confirm the clinical potential of berzosertib as a chemo-sensitizer of
DNA damaging agents in lung cancer patients, as well as in pediatric solid tumors,
setting the stage for several other studies that also showed the clinical potential of
berzosertib in combination with cisplatin in other cancer types, including colon
cancer, triple negative breast cancer (TNBC), and esophageal tumors, amongst
others [44–47].

Berzosertib monotherapy has already advanced to a phase II clinical trial inves-
tigating antitumor activity in molecularly selected solid tumors, leiomyosarcoma
and osteosarcoma (NCT03718091). Although clinical trials are currently study-
ing the combination of berzosertib with radiotherapy, chemo-radiotherapy agents,
PARP inhibitors, VEGF inhibitors, as well as with anti-PD-L1 antibodies, such
as avelumab, the most common strategy for berzosertib treatment combinations
in registered clinical trials appears to be with DNA damaging agents such as
cisplatin, carboplatin, gemcitabine, topotecan, irinotecan, and paclitaxel, amongst
others (Table 14.1).

The first-in-human trial of berzosertib in combination with cytotoxic
chemotherapy agents in patients with advanced solid tumors started with a lead-in
safety phase of berzosertib monotherapy, followed by three dose escalation arms
aimed to determine the safety profile and recommended phase 2 dose (RP2D) of
the combinations of berzosertib with (1) cisplatin, (2) gemcitabine with and with-
out cisplatin, and (3) irinotecan. This trial also included 3 expansion cohorts to
further elucidate preliminary anti-tumor activity for the combination of berzosertib
and gemcitabine in NSCLC patients harboring p53 mutations and/or loss of ATM
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expression, the combination of berzosertib and cisplatin in TNBC patients with
germline (g) BRCA wild type status, and the combination of berzosertib and
cisplatin or carboplatin in patients with platinum-resistant advanced SCLC.

Recent results from two dose escalation arms of this first-in-human trial
demonstrated preliminary antitumor activity for berzosertib when combined with
gemcitabine and/or cisplatin [48]. That is, most patients who received berzosertib
in combination with cisplatin (73.1%), and those who received berzosertib in com-
bination with gemcitabine (68.7%) or berzosertib in combination with gemcitabine
and cisplatin (71.0%) achieved disease control with partial response (PR) or sta-
ble disease (SD) as their best response per RECIST v1.1 [48]. Interestingly, all
patients who received prior platinum-based chemotherapy, and had experienced
disease progression, achieved PR when treated with berzosertib in combination
with cisplatin. Since ATR inhibition can disrupt DNA replication fork stability and
homologous recombination repair (the two major mechanisms of PARP inhibitor
resistance), preliminary results from this trial suggest that berzosertib inhibition
may contribute to re-sensitizing solid tumors to cisplatin [49].

The RP2D for the combination of berzosertib and cisplatin was determined as
140 mg/m2 of berzosertib (administered on days 2 and 9), and 75 mg/m2 of cis-
platin administered every 3 weeks (Q3W) on day 1. This RP2D was generally well
tolerated, and the safety profile of this combination was consistent with that of cis-
platin alone. Importantly, while the human equivalent dose required for berzosertib
target engagement was estimated from preclinical models to be ~60 mg/m2, results
from the first-in-human trial show that dosing berzosertib at 140 mg/m2 induces
a reduction in serine 345-phosphorylated CHK1, without evidence of PK interac-
tions in a range of malignancies, including ovarian, breast, thyroid, and pancreatic
cancers [50]. In a similar manner, the RP2D combination of berzosertib and gem-
citabine, which is currently being evaluated in patients with advanced NSCLC
in an expansion arm of this trial, was established as 210 mg/m2 of berzosertib
(administered on days 2 and 9), and 1000 mg/ m2 of gemcitabine, administered
Q3W on days 1 and 8. Yet, the dose escalation for berzosertib in combination
with both gemcitabine and cisplatin was terminated after two patients experi-
enced febrile neutropenia or neutropenia as dose limiting toxicities (DLTs). Taken
together, results from the first two arms of the first-in-human trial of berzosertib
demonstrate that a tolerable safety toxicity profile is observed when berzosertib is
combined with either gemcitabine or cisplatin, but not when combined with both
agents [48].

The pharmacokinetic (PK) profile of a berzosertib monotherapy lead-in was
determined across the dose range of 18–210 mg/m2 (n = 30), and it was charac-
terized by biphasic decline with a moderate-to-high clearance, a high distribution
volume, and an apparent terminal half-life of approximately 17 hours [48]. While
the PK characteristics of berzosertib in combination with either gemcitabine or
cisplatin were consistent with the corresponding doses of berzosertib monother-
apy, the collective PK data from these two arms suggest that pre-administration of
cisplatin 24 hours before berzosertib administration does not affect the PK profile
of berzosertib.
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Another trial that is currently investigating the combination of berzosertib and
gemcitabine is a multicenter, randomized, phase II study that recently published
preliminary efficacy and safety data suggesting that this combination provides
clinical benefit to platinum-resistant high-grade serous ovarian cancer (HGSOC)
patients. At the cutoff date of publication, 70 patients had been randomly assigned
to either receive treatment with the berzosertib and gemcitabine combination (n
= 34) and achieved a median profession-free survival (PFS) of 22.9 weeks (90%,
CI 17.9–72.0), or they were assigned to receive treatment with gemcitabine alone
(n = 36) and achieved a median PFS of 14.7 weeks (90%, CI 9.7–36.7). Yet,
while the combination of berzosertib and gemcitabine displayed a promising PFS
with a hazard ratio of 0.57 (90%, CI 0.33–0.98), a higher objective response was
observed for the group of patients who received treatment with gemcitabine alone.
According to the authors, discrepancies between ORR and PFS are not uncommon
in platinum-resistant ovarian cancer patients [51]. A sub-analysis of the patient
population based on the length of the platinum-free interval also showed that
patients who are treated with the berzosertib and gemcitabine combination, and
who have had a platinum-free interval of 3 months or less, have a 30% increase in
median PFS (27.7 weeks compared to 18.6 weeks in patients with intervals larger
than 3 months). Since the PFS benefit observed for patients with a platinum-free
interval of 3 months or less may be related to the enrichment for biomarkers of
replicative stress, the authors followed up on this finding with further correlative
assays [51]. Interestingly, results from follow-up studies using the same replica-
tion stress signature show that the combination of berzosertib and gemcitabine
benefited more patients with tumors displaying low replication stress (RS-low) in
contrast to patients with high replication stress tumors (who appeared to receive
a greater benefit from the increase of replication stress caused by gemcitabine
monotherapy [52]. Based on these results, it is suggested that increasing repli-
cation stress in RS-loss with gemcitabine concomitant with ATR inhibition by
berzosertib is necessary for lethality [52].

Finally, a few clinical trials have published results about the preliminary efficacy
and safety profile of the combination of berzosertib with topotecan in patients with
lung cancers. A proof-of-concept phase I clinical trial that investigated the combi-
nation of berzosertib with topotecan in patients with platinum-resistant small cell
lung cancer (SCLC) showed that 60% (3/5) of the patients treated achieved a PR
or prolonged SD lasting ≥6 months, and the combination seemed to be well toler-
ated with no additive toxicity observed [54]. Yet, shortly after the interim results of
the DDRiver SCLC 250 phase II trial investigating the combination of berzosertib
with topotecan in platinum-resistant SCLC patients reported an objective response
rate of 36% (9/25) and a median duration of response of 6.4 months, the trial
was discontinued based on a low probability of meeting the primary objective
[55, 56]. Further results from ongoing clinical trials are needed to demonstrate
whether treating patients with advanced cancers, whose tumors are undergoing
high replicative stress, with the combination of berzosertib and DNA-damaging
chemotherapeutic agents may potentially help overcome platinum and/or PARP
inhibitor resistance.
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14.5.2 Ceralasertib (AZD6738)

Ceralasertib is a potent and selective ATR inhibitor with a promising preclinical
data package showing efficacy in DDR-deficient settings [57]. Early preclinical
studies showed that ceralasertib increases γH2AX phosphorylation, while inhibit-
ing phosphorylation downstream of CHK1 in a variety of ATM-deficient cell lines
and inducing accumulation of unrepaired DNA damage and cell death in ATM/p53-
deficient leukemia cells [58, 59]. Recently, a growth inhibition assay assessing the
sensitivity of 276 cancer cell lines to ceralasertib reported that cell lines harboring
CCNE1 amplification or ARD1A, ATRX, and SETD2 mutations were associated
with sensitivity. At first sight, cancer cell lines harboring ATM mutations were not
associated with sensitivity; yet, upon stratifying the cancer cells based on ATM
expression levels, it was shown that complete absence of ATM function is sig-
nificantly associated with sensitivity to ceralasertib [60]. This finding, along with
previous observations of antitumor responses from patients harboring ATM loss-of-
function, supports the idea that patient selection for ATR inhibitors should consider
biallelic deleterious mutations and ATM-null expression [61].

Preliminary results from the dose escalation and expansion monotherapy arms
of the PATRIOT phase I clinical trial reported that ceralasertib was better tol-
erated when administered at an intermittent schedule of 2-weeks-on/2-weeks-off
because only 20% of the patients experienced grade ≥3 treatment related adverse
events (TRAEs) compared to 67% of patients when ceralasertib was administered
in a continuous schedule (NCT02223923). Although it was previously shown that
ceralasertib monotherapy in-vivo only induces significant tumor control/stasis and
that the synergistic effects resulting in tumor regression are pronounced when
ceralasertib is combined with DNA damaging agents or certain targeted small
molecules, preliminary antitumor activity of the ceralasertib monotherapy arms
of the PATRIOT trial show that 7% of patients achieved PR and 48% of them
achieved SD as best overall response [60, 62, 63].

In-vivo, the combination of ceralasertib and cisplatin induced significant tumor
reduction in HER2-positive breast cancer cells, as well as tumor regression in
ATM-deficient lung cancer xenograft models and synergistic effects in ATM-
deficient NSCLC cell lines [64, 65]. Results from a phase I trial investigating
the combination of ceralasertib and carboplatin in advanced solid tumor patients
reported that 2 (6%) of patients with low ATM or SLFN11 expression achieved PR
as best response by RECIST v1.1, while 53% patients (including two unconfirmed
PRs) achieved SD for ≥35 days (NCT02264678) [66]. Although no association
between ATM and SLFN11 expression level and antitumor activity was reported,
likely due to the sample size, these findings support the notion that further inves-
tigations on the interaction between ATR and loss of ATM function are needed. In
contrast, a phase I clinical trial investigating the safety and antitumor activity of
the ceralasertib and paclitaxel combination in advanced solid tumors (enriched for
melanoma patients) reported one patient achieved complete response (CR), while
21% achieved PR and 32% achieved SD. Even though the ORR for the entire pop-
ulation was 22.6% (95% CI, 12.5–35.5), an ORR of 33.3% (95% CI, 10.8–51.8)
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was reported for the subset of melanoma patients resistant to PD1/L1 treatment
[67].

Although both phase I trials studying the combinations of ceralasertib with
chemotherapy agents reported that the combinational strategies are safe and well
tolerated, thrombocytopenia, neutropenia and anemia were reported as the most
common grade ≥3 TRAEs, with schedule limiting consequences observed with
the combination of ceralasertib and carboplatin. Since toxicity may be one of
the major challenges in the implementation of ATR inhibitor combinations with
DNA damaging agents and other targeted small molecules, the success of clinical
trials investigating ceralasertib combinations depends on the optimization of the
dose scheduling sequences and targeted genetic tumor aberrations. For instance,
recent in-vivo studies suggest that to achieve tumor regressions, concurrent dos-
ing for the ceralasertib and irinotecan combination should be extended at least
one day, while a few days of ceralasertib dosing should be included after con-
current dosing with carboplatin [60]. In a similar fashion, the ATRiUM phase I
clinical trial is investigating the safety and antitumor activity of ceralasertib with
either intermittent or continuous gemcitabine dosing in advanced solid tumors,
particularly in patients with advanced pancreatic ductal adenocarcinoma with
ATM-loss-of-function [68, 69]. In all, results from an ongoing phase II trial inves-
tigating ceralasertib monotherapy in advanced solid tumors (enriching for mCRPC
with low ATM expression), as well as results from the remaining arms of the
PATRIOT phase I clinical trial and the ATRiUM phase I are required to further
assess the clinical efficacy of ceralasertib monotherapy and in combination with
chemotherapy agents in a molecularly targeted population.

Although synergistic effects in-vivo were observed when combining ceralasertib
with either PARP or WEE1 inhibitors, only the PARP inhibitors and ceralasertib
combination has successfully reached phase II clinical trials. Out of the six clinical
trials that are currently investigating the combination of ceralasertib and olaparib in
the advanced cancer setting, one phase I study reported on safety and preliminary
antitumor efficacy, as well as established the RP2D of the ceralasertib and olaparib
combination in patients with advanced solid tumors, and two Phase II trials have
presented contrasting preliminary results based on patient selection (Table 14.2)
[63, 70, 71]. Briefly, results from one of the first modular phase I clinical trials to
test the combination of ceralasertib and olaparib established a concurrent RP2D of
ceralasertib at 160 mg QD on days 1–7 and olaparib at 300 mg twice daily (BID)
on days 1–28, with thrombocytopenia and neutropenia defined as dose limiting
toxicities [72]. Within the module that tested the dose escalation of ceralasertib
and olaparib, antitumor responses were observed in patients with advanced breast,
ovarian, prostate, pancreatic, and ampullary cancer. Interestingly, while some of
the responding tumors had BRCA1/2 mutations, antitumor responses were inde-
pendent of ATM status [72]. Such results are in accordance with recent preclinical
studies suggesting that the combination of ceralasertib and olaparib in a concurrent
schedule induces tumor regression in TNBC BRCA-wild type and BRCA2-mutated
xenograft models [60], and the development of a phase II clinical trial currently
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recruiting patients to investigate the combination of ceralasertib and olaparib in
advanced germline BRCA mutated breast cancer (NCT04090567).

Although differences in study design preclude us from direct comparisons,
preliminary antitumor activity from two phase II clinical trials investigating the
combination of ceralasertib and olaparib seemed to be influenced by the selection
of targeted genetic tumor aberrations. That is, the phase II clinical trial investigat-
ing the clinical benefit of this combination in patients with advanced solid tumors
with or without ARID1A-deficiency (defined as lack of expression of BAF250a
by IHC) reported an ORR of 20% for patients with ARID1A-deficiency, includ-
ing two patients that achieved sustained CRs, while no objective responses were
observed in the cohort of patients with active ARID1A function [73]. In contrast,
the phase II clinical trial investigating signals of activity of the ceralasertib and
olaparib combination in patients with HGSOC reported no partial or complete
responses in a PARP naïve, genetically unselected, platinum-resistant cohort of 12
patients. Nonetheless, 75% of the patients in that trial achieved SD as best overall
response by RECIST v1.1 and 27% of the patients achieved≥50% decrease in
CA-125, most of them harboring tumors with somatic BRCA1 mutations [74].

As mentioned by investigators of the HGSOC phase II trial, it is likely that more
responses may have been achieved by focusing the patient population to ovarian
cancer patients harboring tumors with BRCA1/2 mutations and/or CCNE1 copy
number amplification [74]. Taking it all together, the ceralasertib and olaparib
combination appears to be well tolerated, but it is necessary to continue opti-
mizing patient selection strategies based on the selection of genetic aberrations
that induce synthetic lethality in different types of cancer types. Such concept
seems to be reflected in recent preliminary results from the HUDSON trial, a
phase II multidrug, biomarker selected umbrella study investigating the combina-
tion of multiple targeted small molecules with durvalumab, including ceralasertib
for NSCLC patients who progressed after anti-PD-1/PD-L1 and platinum ther-
apy (NCT03334617). Although no correlation was found between ATM biomarker
status and clinical responses by RECIST 1.1, the HUDSON trial reported an
improved ORR (11.1%) and longer PFS (7.43 months) for patients whose tumors
harbored ATM mutations or low protein expression -when compared to an ORR
of 8.3% and PFS of 4.96 months for NSCLC patients with acquired resistance to
prior immunotherapy, regardless of ATM status [75].

By comparing gene expression profiles in paired blood samples from patients
with controlled disease and patients whose disease progressed with the ceralasertib
monotherapy run-in, the HUDSON trial showed increases in an antigen presen-
tation gene signature and decreases in exhausted T-cell and NK-cell signatures,
supporting a model in which ceralasertib also has an active role in the immune
activation caused by the combination of ceralasertib with durvalumab [77]. These
findings are also in agreement with results from a phase II clinical trial inves-
tigating the clinical activity of the ceralasertib and durvalumab combination in
advanced gastric cancer patients, which reported (1) significantly longer PFS for
patients whose tumors harbored ATM-deficiency and/or HRD-deficiency when
compared to patients with active ATM function and HRD-proficient (5.60 months
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versus 1.65 months, HR 0.13., 95% CI 0.045–0.39, p < 0.001), as well as, (2)
upregulation of the innate immune response, (3) activation of intratumoral lympho-
cytes, and (4) increase of tumor reactive CD8+ T-cells in patients who responded
to treatment [76].

Finally, a phase III clinical trial (LATIFY, NCT05450692) will compare the
clinical benefit of the ceralasertib and durvalumab combination versus docetaxel
monotherapy in NSCLC patients who progressed after anti-PD-1/PD-L1 and plat-
inum therapy. This is based on the finding that NSCLC patients with primary
resistance to immunotherapy only responded to the combination of ceralasertib
and durvalumab in the HUDSON trial [75].

14.5.3 Elimusertib (BAY1895344)

By evaluating the molecular interactions of available ATR inhibitors within the
binding pocket of an ATR homology model created using the crystal structure
of a PI3K kinase and performing a high-throughput screen, Bayer identified a
lead compound that was further optimized to reduce potential off-target toxicity
[78]. BAY1895344, also called elimusertib, is a potent and selective ATR inhibitor
shown to increase γH2AX phosphorylation in HT-29 cells and inhibit cell prolif-
eration in a variety of cancer cell lines, including different lymphoma cells and
cell lines harboring mutations that affect the ATM pathway, Elimusertib induced
stronger antitumor activity than ceralasertib and berzosertib in a lymphoma cell
line-derived xenograft (CDX) model, with antitumor activity also observed in
ovarian, prostate and colorectal CDX models harboring DDR defects [40]. In addi-
tion, elimusertib treatment inhibited neuroblastoma cell growth and induced strong
tumor growth inhibition in neuroblastoma xenograft and ALK-driven genetically
modified mice models [79]. Interestingly, RNA-seq data from mice who achieved
tumor size decrease after elimusertib treatment revealed expression of inflamma-
tory response and immune tumor infiltration, suggesting that ATR inhibition by
elimusertib positively impacts the tumoral immune response [79].

Synergistic antitumor efficacy for the combination of elimusertib and DNA-
damaging treatments was observed in colorectal cancer cells treated with
elimusertib and cisplatin, as well as in colorectal xenograft models treated with
elimusertib and radiation therapy [40]. In contrast, antagonistic interactions were
observed with the combination of elimusertib and docetaxel [40].

Treatment with elimusertib and olaparib displayed strong antitumor efficacy
and a tolerable profile in a TNBC xenograft model and delayed tumor growth
in a PARP inhibitor resistant prostate cancer xenograft model [40]. In a similar
manner, synergistic antitumor activity was also observed with sequential dos-
ing of anti-PD-1/PD-L1 antibodies and elimusertib in immunocompromised and
lymphoma mice models [40]. Taken together, preclinical studies suggest that com-
bining elimusertib with certain DNA damaging agents, as well as with DDR and
checkpoint inhibitors, may result in synergistic antitumor activity when compared
to the respective singe-agent treatments.
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Further studies are currently being conducted to determine the precise combi-
nation schedules that are safe and well-tolerated in humans. For instance, results
from the dose escalation of the first-in-human trial of elimusertib in patients with
advanced solid tumors determined that intermittent dosing of 40 mg BID 3 days
on/4 days off is the maximum tolerated dose (MTD) of single-agent elimusertib,
with pharmacodynamic data showing on-treatment tumor increases in γH2AX lev-
els (NCT03188965) [80]. The most frequently observed adverse events (AE) in the
dose escalation was grade 3 anemia, likely due to limited differentiation and expan-
sion of erythrocyte precursors that are sensitive to replication stress [81]. Based
on the safety results from the first elimusertib monotherapy trial, combinational
strategies with chemotherapy agents may induce overlapping hematologic toxicity
and dose escalations should be approached with caution.

Nonetheless, this trial provided proof-of-concept for the clinical antitumor
activity of elimusertib: 4 patients achieved PRs, while 8 achieved SD with a
median duration of response of 11.25 months and resulting in 69% disease con-
trol rate in patients treated at MTD or above [80]. More importantly, 3 of the 4
patients that achieved PRs had tumors with low ATM expression by IHC, with
two of them harboring deleterious ATM mutations. Albeit a small sample size,
an ORR of 33.3% was reported for the subgroup of patients with ATM protein
loss, and an ORR of 37.5% was calculated for the subgroup of patients harboring
ATM deleterious mutations [80]. Within the responders for this trial, the inves-
tigators noted one heavily pretreated ovarian cancer patient who had received 9
chemotherapy lines, as well as prior PARP inhibitor and immunotherapy, achieved
SD for more than year [80]. The clinical benefit observed for this PARP-resistant
ovarian cancer patient harboring a BRCA1 deleterious mutation seem to suggest
that PARP inhibitor resistance may be mediated by protection of the DNA replica-
tion fork by ATR, opening the possibility of expanding ATR inhibitor treatments
to PARP inhibitor-resistant patient population and providing clinical rationale for
a phase I clinical trial that investigates the combination of elimusertib and nira-
parib in patients with advanced ovarian cancer and other solid tumors (Table 14.3,
NCT04267939) [80].

14.5.4 Gartisertib (M4344/VX-803)

As an ATP-competitive inhibitor, gartisertib is a selective ATR inhibitor with 100-
fold selectivity over a wide range of kinases and strong potency demonstrated
by suppression of ATR-driven checkpoint kinase-1 (CHK1) phosphorylation in a
prostate cancer cell line, as well as by induction of γH2AX phosphorylation in
a small-cell lung cancer cell line [82]. Remarkably, sensitivity assays and gene
expression analysis of a variety of cancer lines showed that cancer cells with
higher replication stress and high neuroendocrine expression signatures are highly
sensitive to gartisertib treatment, suggesting that those genomic signatures may be
useful for patient selection and as biomarkers of response [82].
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As a single-agent, gartisertib was shown to suppress proliferation in prostate
cancer cells at a lower concentration and at a higher rate than berzosertib and
ceralasertib, and it was shown to induce tumor stasis and tumor regression in
ALT mice models [83, 84]. A variety of preclinical models also demonstrated
synergistic effects of different gartisertib combination strategies. For instance, the
combination of gartisertib and TOP1 inhibitors showed synergistic antitumor activ-
ity in several small-cell lung cancer cell lines and cell-derived mouse xenografts,
as well as in prostate cancer patient-derived tumor organoids [85]. In addition,
combining gartisertib with DNA damaging agents such as gemcitabine and cis-
platin, as well as with PARP inhibitors such as talazoparib, displayed synergy at
noncytotoxic concentrations in a small-cell lung cancer cell line.

14.5.5 Camonsertib (RP-3500)

Camonsertib, developed by Repare Therapeutics and recently licensed to Roche,
is a highly selective ATR inhibitor that demonstrated potent single-agent effi-
cacy by a dose-dependent inhibition of CHK1 phosphorylation and induction
of γH2AX, DNA-PK and KAP1 phosphorylation in-vivo [86]. Camonsertib
monotherapy induced significant tumor growth inhibition in an ATM-deficient col-
orectal xenograft model and also induced complete tumor regression in a gastric
xenograft model [86]. Unlike other ATR inhibitors, tumor growth inhibition with
minimal hematological adverse effects was observed with intermittent camonsertib
treatment in ATM-deficient mouse models [86]. In line with preclinical data sug-
gesting that intermittent camonsertib dosing schedules with dose holidays of at
least 4 consecutive days allow for reticulocyte regeneration to avoid hematologi-
cal toxicities in-vivo, recent preliminary data from the TRESR phase I/IIa clinical
trial investigating the safety and preliminary efficacy of camonsertib showed a sig-
nificant reduction of grade 3 anemia in advanced cancer patients (NCT04497116)
[87]. In this study, 14.5% of patients treated with intermittent camonsertib dosing
experienced grade 3 anemia, compared with 65.7% of patients who experienced
grade 3 anemia after intermittent elimusertib treatment [87, 88]. Preliminary data
from the TRESR trial also showed clinical activity across different tumor types,
with meaningful clinical benefit in 49% of evaluable patients and an ORR of
25% [87]. Aligned with preclinical data, clinical activity was observed in CRPC
patients whose tumors harbored ATM and CDK12 mutations, ovarian cancer with
BRCA1 and RAD51C mutations, as well as breast cancer, melanoma, and HNSCC
patients with tumors harboring BRCA1 and BRCA2 mutations. Notably, 37 patients
whose tumors harbored relevant genomic mutations achieved molecular responses
in ctDNA, suggesting that ctDNA responses may predict clinical benefit [87].

Intermittent concomitant rather than sequential administration of camonsertib
and PARP inhibitors in different ATM and BRCA1 deficient models led to stronger
synergistic antitumor activity without increases in hematological toxicity [86].
Along with the additional modules of the TRESR clinical trial that are currently
investigating the combination of camonsertib and talazoparib, the ATTACC phase
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I/IIa clinical trial investigating the safety and preliminary efficacy of camonsertib
in combination with either olaparib or niraparib is currently recruiting patients
(NCT04972110).

14.5.6 M1774

Building on learnings from berzosertib, Merck KGaA developed M1774 as a
potent and selective ATR inhibitor that has demonstrated antitumor activity in PDX
models. The modular DDRiver Solid Tumors 301 clinical trial is currently inves-
tigating the safety and tolerability and preliminary efficacy of M1774 in patients
with advanced solid tumors harboring selected mutations, including deleterious
mutations in ATM, ARID1A, ATRX and/or DAXX (NCT04170153) [89]. Recent
results from the dose escalation of this trial suggested an MTD of 180 mg QD
continuous dosing and a recommended dose for expansion of 180 mg 2 weeks
on/1 week off, with modulation of γH2AX in peripheral blood mononuclear cells
achieved in doses starting at 130 mg QD [89]. While the DDRiver 301 trial is cur-
rently recruiting patients for two dose expansion modules in biomarker selected
cohorts and food effects cohort, it is also recruiting patients in a module investi-
gating the safety and tolerability of the combination of M1174 and niraparib. In
addition, a recent clinical trial investigating the safety and tolerability of M1774 in
combination with a DDR inhibitor or an immune checkpoint inhibitor has recently
started to recruit patients (NCT05396833).

14.5.7 ART0380

ART0380, licensed by Artios Pharma Ltd from The University of Texas MD
Anderson Cancer Center and ShangPharma Innovation, demonstrated target
engagement by γH2AX and pKAP1 modulation in-vivo and, is currently being
investigated as monotherapy and in combination with gemcitabine or irinote-
can in a modular phase I/IIa clinical trial for advanced solid tumor patients
(NCT04657068). In order to measure target engagement, Artios has developed
an assay in normal peripheral blood mononuclear cells (PMBCs) and in circulat-
ing tumor cells (CTCs) [90]. Although interim results for this trial have not been
presented thus far, Artios recently mentioned in a press release that upon treat-
ment with single-agent ART0380, modulation of γH2AX in patient blood samples
is observed at a larger magnitude in CTCs than in PBMCs, and that based on
preliminary results from the dose escalation phase of the trial, ART0380 has a
safe and tolerable profile. Therefore, the intermittent dose escalation ART0380 has
progressed to the dose expansion phase in patients with ATM-deficient tumors.
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14.6 ATR and PARP Inhibitor Combination Strategies

Synthetic lethal strategies for cancer treatment, where cell death is induced by tar-
geting proteins or pathways that are redundant in normal cells but not cancer cells,
are showing clinical promise. Inhibitors of PARP1 (Poly (ADP)-ribose polymerase
1, a key DDR enzyme) are prime examples of anti-cancer therapeutics capable of
harnessing the synthetic lethal mechanism and have revolutionized the field of can-
cer therapeutics. Seminal work led by multiple teams in the early 2000s identified
HR-deficient BRCA1/2-mutated cancers as selective targets for PARP inhibitor-
induced lethality [91–93]. Today, several PARP inhibitors are FDA-approved
for the treatment of BRCA1/2-mutated cancers, including in multiple settings
of ovarian cancer, metastatic breast cancer, pancreatic cancer, and advanced
castration-resistant prostate cancer (CRPC) [94–97]. Unfortunately, PARP inhibitor
resistance is ubiquitous in the clinic. Acquired PARP inhibitor resistance can
occur following prolonged treatment, whereas primary PARP inhibitor resistance
is observed in many patients with BRCA1/2-mutated cancers and fail to respond at
treatment initiation [98]. One strategy to overcome PARP inhibitor resistance is to
develop rational combination treatments to sensitize cells to PARP inhibitors.

Growing evidence suggests that ATR inhibition may help to overcome PARP
inhibitor resistance [99, 100]. The ATR gene was identified as a mediator of
PARP inhibitor sensitivity in a synthetic lethal siRNA screen [92]. DNA DSBs
that are produced following exposure to PARP inhibitors renders cells dependent
on ATR for DNA repair [8]. As such, exposure to an ATR inhibitor disables
ATR-mediated repair pathways and promotes cell death. Additionally, a known
mechanism of PARP inhibitor resistance involves restored replication fork stabi-
lization that may involve ATR, as well as other DDR proteins, such as CHK1 and
WEE1 [99]. Preclinical studies have demonstrated that ATR inhibition leads to
replication fork collapse that produces irreparable DNA DSBs [101, 102]. Build-
ing on this, the rationale for the combination of PARP and ATR inhibitors was
demonstrated in another preclinical study in which PARP inhibitor resistant cells
exhibited enhanced sensitivity in response to dual ATR and PARP inhibition in
ovarian cancer patient-derived xenograft (PDX) models [103]. Furthermore, there
are multiple ongoing clinical trials currently evaluating this drug combination, with
at least 10 active studies taking place world-wide at the time of publication (Table
14.4).

With an expansive landscape of trials evaluating ATR and PARP inhibitor com-
binations, it is important to understand the tolerability and clinical efficacy of this
approach. Overlapping toxicities stemming from combined ATR and PARP inhibi-
tion may be an issue for this drug combination. One example of such toxicity was
reported in a dose-finding phase I trial in which ceralasertib was combined with the
olaparib PARP inhibitor, which resulted in dose limiting toxicities (DLTs) in the
form of thrombocytopenia and neutropenia that restricted continuous concurrent
dosing of these agents [104].

Nonetheless, promising clinical activity produced by this drug combination was
reported in a separate phase II trials evaluating a cohort of patients with recurrent
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ovarian cancer who had progressed on prior PARP inhibitor treatment [105]. In a
cohort of thirteen patients, the reported objective response rate (ORR) was 46%
across six patients who had achieved radiologic PR [105]. Of these patients, 69%
had germline BRCA mutations, 23% had somatic BRCA mutations, and 8% had
other homologous recombination deficient mutations [105]. Although no patient
discontinued treatment due to toxicity, reported adverse events included throm-
bocytopenia, anemia, and neutropenia, with dose reductions reported for both
ceralasertib and olaparib [105]. Interestingly, this same study reported no objec-
tive responses in a cohort of PARP inhibitor naïve patients with platinum-resistant
ovarian cancer [106]. Enrichment of therapeutic responses in the cohort of patients
with past PARP inhibitor exposure further supports the notion that combined ATR
and PARP inhibitor strategies may be key to overcome PARP inhibitor resistance
in the clinic [106].

14.7 ATR and Immune-Checkpoint Inhibitor Combination
Strategies

An emerging body of preclinical and clinical evidence supports the immunomodu-
latory role of ATR inhibitors in the tumor microenvironment. For instance, a recent
single DNA fiber analysis after ATR inhibition showed induction of chromatin
bridge formation and chromosome lagging, which in turn accelerated mitotic entry
and further activated the cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) tumor sensing axis [107]. Since genotoxic stress also induces
the release of cytosolic DNA fragments that activate the cGAS-STING path-
way, the combination of ATR inhibition with chemotherapeutics seems a rational
combination to activate the innate immune response [111, 112].

It was also recently shown that treating prostate cancer cell lines with
elimusertib induced S-phase DNA damage, activation of cGAS-STING signal-
ing, as well as upregulation of CCL5 (chemokine ligand 5) and CXCL10 (C-X-C
motif chemokine ligand 10) expression that culminated in activation of innate
immunity [108, 109]. This is further supported by the increase in activated cGAS-
STING and TBK1 levels, CD8+ T-cell infiltration, reduction of regulatory T-cell
infiltration, and T-cell exhaustion observed in immunocompetent hepatocellular
carcinoma mouse models treated with the triple combination of radiation, followed
by ceralasertib and PD-L1 inhibition [110]. In addition, shortly after treatment with
ceralasertib there was a modest increase in the intratumoral concentration of IFN-γ
and proliferating CD8+ T-cells that was accompanied by a reduction of the PD-L1
tumor upregulation induced by radiation. At later time points, the combination of
ceralasertib and radiation induced an increase in infiltrating CD8+ T-cells, as well
as production of INF-γ and tumor necrosis factor α [110]. Similar results were
obtained by studying the combination of ceralasertib and radiation on immuno-
competent mouse models of HPV-driven cancer, where a signature of type I and II
IFN gene expression and modulation of cytokine gene expression (including CCL3
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and CXCL10) were associated with treatment. Interestingly, increased antigen pre-
sentation and levels of major histocompatibility complex class I were also observed
in vivo with the combination of ceralasertib and radiation [111]. Taken together,
results from multiple preclinical studies suggest that the combination of radiation
and ATR inhibitors stimulates IFN response and triggers antigen presentation.

ATR inhibition has also been shown to suppress upregulation of the natural
killer group 2D (NKG2D) cell surface ligand that binds to activated CD8+ T-cells
to trigger pro-inflammatory cytokine production [112]. It has also been suggested
that ATM/ATR/CHK1 signaling upregulation leads to transcriptional activation of
PD-L1 via the signal transducer and activators of transcription STAT1 and STAT3
and the IFN regulatory factor (IRF1) pathway [113]. In fact, an increase in PD-L1
expression, accompanied by increased infiltrating macrophages and reduced infil-
trating CD3+ T-cells, was observed in ATR deficient melanoma models (Fig. 14.1)
[114]. Remarkably, such preclinical data is supported by results from the phase I
clinical trial investigating elimusertib monotherapy, where paired tumor samples
from patients with PD-L1 positive tumors revealed upregulation of PD-L1 [80].
Interestingly, patients with metastatic melanoma that were previously resistant to
PD-L1 inhibitors achieved durable responses when treated with the combination
of ceralasertib and paclitaxel [115]. In this combinational trial, interlukin-12 fluc-
tuations were also observed in patients that received clinical benefit suggesting
activation of the innate immune response [115].

14.8 Candidate Biomarkers of ATR Sensitization

Therapeutic biomarkers are used as indicators of disease prognosis and predictive
measures of treatment response [116]. Emerging data from various preclinical and
clinical studies that evaluating ATR inhibitors as monotherapy or in combination
strategies have identified candidate predictive biomarkers that may indicate sensi-
tivity to ATR inhibition. Here, we summarize key genetic biomarkers and discuss
their role in defining target patient populations that may respond best to ATR
inhibitors.

ATM is a DDR kinase that senses and repairs dsDNA breaks and whose muta-
tion may confer dependency on the ATR-CHK1 axis, offering an exploitable target
for ATR inhibitors [117]. Although ATM is frequently mutated in cancer, the func-
tional impact of many ATM variants is not well established [118]. Furthermore,
there is significant overlap between ATM and ATR signaling pathways, as sup-
ported by various preclinical and clinical studies evaluating various cancer types
including hematological and solid tumors [8, 12, 119]. Clinical responses have
been reported from phase I studies of ATR inhibitors specifically in patients with
ATM aberrations, including ATM deleterious mutations or protein loss [12, 16,
120]. Although ATM is frequently mutated in cancer, the functional impact of
many ATM variants is not well established [118]. However, a large proportion of
ATM mutations derive from missense variants, which can lead to a reduction in
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ATM protein expression levels [31]. This highlights the potential use of immuno-
histochemistry (IHC) analysis as a clinical tool to probe ATM expression levels
and identify those who could benefit from ATR inhibition [31]. Pilie et al., further
demonstrated the utility of IHC to understand ATM mutation annotations reported
as variants of unknown significance (VUS), in which IHC analysis reported loss
of protein in up to 25% of ATM VUS mutations, thus clarifying their functional
impact [118]. This study also identified ATM loss of protein in patient tumor sam-
ples without identified ATM mutations, which points to the involvement of other
mechanisms such as epigenetic or post-translational loss [118].

Another widely evaluated biomarker of ATR inhibitor sensitivity is p53, which
plays a prominent role in G1 checkpoint control and whose loss comprises a high
proportion of cancer cases [31]. Although there is preclinical data to support p53’s
role as a predictive biomarker, the data remains inconsistent. For instance, Toledo
et al., showed that cells with defective p53 had augmented replication stress in
response to ATR inhibitors compared to cells with wildtype p53 [35]. A similar
finding was reported in Kwok et al., in which treatment with the ATR inhibitor
AZD6738 resulted in selective toxicity in p53 defective xenografts and cell lines
[121]. In contrast, another study showed no increase in sensitivity to single agent
ATR inhibition with VE-821 in p53 mutant cell lines compared to matched
wildtype p53 cells [122]. Although Dillion et al., reported radio-sensitization by
AZD6738 to single radiation fractions in a panel of cell lines, the narrow sensitiv-
ity range to AZD6738 was independent of p53 status [123]. Cumulatively, despite
strong rationale supporting the use of ATR inhibitors to treat p53 deficient tumors,
the conflicting data suggests further studies are necessary to assess its utility as a
predictive biomarker of response. Although data is still pending, multiple clinical
trials are underway to evaluate ATR inhibitors as monotherapy or in combination
strategies in patients with solid tumors harboring TP53 mutations [48, 124].

A link between ATR sensitivity and deficiency of the BAF complex component
AT-Rich Interactive Domain-containing protein 1A (ARID1A) was established in a
large-scale genetic screen reported in Williamson et al. [125]. In this study, both
in-vitro and in-vivo models were used to demonstrate wide-ranged genomic insta-
bility and cell death in ARID1A mutant cancer cell lines and tumors in response
to ATR inhibition [125]. The clinical significance of this finding is highlighted by
the fact that up to 7% of all cancers are associated with ARID1A loss and the
frequency of loss is increased in certain cancers, for example, ARID1A loss is
reported in up to 50% of clear cell ovarian carcinoma cases [126]. Further support
for ATR inhibition in the setting of ARID1A loss was demonstrated in Tsai et al.,
in which an accumulation of R-loop formation was identified as a driver of repli-
cation stress in an ovarian cancer line with ARID1A knockout [126]. Translation of
these data to the clinical setting has also produced compelling results. Antitumor
activity was observed in patients with ARID1A-deficient solid tumors treated with
the single-agent ATR inhibitor ceralasertib, including two patients that achieved
RECIST-confirmed complete responses [127]. In addition, treatment with M6620
monotherapy resulted in a RECIST-confirmed complete response after 16 cycles
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in a patient with metastatic colorectal cancer with ARID1A mutation and IHC con-
firmed loss of both ARID1A and ATM, with a reported progression free survival
of 29 months at their last assessment [128]. The use of cell-free DNA (cfDNA) as
an indicator of treatment response was also evaluated in this study, which revealed
declining levels of allele frequencies for ARID1A, among other identified muta-
tions, to undetectable levels after 9 cycles of treatment with M6620 compared to
baseline [128].

Targeting deficiencies in homologous recombination DNA repair (HRR) also
offers a potential opportunity for ATR inhibition [129, 130]. For example, Krajew-
ska et al., demonstrated sensitivity of the breast cancer cell line MCF-7 to ATR
inhibitors upon inactivation of RAD51 in the HRR pathway [129]. Other studies
have since further elucidated the major role ATR plays in regulating homologous
recombination processes. For instance, Kim et al., showed that increased ATR
signaling promotes the capacity of HRR in cancer cells by regulating the abun-
dance of homologous recombination factors [28]. In support of this, a phase I
trial of the Repare ATR inhibitor RP-3500 monotherapy observed multiple clini-
cal responses in ovarian cancer patients with PARP-inhibitor resistant cancers that
harbored actionable BRCA1 and RAD51C mutations [87, 117]. Other responses
described in this study included patients with homologous recombination defi-
ciency (HRD), with molecular alterations in ATM, BRCA2 and RAD51B/C [87].
ATR inhibition in HRD-cancers is largely under clinical investigation via multiple
trials that are actively recruiting patients with deleterious mutations in HRR genes.

ATR deficiency has also been shown to confer a strong synthetic lethal response
with many other DDR genes as well as with inducers of DNA replication stress
[29]. For example, ATR inhibition is synthetic lethal in cells with genetic defects
in genes such as APOBEC3A and B as well as with overexpression of cyclin E1
(CCNE1) and with c-MYC amplifications [28, 131–133]. In addition to those men-
tioned above, molecular defects in DDR genes such as ERCC1, XRCC1, CHK1,
and FANCD2, and even accumulation of R-loops, all have been shown to produce
a synthetic lethal effect in response to ATR inhibition [8, 28, 29]. With so many
potential synthetic lethal partners possible, results from ongoing preclinical and
clinical studies will be instrumental in identifying biomarkers and factors associ-
ated with therapeutic response as ATR inhibitors appear poised to enter the clinic
in the coming years.

14.9 Concluding Remarks

This chapter provides a rationale for targeting ATR and summarizes the cur-
rent landscape of ATR inhibitors in clinical evaluation. As a key component
of the DDR, ATR is a promising druggable target that is being widely evalu-
ated in phase I, II and III clinical trials as monotherapy and in combinations
with other agents, including DNA repair inhibitors, chemo- and radiotherapy, and
immunotherapy. Regardless of the approach taken, ongoing clinical studies must
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address optimization of the therapeutic window for this drug class. A predomi-
nantly reported toxicity across ATR inhibitors trials is myelosuppression, which is
a mechanism-based toxicity that ultimately limits the therapeutic window in both
monotherapy and combination approaches [134]. This carries key implications par-
ticularly for combination strategies due to potentiating of overlapping toxicities
that may deepen myelosuppression and reduce drug tolerability. Proposed rational
combination strategies should limit overlapping toxicity, which may be achieved
by coordinating intermittent dosing schedules to facilitate tissue recovery. Another
prevalent challenge is refining the target patient population most likely to benefit
from ATR inhibition. Molecular technology advances and companion diagnostics
have opened the door to precision oncology and the opportunity to offer per-
sonalized treatment strategies to patients [135]. Today, many clinical studies are
designed on the basis of mutational status, which has led to the approval of sev-
eral tumor-agnostic drugs [136]. Interestingly, many ongoing ATR inhibitor trials
are recruiting patients based on molecular alteration rather than relying solely on
tumor-type. A spectrum of molecular alterations have already been identified as
potential predictive biomarkers that may sensitize to ATR inhibition; however, to
be clinically efficacious, the biomarkers must be sensitive and easy to measure to
allow for successful integration into the clinic. In closing, although several ATR
inhibitors in development are poised to address a clinically unmet need, no ATR
inhibitor has received FDA-approval for cancer indications thus far. We eagerly
await the results from ongoing clinical studies as FDA-approval of ATR inhibitors
lies close in sight.
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15Targeting Polymerase Theta (POLθ)
for Cancer Therapy

Jeffrey Patterson-Fortin and Alan D. D’Andrea

15.1 Double Strand Break Repair by POLθ-Mediated
Microhomology-Mediated End-Joining

Maintenance of genome integrity is of upmost importance for cellular survival [1].
Genome integrity is achieved by DNA repair pathways, collectively known as the
DNA damage response (DDR) [2]. Double-stranded breaks (DSBs) are the most
cytotoxic form of DNA damage and, if unrepaired, these lesions lead to deleteri-
ous outcomes such as permanent changes to DNA sequence or cellular death [3–8].
Consequently, there are at least three pathways which repair DSBs. The majority
of DSBs are rapidly repaired by the non-homologous end-joining (NHEJ) path-
way, in which DSB DNA ends are directly re-ligated with minimal processing.
NHEJ is an error prone and template independent DSB repair pathway that can
occur throughout the entire cell cycle. The first step of NHEJ is recognition of the
DSB by the Ku70-Ku80 heterodimer [9, 10]. The Ku70-Ku80 heterodimer acts
as a scaffold, required for recruiting other NHEJ proteins and for joining DNA
ends [9–14]. DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is next
recruited, and it binds with high affinity to Ku70-Ku80 heterodimer-DNA ends
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[10]. If the DNA end breaks are compatible (ie, either blunt ends or breaks with
complementary overhangs), then repair will likely be error-free through ligation by
XRCC4-DNA ligase IV proteins. If, however the DNA break ends are not compat-
ible, requiring additional processing (ie, either resection by nucleases or addition
of nucleotides by polymerases), then repair will be error prone [15]. During S and
G2 phases of the cell cycle, DSB repair can occur by homologous recombination
(HR) which is sequence-guided by the available sister chromatid. The first step of
HR is the generation of 3’ overhanging single-stranded (ssDNA) by end resection.
The nuclease activity of the MRN complex, comprised of MRE11, RAD50, and
NBS1, stimulated by CtIP, performs end-resection at the site of the DSB [16–21].
Next, the resultant 3’ ssDNA ends are first bound by replication protein A (RPA)
followed by replacement with the RAD51 recombinase via the action of BRCA2,
thus forming a RAD51-ssDNA nucleoprotein filament. This RAD51-ssDNA nucle-
oprotein filament then searches for a homologous DNA sequence, and performs
strand invasion of the sister chromatid, thus forming a synapse with the homol-
ogous region on the other strand (D-loop). The homologous sequence ultimately
acts as a template to yield an error-free repair product [22–24].

Microhomology-mediated end-joining (MMEJ, alternative named alternative
end-joining or polymerase theta-mediated end-joining) is a third pathway that
can repair DSBs. Through MMEJ, the DNA polymerase theta (POLθ) enzyme,
encoded by POLQ, acts as a translesion DNA polymerase essential for the MMEJ
repair process [42, 50]. Similar to HR, the MMEJ repair pathway is initiated
by end-resection by the MRN complex stimulated by CtIP near the DSB expos-
ing short regions of complementary sequences ranging from 2 to 20 nucleotides
(microhomologies) [25–27]. These microhomologies are then used to align the
DNA ends with end bridging occurring secondary to the activities of PARP-1 [28,
29]. Next, the resultant 5’ flaps, created following alignment of the microhomol-
ogy regions, are processed by nucleases such as FEN1 [30, 31]. POLθ then binds
3’ single-stranded DNA generated by end-resection and uses annealed microho-
mology sequences as primers for DNA synthesis [32–36]. Ligation of the DNA
ends then occurs by the activity of XRCC1-LIG3 [37, 38] (Simsek et al. 2011).
Similar to NHEJ, MMEJ is error prone. The POLθ activity of MMEJ creates a
specific mutational signature of (1) microhomology deletions, and (2) templated
insertions providing a genomic biomarker of MMEJ [39–41].

POLθ is structurally and functionally distinct from other polymerases, consist-
ing of three domains with distinct activities that are all required for POLθ activity
(Fig. 15.1). The N-terminal domain contains a superfamily 2 (SF2) Hel308-typeS
helicase domain that has helicase activity, ATPase activity, and RAD51-binding
motifs. This domain may have both MMEJ independent and dependent activities
[42]. In terms of MMEJ-independent activity, the helicase domain can unwind
short double-stranded DNA with a 3′–5′ polarity in an ATP-dependent manner
though of unknown significance [43]. In terms of MMEJ-dependent activities,
the helicase domain, with its ATPase activity, can facilitate removal of RAD51
and RPA from ssDNA to inhibit HR. This stripping activity of POLθ is essential
in HR deficient cells, presumably due to the build-up of toxic levels of RAD51
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Fig. 15.1 Domains of POLθ. POLθ is a 2590 residue enzyme with three distinct domains: (1)
a helicase domain, (2) a central domain, and (3) a polymerase domain. The N-terminal helicase
domain has helicase activity, ATPase activity, and one RAD51-binding motif. The helicase domain
facilitates removal of RAD51 and RPA to suppress HR, and prevents snap-back replication, allow-
ing the polymerase domain to perform MMEJ on long ssDNA substrates. The unstructured central
domain contains 2 RAD51 binding motifs involved in suppressing HR and regulates POLθ multi-
merization. The C-terminal polymerase domain synthesizes DNA during MMEJ repair, either by
template extension or by terminal transferase activity. See text for more detail. Figure created using
Biorender

in the absence of POLθ [42, 44] (Mateos-Gomez et al., 2017). In addition, the
helicase domain, independent of its ATPase activity, allows the POLθ C-terminal
polymerase to perform MMEJ on long ssDNA substrates with 3′ terminal microho-
mology [45]. The central domain of POLθ is a long unstructured region that links
the N-terminal helicase domain and the C-terminal polymerase domain (Fig. 15.1).
Similar to the N-terminal domain, the central domain contains RAD51-binding
motifs and functions as an anti-recombinase, by inhibiting HR and promoting
MMEJ [42]. This domain also regulates POLθ multimerization and MMEJ sub-
strate choice, preventing MMEJ on short ssDNA and promoting MMEJ on long
ssDNA [45]. The C-terminal domain of POLθ contains an A-family polymerase
domain that performs gap filling by template extension or terminal transferase
activity [34–36, 62]. In addition to its role in MMEJ, POLθ can function in other
repair pathways, including base excision repair and translesion synthesis. It also
has recently being shown to possess reverse transcriptase activity [46]. In summary,
MMEJ is an error prone DSB repair pathway mediated by the unique multidomain
and multifunctional POLθ enzyme.

15.2 Synthetic Lethality of POLθ in Cancers

POLθ is expressed at low levels in normal tissue but is overexpressed in a variety
of malignancies, including lung, gastric, colorectal, breast, and ovarian cancers,
and this portends a poorer prognosis [42, 47–49]. Although POLθ expression is
tightly regulated, the mechanism of this regulation and corresponding overexpres-
sion in cancers remain unresolved. Nonetheless, its overexpression in HR-deficient
cancers, which are known to be selectively dependent on POLθ-mediated MMEJ
for viability, makes POLθ a promising synthetic lethal anti-cancer target. It is an
especially good target since POLθ is dispensable for growth and survival of normal
cells [42, 50]. In the clinic, the concept of synthetic lethality has been translated
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Table 15.1 Known synthetic lethal interactors with POLθ depletion or inhibition

Homologous
recombination

Non-homologous
end-joining

ATR, replication
stress

Others

ATM Ku70 ATR Single-strand annealing
(RAD52)

BRCA1 PRKDC Camptothecin Shelterin (POT1)

BRCA2 53BP1 Etoposide Translesion synthesis
(POLH)

FANCD2 REV7 Hydroxyurea

GEN1 SHLD2

PALB2

RAD51C

SLX4

Grouping of validated synthetic lethal interactors with POLθ depletion or inhibition. See text for
further details

therapeutically by targeting PARP1 in HR-deficient cancers harboring mutations in
BRCA1 or BRCA2. Patients with germline mutations in either of these two genes
can develop HR deficient ovarian, breast, pancreatic, or prostate cancer [51, 52].
Indeed, there exists a number of synthetic lethal relationships that can be exploited
with POLθ inhibitors (Table 15.1).

The POLQ gene was originally cloned and mapped by Sharief and colleagues
[53]. Later Shima and colleagues performed a mutagenesis screen for chromosome
instability mutants and used a screen of increased peripheral blood micronuclei as
a quantitative indicator of chromosomal damage. This group identified a reces-
sive mutation, termed chaos1, that increased both spontaneous and mitomycin
C-induced micronuclei. Interestingly, the chaos1 mouse was shown to have bial-
lelic mutations in the POLQ gene, suggesting a role for POLθ in DSB repair [54].
Later, Shima and colleagues demonstrated the first example of a POLθ synthetic
lethal interaction [55]. To investigate POLθ’s role in DSB repair, they bred POLQ-
deficient mice with ATM (ataxia telangiectasia mutated)-deficient mice. Double
knockout embryos or new born mice either failed to survive or exhibited severe
growth retardation and enhanced chromosome instability [55]. This synthetic lethal
interaction between POLθ and ATM was confirmed when POLQ-depleted ovarian
cancer cells were exposed to an ATM inhibitor (Ku55933) [42]. Subsequent stud-
ies revealed that POLθ inhibition or depletion is synthetic lethal with other DSB
repair processes such as NHEJ (Ku70, PRKDC), HR (BRCA1, BRCA2, PALB2,
RAD51, GEN1, SLX4), Faconi Anemia interstrand crosslink repair (FANCD2,
FANCF) and single-strand annealing (RAD52). Similarly, because POLθ inhibi-
tion results in increased DNA resection at DSBs, it is not unexpected that POLθ

inhibition or depletion would be synthetic lethal with antagonists of DNA end-
resection (53BP1, REV7, SHLD2) [41, 56, 57]. ssDNA activates the ATR (Ataxia
telangiectasia and Rad3 related) checkpoint which responds to ssDNA breaks in a
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multistep pathway that involves DNA-damage sensing, signal transduction, and
execution to protect replication forks from collapsing and to promote replica-
tion fork restart [58, 59]. Accordingly, POLθ depletion is synthetic lethal with
pharmacological ATR inhibition or ATR depletion [60]. Similarly, because the
ATR pathway responds to replication stress, agents that induce replication stress
and fork collapse, such as camptothecin (a topoisomerase I inhibitor) etoposide
(a topoisomerase II inhibitor), or hydroxyurea, are synthetic lethal with POLθ

depletion [60]. Finally, Zatreanu and colleagues employed a siRNA chemosen-
sitization screen to identify determinants of POLθ inhibition. They identified the
telomere protective protein complex (Shelterin) POT1 component and the transle-
sion synthesis associated gene, POLH in the screen [57]. In summary, POLθ and
MMEJ has several validated synthetic lethal interactions with other DDR pro-
cesses. Indeed, approximately half of the 300 murine DDR genes analyzed in a
CRISPR KO screen in POLQ-deficient mouse embryonic fibroblasts demonstrated
synthetic lethality [41]. Thus, targeting POLθ in cancers with known synthetic
lethal mutations or deficiencies has substantial clinical potential.

15.3 Development of POLθ Inhibitors

As discussed in the first section, POLθ is comprised of two known enzymatically
active domains: the ATPase containing N-terminal helicase domain and the poly-
merase containing C-terminal domain. The crystal structures of both domains have
been solved, providing insight to both drug targets [61, 62]. CRISPR-mediated
mutagenesis of either domain was synthetic lethal in BRCA1-deficient mouse
embryonic stem cells, indicating that pharmacological inhibition of either domain
could recapitulate this synthetic lethal relationship (Mateo-Gomez 2017). Indeed,
two independent groups recently published small molecular inhibitors that tar-
get either the helicase or polymerase domains respectively, and a number of
independent biotechnology companies are actively developing POLθ inhibitors
[56, 57].

The first research group performed a high-throughput small-molecule screen
of 23,513 bioactive compounds for inhibitors of POLθ ATPase activity and iden-
tified an antibiotic, novobiocin, as a top hit [56]. They repurposed novobiocin
as a POLθ inhibitor, demonstrating that the drug selectively kills HR-deficient
tumor cells, both in vitro and in vivo, in genetically engineered mouse models
(GEMMs) and xenograft and patient-derived xenograft (PDX) models. Specifi-
cally, they showed that novobiocin-mediated POLθ inhibition is synthetic lethal
in BRCA1, BRCA2, FANCF, and RAD51C-deficiency backgrounds (Table 15.1).
Importantly, novobiocin-mediated POLθ inhibition was additive with PARP inhi-
bition in killing HR-deficient tumors. PARP inhibitors or POLθ inhibitors (NVB)
can inhibit the recruitment of POLθ protein to sites of DNA damage. More-
over, these agents also have distinct functions in killing HR deficient tumor cells.
(Sect. 15.1). In addition, novobiocin-mediated POLθ inhibition was able to over-
come PARP inhibitor resistance secondary to two different mechanisms: in vitro,



290 J. Patterson-Fortin and A. D. D’Andrea

in BRCA1-deficient breast cancers with resistance to PARP inhibitor secondary to
downregulation of the Shieldin complex; and in vivo, in a PDX model of PARP
inhibitor resistant BRCA1 deficient ovarian cancer with biallelic loss of TP53BP1
[56]. Thus, pharmacological targeting of the ATPase containing helicase domain
of POLθ is an effective therapeutic strategy in treating HR-deficient cancers and
in overcoming PARP inhibitor resistance.

The second research group in contrast, performed a high-throughput DNA
primer extension small-molecule screen to discover inhibitors of the POLθ poly-
merase activity. This group initially identifyied ART558, an allosteric inhibitor of
the POLθ polymerase domain, and later developing ART812, a more potent in vivo
POLθ polymerase inhibitor [57]. Consistently, they showed that ART558-mediated
POLθ inhibition was synthetic lethal in HR-deficient tumor cells, additive with
PARP inhibitors, and able to overcome PARP inhibitor resistance. Specifically,
they showed that ART558-mediated POLθ polymerase activity was synthetic lethal
in BRCA1-deficient breast cancer cells in vitro. ART558 also killed genetically
engineered BRCA2-deficient colorectal cancer cells and BRCA2-deficient pancre-
atic cancer cells. Similar to novobiocin’s ability to re-sensitize PARP inhibitor
resistance secondary to Shieldin or TP53BP1 loss, ART558 was able to kill
these cancers as well, through inhibition of the POLθ polymerase activity. The
authors then recapitulated their work in an in vivo xenograft model in rats bearing
BRCA1-deficient breast cancer cells, demonstrating significant tumor inhibition
with ART812 [57]. Thus, pharmacological targeting of the polymerase domain
of POLθ has the same functional outcome as pharmacological targeting of the
ATPase domain. These two contemporaneous studies have demonstrated a number
of advances while also raising new questions.

First, the successful pharmacological inhibition of the POLθ ATPase containing
helicase domain or the POLθ polymerase domain demonstrated proof-of-concept
that POLθ inhibition reiterates the phenotypes obtained from genomic perturba-
tion of POLθ. Second, the studies have confirmed a role for POLθ in genomic
maintenance, as its inhibition by a small molecule inhibitor leads to an increase in
a marker of DNA damage-namely, γH2AX. Third, the work has independently
demonstrated that POLθ likely limits further DNA end-resection. Accordingly,
inhibition of POLθ leads to the accumulation of ssDNA and ultimately to cell death
via apoptosis. Fourth, the work has provided proof that POLθ inhibition is addi-
tive with PARP inhibition, and indeed, can re-sensitize PARP inhibitor resistant
cancers.

However, additional questions remain. First, which domain of POLθ should
be targeted? As discussed in Sect. 15.1, the ATPase containing helicase domain
may have both MMEJ independent and MMEJ-dependent functions. Similarly, the
polymerase domain also has MMEJ independent and dependent functions. Perhaps
simultaneous inhibition of both enzymatic domains would improve the killing of
HR deficient tumor cells. Second, the polymerase domain of POLθ was recently
shown to possess reverse transcriptase activity similar to HIV’s reverse transcrip-
tase activity [46]. Given the efficacy of targeting the POLθ polymerase domain, it
is possible that HIV reverse transcriptase inhibitors could be repurposed to inhibit
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POLθ or to be used in combination with the known POLθ inhibitors. Third, newer
POLθ inhibitors, such as agents which promote the degradation of POLθ, could
be generated. In summary, small molecule inhibition of either POLθ enzymatic
domain is synthetic lethal in HR-deficient tumors, recapitulating the previously
reported synthetic lethal studies in which POLθ was depleted by CRISPR knockout
[42, 50, 56, 57]. Fourth, although POLθ inhibition has been shown to be additive
with PARP inhibition in the re-sensitization of PARP inhibitor resistant cancers,
little is known regarding the appropriate scheduling regimen of a POLθ and PARP
inhibitor combination. It is hoped that the continued development and refinement
of POLθ inhibitors will translate into clinically effective treatments for patients
and continued molecular understanding about POLθ.

15.4 Clinical Use of POLθ Inhibitors

In Sect. 15.2, the known synthetic lethal relationships with POLθ depletion or
inhibition were detailed, suggesting that patients with cancers with these specific
genetic alterations could benefit from treatment with a POLθ inhibitor based on
robust pre-clinical data (Table 15.1). Whether this pre-clinical data can translate
to clinically effective treatments remains to be seen, but the first clinical trial
for a POLθ inhibitor, ART4215, (Artios Pharma, NCT04991480) which specif-
ically inhibits the POLθ polymerase domain has begun. Also, a clinical trial of
novobiocin which targets the POLθ helicase domain is anticipated in 2022. In
Sect. 15.3, the development of two different POLθ inhibitors was detailed and
notable for their efficacy in HR-deficient cancers. Both of these POLθ inhibitor
trials will enroll patients with breast cancers that harbor defects in HR, such as
patients with BRCA1 or BRCA2 germline mutations. For these patients, POLθ

inhibition is expected to have monotherapy activity (Fig. 15.2). In some cases,
patients will receive POLθ inhibitors as monotherapy or in combination with a
PARP inhibitor. Combination with PARP inhibitors is especially important since
these agents are not curative and acquired resistance can rapidly emerge [63–65].
First, given the pre-clinical data, it is expected that the combination POLθ and
PARP inhibition would augment PARP inhibitor activity by deepening responses
or by prolonging clinical benefit. Indeed, the treatment with PARPi plus POLθi
upfront could possibly delay or prevent the development of PARPi resistance. Sec-
ond, POLθ expression is upregulated in HR-deficient cancers, and these cancers
often exhibit a MMEJ specific mutational signature of microhomology deletions
and templated insertions consistent with a microhomology-rich insertion and dele-
tion 6 (ID6) signature [66]. Indeed, it has been proposed that upregulation of this
mutational signature indicates a direct upregulation of MMEJ and could serve as
a predictive biomarker of a cancer’s dependence on POLθ [67]. Similarly, analysis
of whole exome sequences has also revealed a specific nucleotide variant (SNV)
substitution signature, COSMIC signature 3, as a marker of HR deficiency, corre-
lated with functional loss of BRCA1, BRCA2, PALB2, and RAD51C [68, 69]. Thus,
COSMIC signature 3 could also serve as a predictive biomarker of HR deficiency
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Fig. 15.2 Clinical Use of POLθ Inhibitors. Schematic representation of treatment rationale for
POLθ inhibitors on the basis of synthetic lethality. In a HR-deficient cancer cell, monotherapy
POLθ inhibition will increase both RAD51 deposition and DNA end-resection to toxic levels, lead-
ing to cell death. Alternatively, POLθ inhibition could be combined with standard chemotherapy,
targeted DNA repair inhibitors, or immunotherapy in both HR-deficient and HR-proficient tumors.
Figure created using Biorender

and synthetic lethal interaction with POLθ depletion or inhibition, though further
prospective studies to establish this relationship are required. Nonetheless, error-
prone MMEJ could drive genomic plasticity and contribute to the acquisition of
PARP inhibitor resistance which could be prevented by POLθ inhibition de novo
in combination with PARP inhibition [39–41]. Third, if PARP inhibitor resistance
has developed by rewiring of DNA end-resection via loss of TP53BP1, REV7
(MAD2L2), or other components of the Shieldin complex, for example SHLD2,
these tumors remain dependent on POLθ and thus sensitive to POLθ inhibition [56,
57, 70, 71]. Thus, using POLθ inhibitors in combination with PARP inhibitors or in
cancers with acquired PARP inhibitor resistance could be beneficial. Nonetheless,
these first-in-human studies are critical for determining whether POLθ inhibition
will turn out to be a useful treatment of primary HR-deficient cancers or tumors
with acquired PARPi resistance.

Though the pre-clinical data has demonstrated the synthetic lethal relationship
between POLθ depletion or inhibition with HR-deficiency, there are also other
synthetic lethality relationships with POLθ inhibition, as highlighted in Table 15.1.
First, the MMEJ pathway was first identified as an alternative DSB repair path-
way in NHEJ-deficient yeast and hamster cells as these cells retained some degree
of end-joining activity, and hence initially termed as alternative end-joining [72,
73]. Thus, these observations raise the possibility that NHEJ and MMEJ may be
synthetic lethal. Indeed, biallelic mutation of Ku70 (NHEJ) and POLQ resulted
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in a synthetic-sick phenotype in mouse embryonic fibroblasts (Wyatt 2016). More
recently, pharmacologic inhibition of DNA-PK and genetic depletion of POLQ
restored radiomimetic sensitivity of TP53-deficient cancers [74]. Whether the com-
bination of a NHEJ inhibitor, such as peposertib (EMD Serono), with a POLθ

inhibitor, such as novobiocin, with or without an additional DNA damaging agent
(i.e., radiation) would be effective for a p53 mutant tumor is unknown. Since both
peposertib and novobiocin are well-tolerated, orally- available medications, such
a combination trial is feasible [56, 75]. Second, as described above, the original
synthetic lethal POLθ interactor was ATM [55]. A number of ATM inhibitors are
currently undergoing clinical trial for cancer therapy in combination with other
drugs (i.e., NCT02588105) or radiation (i.e., NCT03423628). Combination small
molecule ATM inhibition and POLθ inhibition would be predicted to be synthetic
lethal. Third, inhibition of POLθ leads to increased DNA end-resection, the accu-
mulation of ssDNA, and the activation of ATR. In addition, POLθ repairs DSBs
upon replication fork collapse and is required for an adequate response to repli-
cation stress [60]. Thus, combining POLθ inhibition in combination with ATR
inhibitors or with topoisomerase inhibitors that induce replication stress is another
likely viable treatment strategy. Fourth, POLθ inhibitors could be combined with
standard cytotoxic chemotherapy. For example, in metastatic castration-resistant
prostate cancer, POLQ overexpression predicts a poor response to chemotherapy
(docetaxel). In vitro, POLQ knockdown enhances docetaxel sensitivity, suggesting
that POLθ inhibition may synergize with cytotoxic chemotherapy [76]. Finally,
therapeutically effective DNA-damaging anti-tumor agents require the activation
of host cytotoxic immune responses [77, 78]. Indeed, PARP inhibitors have been
shown to activate the cGAS/STING innate immune response in HR-deficient cells
leading to intratumoral CD8+ T-cell infiltration and anti-tumor immune responses
in HR-deficient cancers, critical for their efficacy [77, 78]. Thus, given that POLθ

inhibition leads to the formation of micronuclei, a known trigger of immunogenic
responses, these findings suggest that POLθ inhibitors could be used in combina-
tion with STING agonists or with immune checkpoint blockade [79]. In summary,
POLθ inhibitors are currently entering clinical trial to first demonstrate safety,
second to demonstrate efficacy against HR-deficient cancers, and third to demon-
strate synergy with PARP inhibitors, based on robust pre-clinical data [56, 57]. But
given the known POLθ synthetic lethal interactions (Table 15.1), it is likely that
POLθ inhibition can be used as a targeted therapy in cancers beyond HR-deficient
cancers, and in combination with synergistic agents to minimize toxicity while
maximizing efficacy (Fig. 15.2).

15.5 Predictive Biomarkers for POLθ Inhibitor Responsiveness

POLθ inhibitors are a new class of anti-cancer drugs that are advancing in clinical
trials. It still remains unclear which clinical setting is most appropriate for these
agents. Also, it will be especially important to determine which biomarkers will be
most predictive of a POLθ inhibitor clinical response. Table 15.1 outlines known
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pre-clinical synthetic lethal interactors with POLθ inhibition and predicts that can-
cers with one or more of these alterations will be responsive to POLθ inhibition.
Immunohistochemistry for expression of these known synthetic lethal interactors
could be performed. Absence of expression of these biomarkers in a tumor could
better predict drug responsiveness. In addition, because replication stress corre-
lates with POLQ expression. Assessment of biomarkers of replication stress, such
as pRPA and pKAP1, by immunohistochemistry could provide an “up” assay, for
predicting POLθ inhibitor response [80]. Alternatively, pathogenic genomic alter-
ations identified by next-generation sequencing is also a useful biomarker tool.
This could include targeted sequencing for genomic alterations in DDR genes
such as BRCA1 or BRCA2, or to identify common genomic signatures such as
COSMIC signature 3 which may capture more patients, or to identify common
transcriptional signature such as upregulation of POLθ expression which corre-
lates with response to novobiocin-mediated POLθ inhibition. The development of
a biomarker for POLθ inhibition is important as meta-analysis of clinical trial
participants has demonstrated that the use of biomarker-guided therapy increases
objective response rates and improves overall survival [81–83]. Furthermore, the
development of biomarkers of POLθ inhibitor responsiveness may allow for the
identification of resistance mechanisms and inform how to appropriately adjust
cancer treatment. Finally, in terms of pharmacodynamic markers of POLθ inhi-
bition, two gain of signal assays are predicted to correlate with POLθ inhibition.
Mechanistically, because POLθ inhibition increases ssDNA, assessment of RPA
or RAD51, proteins that bind ssDNA, by immunohistochemistry could correlate
with POLθ inhibitor efficacy [56, 57]. Maximizing the potential POLθ inhibitors
will require the development of biomarkers to guide their clinical utilization and
to monitor their clinical efficacy.

15.6 Summary

In summary, MMEJ is an error-prone DSB repair pathway mediated by POLθ.
POLθ is often upregulated in cancers and its depletion or inhibition is synthetic
lethal with loss of other DNA repair pathway genes, suggesting a dependence
on POLθ and hence a promising precision medicine cancer target. Indeed, POLθ

inhibitors are now entering the cancer clinic, based on their robust pre-clinical
data. The agents are likely to have monotherapy activity when used in the genet-
ically appropriate cancers (i.e., HR-deficient cancers) (Fig. 15.2). Alternatively,
they combine well with other therapeutic agents, based on their underlying POLθ

synthetic lethal relationships. Continued development of POLθ inhibitors will not
only advance our understanding of POLθ’s activities and mechanisms of action
but will also appropriately define which patients who will benefit from targeting
POLθ for cancer therapy.
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16Targeting DNA-PK

Jan Philipp Novotny, Adrian Mariño-Enríquez,
and Jonathan A. Fletcher

16.1 Introduction

DNA-PK is a heterotrimeric complex formed in the presence of DNA that is
composed of the catalytic subunit of DNA-PK (DNA-PKcs) and the Ku70/80 het-
erodimer [1, 2]. Ku70/80 is also known as the DNA binding subunit of DNA-PK.
DNA-PKcs is one of the largest and most abundant proteins in eukaryotes, span-
ning 4128 amino acids and weighing ≈ 469 kDa [3]. This protein was discovered
in 1985 as a DNA-activated protein kinase in a HeLa extract contaminated with
double-stranded DNA [1, 4, 5]. The key observation was that this new DNA-
activated protein kinase phosphorylated the alpha isoform of heat shock protein
90 on a SQ/ST motif, which is a known phosphatidylinositol 3-kinase-related
kinase (PIKK) substrate motif [6, 7]. Indeed, DNA-PKcs is the largest member of
the PIKK family, which otherwise includes ataxia-telangiectasia mutated (ATM),
ataxia- and Rad3-related (ATR), and the mammalian target of rapamycin (mTOR)
[8].

All PIKKs share a common domain structure, with a kinase domain located
in the C-terminal region, flanked by FAT (FRAP, ATM, TRRAP) and PIKK reg-
ulatory domains (PRD). At the N-terminus, PIKKs feature alpha helical HEAT
(Huntingtin, Elongation factor 3, A subunit of protein phosphatase 2A and TOR1)
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Fig. 16.1 Graphical depiction of the DNA-PKcs domain architecture

repeats (Fig. 16.1) [3]. Though the PIKK kinase domain contains motifs similar to
those in phosphatidylinositol 3-kinases (PI3Ks, e.g. PIK3CA), PIKKs are serine/
threonine kinases which do not phosphorylate lipids.

The gene encoding DNA-PKcs (also known as XRCC7) is PRKDC, located
on chromosome 8q11 [9]. Phylogenetic studies demonstrate ancient origins of
DNA-PKcs with remarkable amino acid sequence conservation among Eukaryota,
particularly within the YPRD motif which is located between a phosphoryla-
tion cluster (ABCDE) and the FAT domain [3]. The ABCDE cluster contains 6
redundant autophosphorylation sites and together with autophosphorylation sites in
another cluster (termed PQR) these enable DNA-PK regulation of V(D)J recombi-
nation and DNA damage repair (DDR) by non-homologous end-joining [10–12].
DNA-PKcs is further regulated through phosphorylation by other PIKK family
members, including ATM, within the ABCDE cluster and at T3205.

DNA-PK has been implicated in varied biological processes but is best known
for its key function in non-homologous end-joining. In this function, DNA-PKcs
orchestrates the repair of DNA double strand breaks (DSBs) [13]. In addition to
its well-known roles in DNA damage repair, it is increasingly apparent that DNA-
PKcs serves roles in regulation of mitosis [14], transcription [15], RNA processing
[16], and innate immune response [17]. Although initial preclinical and clinical
studies of DNA-PK inhibition have targeted the DDR roles, it is likely that future
clinical studies, while continuing to refine the DDR-inhibition strategies, will also
be mindful of opportunities to leverage inhibition of other DNA-PK functions.

16.1.1 Insights from SCID Mice and Other DNA-PK
Loss-of-Function Phenotypes

Severe combined immunodeficiency (SCID) in humans is characterized by com-
promised B- and T-cell development and function [18]. The mouse counterpart to
human SCID was identified in 1983 by M. Bosma based on the absence of serum
immunoglobulins [19]. Subsequent studies demonstrated that the agammaglobu-
linemia resulted from defective V(D)J recombination, which in turn was caused by
DNA-PK definciency due to inactivating mutation in PRKDC [20]. V(D)J recom-
bination is critical for T- and B-cell development and function and requires antigen
receptor gene assembly from Variable, Diverse and Joining gene segments. This
process is NHEJ-dependent and is initiated by creation of DNA DSBs by recom-
bination activated 1 and 2 (RAG1 and RAG2), which are lymphocyte specific
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endonucleases [21]. Because this process generates DSBs with hairpin overhangs,
these DNA ends need to be end-processed by the endonuclease Artemis before the
V(D)J segments can be ligated. Artemis activation is regulated by DNA-PKcs [22,
23]. Because the PRKDC mutation in SCID mice results in loss of DNA-PKcs
expression, these mice are characterized by accumulation of hairpin intermediates
during V(D)J recombination and absence of functional antigen receptors [24, 25].

Studies in mice have characterized three distinct categories of DNA-PKcs alter-
ations, which are summarized below: (1) complete loss of DNA-PKcs expression,
which can result from spontaneously occurring PRKDC mutations in animals [26,
27]; (2) induced loss-of-function mutations in the DNA-PKcs kinase domain; and
(3) knock-in mutations preventing (auto)phosphorylation at the ABCDE and PQR
clusters.

(1) DNA-PKcs null mice demonstrate complete loss of T- and B-cells in line with
a SCID phenotype but do not show any other impairment [28, 29].

(2) The D3992A substitution, which results in kinase dead (KD) DNA-PKcs is
embryonically lethal in mice and results in neuronal apoptosis, similar to that
observed in Xrcc4 and LigIV knock-out mice [30, 31]. However, embryonic
lethality can be rescued by Ku loss [30]. Furthermore, cells derived from
DNA-PKcs KD mice demonstrate greater sensitivity to ionizing radiation than
those from DNA-PKcs null mice [30].

(3) Alanine substitutions precluding phosphorylation within the DNA-PKcs
ABCDE phosphorylation cluster contribute to bone marrow failure and early
death in mice [32]. In contrast, mice with alanine substitutions in the PQR
phosphorylation cluster develop normally but have moderate sensitivity to
ionizing radiation [32].

Interestingly and in contrast to observations in mice and horses, various compo-
nents of the DNA-PK heterotrimeric complex are essential in human cells. Indeed,
all patients with DNA-PKcs mutations reported in the literature have detectable,
albeit reduced DNA-PKcs expression, while naturally occurring DNA-PKcs muta-
tions in other animals can result in null phenotypes. The first patient with mutated
PRKDC was described by van der Burg and contained a monoallelic L3062R
missense mutation within the FAT domain, which did not affect DNA-PK kinase
activity but impaired Artemis endonuclease activation [33]. Clinically, this patient
demonstrated a SCID phenotype with absence of B and T cells and normal NK cell
counts. A patient with PRKDC compound heterozygous mutations had a A3574V
substitution (FAT domain) on one allele and an abnormally spliced transcript with
loss of exon 16 from the other allele, likely resulting in loss of function [34].
This patient had dysmorphic features and growth failure, microcephaly, seizures,
and substantial neurological impairment in addition to the B−T−NK+ phenotype.
Two unrelated patients with homozygous DNA-PKcs p.L3062R mutation exhib-
ited defective DSB repair and V(D)J associated with progressive decline in B-
and T-cells along with signs of autoimmunity [35, 36]. Interestingly, two siblings
with DNA-PKcs p.L3061R mutation both had immune deficiency but differed in
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the presence of an autoimmune disorder [36]. While it is unclear whether these
patients suffered from mono- or biallelic PRKDC mutations, the cases exemplify
the variability of symptoms resulting from similar DNA-PKcs mutations.

Several conclusions can be drawn from those observations: (a) the essentiality
of DNA-PKcs in humans suggests additional functions compared to non-hominids;
(b) the downstream effects of DNA-PKcs mutations depend on which functions
they impede; (c) DNA-PKcs appears to have a role in preventing autoimmunity
in humans; and (d) the differences observed in animal models must be taken into
account when extrapolating DNA-PKcs findings from animals to humans.

16.1.2 DNA-PK Roles in DNA Damage Repair

DNA damage provoked by endogenous or exogeneous mechanisms represents a
constant threat to genomic integrity that must be dealt with effectively by intrin-
sic repair functions. Therefore, DNA damage repair is a key process for genome
maintenance and replication fidelity [37]. Upon DNA damage, the DDR system is
engaged, recruiting repair factors and activating cell cycle control checkpoints to
permit DNA damage repair. DSBs represent the most toxic form of DNA damage,
leading to cell death or chromosomal aberrations [38]. In eukaryotes, DSBs can
be repaired by several complementary DDR mechanisms. Of those, homologous
recombination (HR) and non-homologous end-joining (NHEJ) are the most well
studied. The cell’s choice of DDR pathways is context dependent and, in case of
HR, restricted to S and G2 phase of the cell cycle because this pathway requires
the presence of a sister chromatid to serve as template [39]. In contrast, NHEJ is
active throughout the cell cycle but error-prone [40]. NHEJ is also the dominant
repair pathway in the G2 phase for ionizing radiation damage distant from the
replication fork [41].

DNA-PK is a key factor in NHEJ, consisting of a heterotrimeric complex com-
posed of DNA-PKcs and the Ku70/Ku80 heterodimers, which are also known as
the DNA binding subunit. Ku heterodimerization forms a DNA-binding ring which
fits around the major and minor DNA grooves and translocates inward upon DNA
binding. Because the heterodimer does not make any direct base contacts, it is
thought that the Ku-DNA interaction proceeds in a sequence independent manner
[42, 43]. Inward translocation of the Ku heterodimer recruits DNA-PKcs to interact
with the DNA DSB and form the DNA-PK holoenzyme (Fig. 16.2). Assembly of
the complex between adjacent DNA breaks forms a synaptic complex to keep the
broken ends in proximity, protecting them from unscheduled processing [44–46].
Depending on the damage encountered, non-ligatable DNA needs to be processed
prior to ligation via the XLF-XRCC4-LIGIV complex. This is carried out primar-
ily by the 5′–3′ nuclease Artemis along with other factors such as the 3′-DNA
phosphatase/5′-DNA kinase polynucleotide kinase phosphatase (PNKP) [47–49].

The mechanisms by which DNA-PK orchestrates DNA-end processing are
incompletely understood, but recent evidence sheds light on how features of
the DNA ends influence DNA-PK autophosphorylation and thereby downstream
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Fig. 16.2 Schematic
illustration of NHEJ
mediated DNA double strand
break repair. Ku70/80 and
DNA-PKcs form the
DNA-PK holoenzyme and
recruit downstream effectors
that proceed with DNA
end-processing and ligation.
Created with BioRender.com

events. Two main phosphorylation clusters have been identified in DNA-PKcs.
The ABCDE cluster spanning residues 2609–2647 contains 6 functionally redun-
dant phosphorylation sites that are required for Artemis activation. Phosphorylation
within the ABCDE cluster induces a conformational change that releases Artemis
from its autoinhibited state and thereby allows for end-processing [50, 51]. Con-
versely, blocking phosphorylation within the ABCDE region delays DNA-PKcs
release from DSBs and impedes end-processing [51]. Hairpin DNA-ends that are
generated during V(D)J recombination, a process dependent on NHEJ, promote
DNA-PKcs autophosphorylation at the ABCDE cluster. This leads to phosphoryla-
tion of the Artemis C-terminal region which is thought to facilitate its de-inhibition
[52]. Once end-processing is complete, phosphorylation at the DNA-PKcs PQR
cluster limits further processing [12, 53]. In the case of blunt DNA ends or ends
with 3′ overhang, the ABCDE cluster protects open DNA and cannot be phos-
phorylated, which promotes DNA end protection and favors phosphorylation of
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downstream factors, such as Ku70/80 [54]. This is in line with the observation
that hairpinned DNA ends do not activate DNA-PK to phosphorylate TP53 and
that TelN restricted DNA, which generates covalently closed DNA ends, leads
to autophosphorylation within the ABCDE cluster but fails to activate DNA-PK
downstream substrates [51].

Substantial evidence indicates that DNA-PKcs has extensive post-translational
modifications, of which phosphorylation is the best studied. In addition to
autophosphorylation, the ABCDE cluster can also be phosphorylated by the
PIKK family members ATM and ATR, both of which serve key functions in
DDR [55, 56]. In fact, it has been shown that ATM can compensate for DNA-
PKcs dysfunction, exemplifying the crosstalk among DDR kinases [57]. Other
DNA-PKcs post-translational modifications include ubiquitination, PARylation,
NEDylation, and acetylation. However, as is the case with phosphorylating events,
the biologic impact of these modifications is only very incompletely understood.
DNA-PKcs is ubiquitinated and tagged for proteosomal degradation by Ring Fin-
ger Protein 144A (RNF144A), which was the first ubiquitinase known to target
DNA-PKcs. RNF114A expression is induced by cell exposure to DNA dam-
aging agents, and RNF114A depletion results in DNA-PKcs accumulation and
decreased chemosensitivity [58]. Likewise, knock-down of the chaperone pro-
tein VCP (valosine containing protein), which binds ubiquitinated DNA-PKcs,
results in DNA-PKcs accumulation, elevated DNA-PK activity, and increased DNA
damage repair efficiency [59].

ADP-ribosylation by poly (ADP-ribose) polymerases (PARPs) regulates numer-
ous biological processes and PARP inhibitors were the first approved anti-cancer
drugs targeting DNA damage response in BRCA1/2 mutated breast cancer.
Notably, PARP and DNA-PK can be co-recruited to sites of DNA damage, and
PARP proteins can interact with DNA-PK to maintain genomic integrity after DNA
DSB induction [60, 61]. PARylation by PARP proteins stimulates DNA-PK activ-
ity in vitro and PARP1 knock-down reduces DNA-PKcs expression and activity in
nasopharyngeal carcinoma in vitro [62, 63]. Conversely, DNA-PK modulates PARP
function by phosphorylating PARP in a DNA dependent manner—although the
biological impact is poorly understood [64]. Further studies are needed to deter-
mine whether cancers with homologous recombination repair deficiency (which
are responsive clinically to PARP-inhibition) are hyper-dependent on DNA-PK as
a compensatory mechanism for DSB repair. However, the known biologic interac-
tions between PARP and DNA-PK, and the evidence that NHEJ is a compensatory
repair mechanism in cells with HRD, provide rationale for exploring therapeu-
tic combination approaches or sequential approaches drawing upon inhibition of
PARP and DNA-PK. As discussed later in this chapter, there is also evidence
that DNA-PK co-inhibition in cancer cells with homologous recombination repair
deficiency can actually impair response to PARP inhibitors. Given the many cross-
connections between PARP proteins and DNA-PK, it is likely the clinical benefit,
if any, of co-inhibiting these repair kinases will vary greatly in different cancers.

DNA-PK activity is also regulated by crosstalk with nuclear receptors and
indeed nuclear receptor signaling can induce DNA double strand breaks and
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stimulate recruitment of DNA-PK and other DDR factors [65, 66]. In particu-
lar, androgen and estrogen receptor signaling regulate transcriptional activity of
the PRKDC promoter [67–70]. In addition, DNA-PK can act as a transcriptional
co-regulator and phosphorylate various nuclear receptors [71]. These observa-
tions raise intriguing questions as to whether DNA-PK signaling roles differ in
malignancies with substantial dependence on nuclear receptors.

Many epithelioid caners express epidermal growth factor receptor (EGFR), and
high EGFR expression levels have been associated with poor outcomes. Radiation
induces EGFR expression and co-treating cells with an EGFR antibody resulted
in sensitization to ionizing radiation (IR). These insights had profound clinical
impact on how EGFR positive cancers are treated with radiation therapy [72].
Subsequent studies demonstrated that EGFR interacts with DNA-PK and that IR
causes EGFR translocation to the nucleus, which then enhances DDR by interac-
tion with DNA-PKcs [73]. Treatment with a monoclonal EGFR antibody inhibits
this re-distribution, thereby prevent interaction with DNA-PKcs and explaining
why the antibody sensitizes cancer cells to radiation [74–76]. Thus, co-treatment
with an anti-EGFR antibody such as cetuximab is now a standard approach to
increase sensitivity to radiation therapy in patients.

16.1.3 DNA-PK Roles in Immunity and Autoimmune Disorders

Innate immunity is activated in response to various pathogens, and host detec-
tion of cytosolic DNA is a key step in mounting an anti-viral response. Nucleic
acids and other pathogen-associated molecular patterns (PAMPs) are sensed by
pattern recognition receptors (PRRs), triggering an immune response [77]. Indeed,
genomic instability is a major contributor of cytosolic DNA, which itself is potent
activator of a type I interferon response [78, 79]. The cGAS-STING pathway is
one mechanism that has emerged as a key surveillance system orchestrating anti-
pathogen and anti-tumor immunity [80]. Upon binding to cytosolic DNA, cGAS
catalyzes the production of cGAMP, which subsequently activates the stimula-
tor of interferon genes (STING). STING then translocates from the ER to the
Golgi, inducing serial phosphorylation events and ultimately activating TBK1 and
interferon regulatory factor 3 (IRF3) which results in production of type I inter-
ferons. DNA-PK inhibits cGAS by phosphorylation events, accounting for the
autoimmune disorders that often accompany DNA-PKcs defects [80]. In addi-
tion, DNA-PK can activate IRF3 dependent interferon-1 response independently
of cGAS and STING, although the evidence for these roles has been conflict-
ing, depending on the cell types (nonneoplastic vs. neoplastic) and species in
which the studies were performed [17, 81]. This is in line with the report of a
second, STING-independent DNA sensing pathway in human cells that appears
to be undetectable in murine cells [82]. As one example of an apparently cGAS-
STING independent role, DNA-PK mediates IRF3 on threonine 135, causing IRF3
nuclear retention and delayed proteolysis in the setting of viral infection [81]. The
importance of DNA-PK signaling to activate innate immune responses is further
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highlighted by studies interrogating infections with the vaccinia virus (VAVC) [83,
84]. These studies demonstrated that the VACV encoded protein C16 binds to the
Ku70/80 heterodimer, which blocks DNA-PK-dependent DNA sensing and thereby
attenuates innate immune activation.

DNA-PK roles in immunity, like the key DNA-PK roles in DNA damage repair,
are an area of active study. It is likely that the intersection of these biologic themes
will engender opportunities to enhance both cytotoxicity and immune response
by targeting DNA-PKcs in combination therapies for various cancers. Another
promising avenue is the role of DNA-PK modulating T-cell tolerance by inter-
action with the transcription factor autoimmune regulator (AIRE) [85]. DNA-PK
phosphorylates AIRE on T68 and S156, thereby regulating AIRE transactivating
functions. Consequently, DNA-PK inhibition or loss decreases expression of AIRE
target genes.

16.1.4 DNA-PK Inhibition as Therapeutic Strategy

Genomic instability is a hallmark of many cancers and in some cases is attributable
to inactivation of DDR proteins that normally serve as guardians of genomic
integrity. Well known examples include the mutations and deletions that inactivate
homologous recombination repair pathway proteins and which denote vulnerabil-
ity to PARP inhibitor therapies. Nonetheless, even in cancers with evident genomic
instability, other repair pathways have essential roles in preventing the instability
(and resultant genotoxicity) from getting entirely out of hand. As discussed above,
there is evidence that homologous recombination deficient cancer cells can become
hyper-dependent on DNA-PK as an alternate pathway to maintain at least partial
capabilities for DSB repair.

For this reason, DNA-PK is an attractive target for anti-cancer therapies. And
beyond the possibility of compensatory DNA-PK hyper-dependence in cancers
with deficiencies in other DDR pathways, DNA-PK is generally known to limit
genotoxic instability induced by DNA damaging chemotherapies. High DNA-
PKcs expression levels are accordingly associated with resistance to cytotoxic
therapies and thereby associated with worse prognosis [86, 87]. Conversely, DNA-
PKcs null mice demonstrate increased sensitivity to DNA damaging therapy, and
multiple studies demonstrate that DNA-PKcs inhibition is synthetically lethal in
combination with DNA damaging agents (DDAs) [88–90].

Various evidence suggests that mechanisms of cell death resulting from DNA-
PK inhibition (DNA-PKi) are influenced by the functional status of cell cycle
control. For example, when treating acute myeloid leukemia cells wtih the selec-
tive DNA-PKcs inhibitor peposertib, Haines et al. demonstrated that DNA-PKi
combined with DNA damaging chemotherapy potentiated compensatory ATM sig-
naling. This led to increased TP53 expression and induction of TP53-dependent
apoptosis [87]. In contrast, malignancies with dysfunctional TP53 fail to engage
cell cycle checkpoints in response to combinations of DDA with DNA-PKi and
enter mitosis prior to completion of DNA damage repair [91]. Such failure of
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scheduled DSB repair fosters incremental genomic damage, culminating in mitotic
catastrophe and apoptotic cell death. TP53 functional status can thus impact
cell fate after DNA-PKi, specifically determining the mechanisms of cell death.
Interestingly, DNA-PKi monotherapy, although clinically well-tolerated, has very
limited efficacy against most solid malignancies. This indicates that NHEJ inhibi-
tion alone is insufficient to drive genomic instability to genotoxic levels in vivo
[92]. Current clinical evaluations therefore focus on DNA-PKi as a sensitizer
towards conventionally dosed DDAs, such as ionizing radiation or topoisomerase
II inhibitors, which induce DNA double strand breaks.

Several clinical trials using new-generation DNA-PKcs inhibitors targeting the
ATP binding pocket are underway or have been reported upon. In contrast to
prior compounds, new-generation small-molecule inhibitors have greater selectiv-
ity for DNA-PKcs over PI3K and other PIKK family members [90]. The first
in human phase I trial testing the oral DNA-PK inhibitor peposertib (formerly
known as M3814), enrolled 31 patients with advanced solid tumors and did
not reach the maximum tolerated dose (MTD). Several clinical trials explored
peposertib in combination with chemotherapy, e.g. pegylated liposomal doxoru-
bicin (NCT04092270), or radiation therapy (NCT02516813) [93]. The phase I/IIa
first in human trial of AZD7648 completed recruitment and will assess AZD7648
as monotherapy and in combination with either pegylated liposomal doxorubicin
or olaparib (NCT03907969) [94].

The aforementioned clinical trials of DNA-PKi combined with DNA damag-
ing therapies at conventional dose levels demonstrated a narrow therapeutic index
and substantial toxicity [93]. These challenges highlight the need for better toler-
ated DNA-PKi combination therapies and also for biomarkers that identify cancers
particularly dependent on DNA-PK/NHEJ, in which even low doses of DNA-
PKi might be active. Notably, the genetic background of various immunodeficient
mouse models must be carefully considered when performing DNA-PKi preclin-
ical evaluations. As discussed above, standard SCID mice, which are DNA-PKcs
null (DNA-PKcs−/−) are not informative for DNA-PKi toxicities to nonneoplastic
cells although toxicities with DNA damaging agents are heightened in these mice
due to the intrinsic DNA damage repair deficiency.

DNA damage repair is a multi-step process with extensive crosstalk among
DDR factors, which can elicit compensatory repair pathway activation upon
inhibiting specific DDR effectors. Synthetic lethality of PARPi in homologous
recombination (HR) deficient cancer is well described and it is possible that HR-
deficiency sensitizes some cancers to NHEJ pathway inhibition. Surprisingly, other
evidence suggests that DNA-PKi can abrogate the impact of PARPi in HR deficient
cancer [95]. In addition to TP53 status, genomic and functional assays interro-
gating HR-deficiency might therefore prove to be useful in predicting DNA-PKi
efficacy.

Effective DNA-PKi combination therapies will likely be defined by further
studies of the relationships between DNA-PK and other DSB repair mechanisms—
particularly compensatory mechanisms. For example, many deficient cancers are
dependent on CDK2 for G2/M cell cycle arrest, and therefore inhibiting CDK2 by
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targeting the ATR-CHK1-WEE1 pathway can consolidate response to DNA-PKi
[96]. Additionally, DNA-PKi synthetic lethality has been observed in ATM defec-
tive cancer and likewise ATM signaling can rescue cells from DNA-PKi, providing
rationale for co-targeting ATM and DNA-PK.

Altogether, DNA-PK inhibition is emerging as a promising but challenging ther-
apeutic approach in cancer. While primarily targeted for its role in NHEJ DNA
damage repair, DNA-PK also regulates other important biologic pathways. These
additional roles provide new opportunities to advance cancer treatment but also
increase the likelihood of substantial toxicity in the clinic, which underscores
the need for compelling and novel rationales that can guide effective clinical
translation.

References

1. Lees-Miller SP, Chen Y-R, Anderson CW (1990) Human cells contain a DNA-activated pro-
tein kinase that phosphorylates simian virus 40 T antigen, mouse p53, and the human Ku
autoantigen. Mol Cell Biol. https://doi.org/10.1128/mcb.10.12.6472

2. Gottlieb TM, Jackson SP (1993) The DNA-dependent protein kinase: requirement for DNA
ends and association with Ku antigen. Cell. https://doi.org/10.1016/0092-8674(93)90057-w

3. Lees-Miller JP et al (2020) Uncovering DNA-PKcs ancient phylogeny, unique sequence motifs
and insights for human disease. Prog Biophys Mol Biol 163:87–108

4. Walker AI, Hunt T, Jackson RJ, Anderson CW (1985) Double-stranded DNA induces the phos-
phorylation of several proteins including the 90,000 mol. wt. heat-shock protein in animal cell
extracts. EMBO J (1985). https://doi.org/10.1002/j.1460-2075.1985.tb02328.x

5. Carter T, Vancurová I, Sun I, Lou W, DeLeon S (1990) A DNA-activated protein kinase from
HeLa cell nuclei. Mol Cell Biol. https://doi.org/10.1128/mcb.10.12.6460

6. O’Neill T et al (2000) Utilization of oriented peptide libraries to identify substrate motifs
selected by ATM*. J Biol Chem 275:22719–22727

7. Lees-Miller SP, Sakaguchi K, Ullrich SJ, Appella E, Anderson CW (1992) Human DNA-
activated protein kinase phosphorylates serines 15 and 37 in the amino-terminal transactivation
domain of human p53. Mol Cell Biol 12:5041–5049

8. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S (2002) The protein kinase
complement of the human genome. Science 298:1912–1934

9. Ladenburger EM, Fackelmayer FO, Hameister H, Knippers R (1997) MCM4 and PRKDC,
human genes encoding proteins MCM4 and DNA-PKcs, are close neighbours located on
chromosome 8q12→q13. Cytogenet Genome Res 77:268–270

10. Douglas P et al (2002) Identification of in vitro and in vivo phosphorylation sites in the cat-
alytic subunit of the DNA-dependent protein kinase. Biochemical Journal. https://doi.org/10.
1042/bj20020973

11. Chan DW et al (2002) Autophosphorylation of the DNA-dependent protein kinase catalytic
subunit is required for rejoining of DNA double-strand breaks. Genes Dev. https://doi.org/10.
1101/gad.1015202

12. Cui X et al (2005) Autophosphorylation of DNA-dependent protein kinase regulates DNA end
processing and may also alter double-strand break repair pathway choice. Mol Cell Biol. https:/
/doi.org/10.1128/mcb.25.24.10842-10852.2005

13. Davis AJ, Chen BPC, Chen DJ (2014) DNA-PK: a dynamic enzyme in a versatile DSB repair
pathway. DNA Repair 17:21–29

14. Jette N, Lees-Miller SP (2015) The DNA-dependent protein kinase: a multifunctional protein
kinase with roles in DNA double strand break repair and mitosis. Prog Biophys Mol Biol.
https://doi.org/10.1016/j.pbiomolbio.2014.12.003

https://doi.org/10.1128/mcb.10.12.6472
https://doi.org/10.1016/0092-8674(93)90057-w
https://doi.org/10.1002/j.1460-2075.1985.tb02328.x
https://doi.org/10.1128/mcb.10.12.6460
https://doi.org/10.1042/bj20020973
https://doi.org/10.1101/gad.1015202
https://doi.org/10.1128/mcb.25.24.10842-10852.2005
https://doi.org/10.1016/j.pbiomolbio.2014.12.003


16 Targeting DNA-PK 309

15. Goodwin JF et al (2015) DNA-PKcs-mediated transcriptional regulation drives prostate cancer
progression and metastasis. Cancer Cell 28:97–113

16. Shao Z et al (2020) DNA-PKcs has KU-dependent function in rRNA processing and
haematopoiesis. Nature 579:291–296

17. Ferguson BJ, Mansur DS, Peters NE, Ren H, Smith GL (2012) DNA-PK is a DNA sensor for
IRF-3-dependent innate immunity. Elife 1:e00047

18. Notarangelo LD (2010) Primary immunodeficiencies. J Allergy Clin Immun 125:S182–S194
19. Bosma GC, Custer RP, Custer RP, Bosma MJ (1983) A severe combined immunodeficiency

mutation in the mouse. Nature. https://doi.org/10.1038/301527a0
20. Jhappan C, Morse HC, Fleischmann RD, Gottesman MM, Merlino G (1997) DNA-PKcs: a

T-cell tumour suppressor encoded at the mouse SCID locus. Nat Genet 17:483–486
21. Kienker LJ, Shin EK, Meek K (2000) Both V(D)J recombination and radioresistance require

DNA-PK kinase activity, though minimal levels suffice for V(D)J recombination. Nucleic
Acids Res 28:2752–2761

22. Ma Y, Pannicke U, Schwarz K, Schwarz K, Lieber MR (2002) Hairpin opening and over-
hang processing by an Artemis/DNA-dependent protein kinase complex in nonhomologous
end joining and V(D)J recombination. Cell. https://doi.org/10.1016/s0092-8674(02)00671-2

23. Franco S et al (2008) DNA-PKcs and Artemis function in the end-joining phase of
immunoglobulin heavy chain class switch recombination. J Exp Medicine 205:557–564

24. Zhu C, Roth DB (1995) Characterization of coding ends in thymocytes of SCID mice: impli-
cations for the mechanism of V(D)J recombination. Immunity 2:101–112

25. Priestley A et al (1998) Molecular and biochemical characterisation of DNA-dependent protein
kinase-defective rodent mutant irs-20. Nucleic Acids Res 26:1965–1973

26. Wiler R et al (1995) Equine severe combined immunodeficiency: a defect in V(D)J recombi-
nation and DNA-dependent protein kinase activity. Proc National Acad Sci 92:11485–11489

27. Meek K et al (2009) SCID dogs: similar transplant potential but distinct intra-uterine
growth defects and premature replicative senescence compared with SCID mice. J Immunol
183:2529–2536

28. Kurimasa A et al (1999) Catalytic subunit of DNA-dependent protein kinase: impact on lym-
phocyte development and tumorigenesis. Proc National Acad Sci 96:1403–1408

29. Gao Y et al (1998) A targeted DNA-PKcs-null mutation reveals DNA-PK-independent func-
tions for KU in V(D)J recombination. Immunity 9:367–376

30. Jiang W et al (2015) Differential phosphorylation of DNA-PKcs regulates the interplay
between end-processing and end-ligation during nonhomologous end-joining. Mol Cell
58:172–185

31. Biosci ZC, Menolfi D, Zha S (2020) ATM, ATR and DNA-PKcs kinases-the lessons from the
mouse models: inhibition �= deletion. (2020). https://doi.org/10.1186/s13578-020-0376-x

32. Zhang S et al (2011) Congenital bone marrow failure in DNA-PKcs mutant mice associated
with deficiencies in DNA repair. J Cell Biol 193:295–305

33. van der Burg M et al (2009) A DNA-PKcs mutation in a radiosensitive T-B– SCID patient
inhibits Artemis activation and nonhomologous end-joining. J Clin Invest 119:91–98

34. Woodbine L et al (2013) PRKDC mutations in a SCID patient with profound neurological
abnormalities. J Clin Invest 123:2969–2980

35. Mathieu A-L et al (2015) PRKDC mutations associated with immunodeficiency, granuloma,
and autoimmune regulator–dependent autoimmunity. J Allergy Clin Immun 135:1578-1588.e5

36. Esenboga S et al (2018) Two siblings with PRKDC defect who presented with cutaneous
granulomas and review of the literature. Clin Immunol 197:1–5

37. Jalal S, Earley JN, Turchi JJ (2011) DNA repair: from genome maintenance to biomarker and
therapeutic target. Clin Cancer Res 17:6973–6984

38. Jeggo PA, Löbrich M (2007) DNA double-strand breaks: their cellular and clinical impact?
Oncogene 26:7717–7719

39. Saleh-Gohari N, Helleday T (2004) Conservative homologous recombination preferentially
repairs DNA double-strand breaks in the S phase of the cell cycle in human cells. Nucleic
Acids Res 32:3683–3688

https://doi.org/10.1038/301527a0
https://doi.org/10.1016/s0092-8674(02)00671-2
https://doi.org/10.1186/s13578-020-0376-x


310 J. P. Novotny et al.

40. Rodgers K, McVey M (2016) Error-prone repair of DNA double-strand breaks. J Cell Physiol
231:15

41. Zhao B, Rothenberg E, Ramsden DA, Lieber MR (2020) The molecular basis and disease
relevance of non-homologous DNA end joining. Nat Rev Mol Cell Biol 21:765–781

42. Blier PR, Griffith AJ, Craft J, Hardin JA (1993) Binding of Ku protein to DNA. Measurement
of affinity for ends and demonstration of binding to nicks. J Biol Chem 268:7594–601

43. Abbasi S, Parmar G, Kelly RD, Balasuriya N, Schild-Poulter C (2021) The Ku complex: recent
advances and emerging roles outside of non-homologous end-joining. Cell Mol Life Sci. https:/
/doi.org/10.1007/s00018-021-03801-1

44. DeFazio LG, Stansel RM, Griffith JD, Chu G (2002) Synapsis of DNA ends by DNA-
dependent protein kinase. EMBO J. https://doi.org/10.1093/emboj/cdf299

45. Budman J, Kim SA, Chu G (2007) Processing of DNA for nonhomologous end-joining is
controlled by kinase activity and XRCC4/ligase IV*. J Biol Chem 282:11950–11959

46. Wu Q et al (2019) Understanding the structure and role of DNA-PK in NHEJ: how X-ray
diffraction and cryo-EM contribute in complementary ways. Prog Biophysics Mol Biology
147:26–32

47. Chang HHY, Pannunzio NR, Adachi N, Lieber MR (2017) Non-homologous DNA end joining
and alternative pathways to double-strand break repair. Nat Rev Mol Cell Bio 18:495–506

48. Darroudi F et al (2007) Role of Artemis in DSB repair and guarding chromosomal stability
following exposure to ionizing radiation at different stages of cell cycle. Mutat Res Fundam
Mol Mech Mutagen 615:111–124

49. Karimi-Busheri F, Rasouli-Nia A, Allalunis-Turner J, Weinfeld M (2007) Human polynu-
cleotide kinase participates in repair of DNA double-strand breaks by nonhomologous end
joining but not homologous recombination. Cancer Res 67:6619–6625

50. Goodarzi AA et al (2006) DNA-PK autophosphorylation facilitates Artemis endonuclease
activity. EMBO J. https://doi.org/10.1038/sj.emboj.7601255

51. Meek K (2020) Activation of DNA-PK by hairpinned DNA ends reveals a stepwise mechanism
of kinase activation. Nucleic Acids Res. https://doi.org/10.1093/nar/gkaa614

52. Niewolik D et al (2006) DNA-PKcs dependence of Artemis endonucleolytic activity, differ-
ences between hairpins and 5′ or 3′ overhangs*. J Biol Chem 281:33900–33909

53. Neal JA, Meek K (2011) Choosing the right path: does DNA-PK help make the decision?
Mutat Res. https://doi.org/10.1016/j.mrfmmm.2011.02.010

54. Liu L et al (2022) Autophosphorylation transforms DNA-PK from protecting to processing
DNA ends. Mol Cell 82:177-189.e4

55. Chen BPC et al (2007) Ataxia telangiectasia mutated (ATM) is essential for DNA-PKcs phos-
phorylations at the Thr-2609 cluster upon DNA double strand break. J Biol Chem. https://doi.
org/10.1074/jbc.m611605200

56. Meek K, Dang V, Lees-Miller SP (2008) Chapter 2 DNA-PK the means to justify the ends?
Adv Immunol 99:33–58

57. Zhou Y, Paull TT (2013) DNA-dependent protein kinase regulates DNA end resection in con-
cert with Mre11-Rad50-Nbs1 (MRN) and ataxia telangiectasia-mutated (ATM)*. J Biol Chem
288:37112–37125

58. Ho S-R, Mahanic CS, Lee Y-J, Lin W-C (2014) RNF144A, an E3 ubiquitin ligase for DNA-
PKcs, promotes apoptosis during DNA damage. Proc National Acad Sci 111:E2646–E2655

59. Jiang N et al (2013) Valosin-containing protein regulates the proteasome-mediated degradation
of DNA-PKcs in glioma cells. Cell Death Dis 4:e647–e647

60. Morrison C et al (1997) Genetic interaction between PARP and DNA-PK in V(D)J recombi-
nation and tumorigenesis. Nat Genet 17:479–482

61. Spagnolo L, Barbeau J, Curtin NJ, Morris EP, Pearl LH (2012) Visualization of a DNA-PK/
PARP1 complex. Nucleic Acids Res 40:4168–4177

62. Han Y et al (2019) DNA-PKcs PARylation regulates DNA-PK kinase activity in the DNA
damage response. Mol Med Rep 20:3609–3616

https://doi.org/10.1007/s00018-021-03801-1
https://doi.org/10.1093/emboj/cdf299
https://doi.org/10.1038/sj.emboj.7601255
https://doi.org/10.1093/nar/gkaa614
https://doi.org/10.1016/j.mrfmmm.2011.02.010
https://doi.org/10.1074/jbc.m611605200


16 Targeting DNA-PK 311

63. Zhang L et al (2022) Positive feedback regulation of Poly(ADP-ribose) polymerase 1 and the
DNA-PK catalytic subunit affects the sensitivity of nasopharyngeal carcinoma to etoposide.
ACS Omega 7:2571–2582

64. Ariumi Y et al (1999) Suppression of the poly(ADP-ribose) polymerase activity by DNA-
dependent protein kinase in vitro. Oncogene 18:4616–4625

65. Goodwin JF et al (2013) A hormone–DNA repair circuit governs the response to genotoxic
insult. Cancer Discov 3:1254–1271

66. Haffner MC, Marzo AMD, Meeker AK, Nelson WG, Yegnasubramanian S (2011)
Transcription-induced DNA double strand breaks: both oncogenic force and potential
therapeutic target? Clin Cancer Res 17:3858–3864

67. Baek M-H et al (2017) Androgen receptor as a prognostic biomarker and therapeutic target in
uterine leiomyosarcoma. J Gynecol Oncol 29:e30

68. Yin Y et al (2017) Androgen receptor variants mediate DNA repair after prostate cancer
irradiation. Cancer Res 77:4745–4754

69. Giguère V (2020) DNA-PK, nuclear mTOR, and the androgen pathway in prostate cancer.
Trends Cancer 6:337–347

70. Ingram DR et al (2014) Estrogen receptor alpha and androgen receptor are commonly
expressed in well-differentiated liposarcoma. BMC Clin Pathol 14:42

71. Malewicz M et al (2011) Essential role for DNA-PK-mediated phosphorylation of NR4A
nuclear orphan receptors in DNA double-strand break repair. Gene Dev 25:2031–2040

72. Bonner JA et al (2006) Radiotherapy plus cetuximab for squamous-cell carcinoma of the head
and neck. New Engl J Med 354:567–578

73. Liccardi G, Hartley JA, Hochhauser D (2011) EGFR nuclear translocation modulates DNA
repair following Cisplatin and ionizing radiation treatment. Cancer Res 71:1103–1114

74. Dittmann K, Mayer C, Rodemann H-P (2005) Inhibition of radiation-induced EGFR nuclear
import by C225 (Cetuximab) suppresses DNA-PK activity. Radiother Oncol 76:157–161

75. Bandyopadhyay D, Mandal M, Adam L, Mendelsohn J, Kumar R (1998) Physical interaction
between epidermal growth factor receptor and DNA-dependent protein kinase in mammalian
cells*. J Biol Chem 273:1568–1573

76. Huang SM, Harari PM (2000) Modulation of radiation response after epidermal growth factor
receptor blockade in squamous cell carcinomas: inhibition of damage repair, cell cycle kinet-
ics, and tumor angiogenesis. Clin Cancer Res Official J Am Assoc Cancer Res 6:2166–2174

77. Li D, Wu M (2021) Pattern recognition receptors in health and diseases. Signal Transduct
Target Ther 6:291

78. Tijhuis AE, Johnson SC, McClelland SE (2019) The emerging links between chromosomal
instability (CIN), metastasis, inflammation and tumour immunity. Mol Cytogenet 12:17

79. Bakhoum SF et al (2018) Chromosomal instability drives metastasis through a cytosolic DNA
response. Nature 553:7689, 553:467–472 (2018)

80. Lu C et al (2021) DNA sensing in mismatch repair-deficient tumor cells is essential for anti-
tumor immunity. Cancer Cell 39:96-108.e6

81. Karpova AY, Trost M, Murray JM, Cantley LC, Howley PM (2002) Interferon regulatory
factor-3 is an in vivo target of DNA-PK. Proc National Acad Sci 99:2818–2823

82. Burleigh K et al (2020) Human DNA-PK activates a STING-independent DNA sensing path-
way. Sci Immunol. https://doi.org/10.1126/sciimmunol.aba4219

83. Scutts SR et al (2018) DNA-PK is targeted by multiple vaccinia virus proteins to inhibit DNA
sensing. Cell Rep 25:1953-1965.e4

84. Peters NE et al (2013) A mechanism for the inhibition of DNA-PK-mediated DNA sensing by
a virus. Plos Pathog 9:e1003649

85. Liiv I et al (2008) DNA-PK contributes to the phosphorylation of AIRE: importance in tran-
scriptional activity. Biochim Biophys Acta Bba—Mol Cell Res 1783:74–83

86. Zhang Y et al (2019) PRKDC is a prognostic marker for poor survival in gastric cancer patients
and regulates DNA damage response. Pathol—Res Pract 215:152509

87. Zhang Y et al (2019) High expression of PRKDC promotes breast cancer cell growth via p38
MAPK signaling and is associated with poor survival. Mol Genetics Genom Med 7:e908

https://doi.org/10.1126/sciimmunol.aba4219


312 J. P. Novotny et al.

88. Zenke FT et al (2020) Pharmacologic inhibitor of DNA-PK, M3814, potentiates radiotherapy
and regresses human tumors in mouse models. Mol Cancer Ther 19:1091–1101

89. Gordhandas SB et al (2022) Pre-clinical activity of the oral DNA-PK inhibitor, peposertib
(M3814), combined with radiation in xenograft models of cervical cancer. Sci REP-UK 12:974

90. Fok JHL et al (2019) AZD7648 is a potent and selective DNA-PK inhibitor that enhances
radiation, chemotherapy and olaparib activity. Nat Commun 10:5065

91. Sun Q et al (2019) Therapeutic implications of p53 status on cancer cell fate following expo-
sure to ionizing radiation and the DNA-PK inhibitor M3814. Mol Cancer Res 17:2457–2468

92. van Bussel MTJ et al (2021) A first-in-man phase 1 study of the DNA-dependent protein kinase
inhibitor peposertib (formerly M3814) in patients with advanced solid tumours. Brit J Cancer
124:728–735

93. Mau-Sorensen M et al (2018) 1845P Safety, clinical activity and pharmacological biomarker
evaluation of the DNA-dependent protein kinase (DNA-PK) inhibitor M3814: results from two
phase I trials. Ann Oncol 29, viii654

94. Yap TA et al (2020) Abstract CT248: AZD7648: a phase I/IIa first-in-human trial of a novel,
potent and selective DNA-PK inhibitor in patients with advanced malignancies. Cancer Res
80:CT248–CT248

95. Patel AG, Sarkaria JN, Kaufmann SH (2011) Nonhomologous end joining drives poly(ADP-
ribose) polymerase (PARP) inhibitor lethality in homologous recombination-deficient cells.
Proc National Acad Sci 108:3406–3411

96. Hafsi H et al (2018) Combined ATR and DNA-PK inhibition radiosensitizes tumor cells inde-
pendently of their p53 status. Front Oncol 8:245



17WRN Is a Promising Synthetic Lethal
Target for Cancers with Microsatellite
Instability (MSI)

Edmond M. Chan, Kyla J. Foster, and Adam J. Bass

17.1 Introduction

Synthetic lethality is a phenomenon in which two or more genetic or epigenetic
alterations, which are each tolerable in isolation, are lethal if they exist in combina-
tion. Discovering and exploiting synthetic lethal interactions has been a major aim
in developing novel oncologic therapies. Indeed, the success of PARP inhibitors
in cancers with DNA homologous recombination (HR) deficiency highlights the
potential of this therapeutic approach and implies such opportunities can arise in
malignancies with other DNA repair deficiencies [1–4].

The promise of finding synthetic lethal targets that could guide drug devel-
opment spurred several herculean efforts to systematically map genetic cancer
vulnerabilities using functional genomic tools. These efforts (the Broad Insti-
tute’s Dependency Map project, the Wellcome Sanger Institute’s Dependency

E. M. Chan (B)
Department of Medicine, Division of Hematology and Oncology, Columbia University, New
York, USA
e-mail: emc2291@cumc.columbia.edu

Herbert Irving Comprehensive Cancer Center, Columbia University, New York, USA

Broad Institute of MIT and Harvard, Cambridge, USA

New York Genome Center, New York, USA

K. J. Foster
University of California, San Francisco, USA
e-mail: kyla.foster@ucsf.edu

A. J. Bass
Novartis Institutes for BioMedical Research, Cambridge, USA
e-mail: ab5147@cumc.columbia.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
T. A. Yap and G. I. Shapiro (eds.), Targeting the DNA Damage Response
for Cancer Therapy, Cancer Treatment and Research 186,
https://doi.org/10.1007/978-3-031-30065-3_17

313

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-30065-3_17&domain=pdf
mailto:emc2291@cumc.columbia.edu
mailto:kyla.foster@ucsf.edu
mailto:ab5147@cumc.columbia.edu
https://doi.org/10.1007/978-3-031-30065-3_17


314 E. M. Chan et al.

Map project, and Novartis Institutes for BioMedical Research’s Project DRIVE)
screened hundreds of cell lines to determine the fitness effects of single gene deple-
tion at genome scale [5–7]. With extensive characterization of over a thousand cell
lines by the Cancer Cell Line Encyclopedia (CCLE), genetic vulnerabilities were
correlated with specific cancer cell line characteristics, such as deficiency in a
DNA repair pathway [8]. By separating MSI from MSS cell lines, several groups
of researchers independently identified Werner syndrome RecQ helicase (WRN) as
selectively critical for the survival of MSI and MMR deficient cancer cell line
models [6, 9–11]. In this chapter, we explore and discuss the preclinical work
nominating WRN as a promising synthetic lethal target for cancers with MSI.

17.2 Microsatellite Instability and DNA Mismatch Repair

MSI is a state of genetic hypermutability that arises from DNA mismatch repair
(MMR) deficiency. MMR is a highly conserved pathway that recognizes base
pair mismatches and insertion/deletion (indel) mutations following errors in DNA
replication and recombination [12]. When MMR is defective, mutations fail to be
corrected, allowing mutations to accumulate with successive cell doublings [13].
This type of hypermutability is especially pronounced at microsatellites, repetitive
DNA sequences of 1–6 nucleotide subunits subject to a higher rate of replication
errors due to slippage of the DNA replication machinery [14].

The MMR machinery is composed of at least seven proteins, which associate
to form heterodimers that recognize and initiate repair of mismatches and inser-
tion/deletion events. MMR initiates with assembling of a hMutS heterodimer onto
DNA. There are two hMutS heterodimers, hMutSα and hMutSβ, that recognize
mispairing. hMutSα is formed by the hMSH2/hMSH6 heterodimer and prefer-
entially recognizes smaller mismatches such as base–base and mispairing of 1
or 2 nucleotides. hMutSβ, the hMSH2/hMSH3 heterodimer, recognizes insertion/
deletion loops following larger mismatch events [15]. Upon recognition of mis-
pairing by the MutS complex, the hMLH1/hPMS2 heterodimer known as hMutLα

is recruited to DNA. hMutLα is an endonuclease, generating a single strand break
for entry of exonuclease EXO1 and initiating subsequent repair steps [16]. The
roles of the other two hMutL complexes, hMutLβ (hMLH1/hPMS1) and hMutLγ

(h-MLH1/h-MLH3), are less well understood and play a less significant, role in
cancer [17].

In human cancers, MSI arises from two broad mechanisms. Lynch syndrome,
formerly known as Hereditary Non-Polyposis Colorectal Cancer (HNPCC), is an
autosomal dominant condition arising from germline mutations in an MMR gene.
There are at least four definitive Lynch Syndrome genes: MSH2, MLH1, MSH6,
and PMS2 [18], with reports of two additional Lynch Syndrome genes (MLH3 [19]
and EXO1 [20]). Lynch Syndrome is characterized by the development of tumors
earlier in life, often in a patient’s third decade of life. Multiple tumors may be
present and often include colorectal, endometrial, gastric, ovarian, urinary tract,
small intestinal cancers, amongst others [21].
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More commonly, MSI arises in sporadic tumors rather than from patients with
Lynch Syndrome. In most sporadic MSI colorectal cancers, hMLH1 and hPMS2
proteins are lost due to epigenetic silencing ofMLH1, typically due to hypermethy-
lation, as part of the hypermethylator phenotype known as CpG island methylator
phenotype (CIMP) [22]. It has been observed that methylation increases in age,
possibly in a response to chronic inflammation and injury [23, 24]. Hence, it is
unsurprising that patients with sporadic MSI colorectal cancers tend to be older
than those with Lynch Syndrome. Unlike Lynch Syndrome tumors, MSI colon
cancers tend to arise from the right side of the colon and frequently harbor BRAF
V600E mutations. This is an important distinction since it is rare for a Lynch
Syndrome colon cancer to possess a BRAF V600E mutation [25].

At present, several methods to detect MSI and/or MMR deficiency are
employed in the clinic. The prior gold standard was established by the 1997
National Cancer Institute-sponsored MSI workshop. Known as the Bethesda panel,
this assay is performed by fluorescence multiplex polymerase chain reaction (PCR)
and capillary electrophoresis of five microsatellite loci [three dinucleotide (NR27,
NR21, NR24) and two mononucleotide repeats (BAT25, BAT26)] from tumor tis-
sue compared to normal tissue. If tumors demonstrate two or more of the five
markers with instability, tumors are identified as MSI-high. If only one of the five
markers demonstrates instability, the tumors are considered MSI-low. MSS tumors
are distinguished from MSI-H and MSI-L tumors by the absence of instability at
the defined markers [26]. Currently, clinical research tends to classify MSS and
MSI-L as the same. It is worth noting that this method detects the mutational bur-
den or ‘genomic scarring’ of prior MMR deficiency, regardless of the current state
of MMR proficiency.

MSI can also be inferred by immunohistochemical (IHC) analyses of MMR
loss. IHC detects the presence of the MMR proteins hMLH1, hPMS2, hMSH2,
and hMSH6. If the result demonstrates loss of any one of these proteins, it sug-
gests MMR deficiency. Since IHC detection of MMR protein is cheaper and more
readily performed, IHC is more frequently performed and used to infer MSI status
[27]. In clinical practice, MMR deficiency is treated as MSI-H [28]. However, it is
worth noting that results from MMR IHC and MSI status may not be concordant.
For example, an MSI-H tumor may arise in the setting of functionally deleterious
mutation of a MMR gene, but the protein may still be detected with IHC. Con-
versely, MMR deficiency induced by MSH6 mutations may not meet the criteria
of MSI-H diagnosis.

With the increasing use of next generation sequencing (NGS) to identify cancer
mutations [29–32], methods to detect MSI are evolving. The predilection of both
insertion/deletion mutations as well as other characteristic features of the muta-
tional pattern (or mutation signature) has aided the ability to infer MSI status from
somatic sequencing data. Indeed, the use of NGS was shown to reliably infer MSI
status and gained FDA approval for detection of MSI. MSISensor, an algorithm
based on the Memorial Sloan Kettering Integrated Mutation Profiling of Action-
able Cancer Targets (IMPACT), detects the percentage of unstable microsatellites
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in tumor and paired normal tissue [33] to determine MSI status. The Founda-
tionOne CDx (F1CDx) assay was also FDA approved for the detection of MSI
[29].

17.3 Clinical Characteristics of Microsatellite Instability

MSI-H is found in approximately 3% of all cancers [34]. By primary tumor loca-
tion, 15% of colorectal [13], 20–30% of endometrial, 12–20% of ovarian, and
10–30% of gastric cancers are characterized by MSI-H. MSI also appears rarely in
breast, urothelial, prostate, pancreatic, hepatobiliary, and follicular thyroid cancers
[35–41].

The MSI-H phenotype is associated with distinct prognostic, predictive, and
therapeutic implications. With MSI-H colorectal cancer, tumors are more likely
to be poorly differentiated and associated with prominent inflammatory infiltrate
[42, 43]. MSI-H colorectal cancer is more frequently seen in women and when
metastatic, is more likely involves the lymph nodes and peritoneum as opposed to
the liver [44]. MSI-H is also a positive prognostic sign in early-stage colorectal
cancer, where outcomes, including recurrence rates, were better for patients with
MMR deficient tumors as compared to MMR proficient cancers [45, 46]. Notably,
even BRAF V600E mutations do not confer a negative prognosis in early stage
MSI-H colorectal cancer as compared to BRAF-mutated MSS cancers [47].

The diagnosis of MSI-H also informs treatment decisions. Data from several
studies have demonstrated the lack of efficacy of single agent 5-Fluorouracil (5-
FU) as adjuvant therapy in stage II MSI-H colorectal cancer [45, 46, 48]. However,
it is worth mentioning that patients with stage III MSI colorectal cancer benefited
from adjuvant fluoropyrimidine-based therapy, especially with oxaliplatin/5-FU/
leucovorin therapy [49].

More recently, seminal work has demonstrated the impressive benefit of
immune checkpoint blockade (ICB) in MSI-H cancers. The PD-1 (Programmed
Death-1) inhibitors pembrolizumab and nivolumab are now FDA approved for use
in MSI-H/MMR deficient cancers [50, 51]. It is noteworthy that the FDA-approval
for pembrolizumab in patients was the first approval to be biomarker-based, regard-
less of the primary tumor. More recently, the cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4) inhibitor ipilimumab was approved in combination with
nivolumab for the use of MSI-H/MMR deficient cancers [52]. In the first line
setting, pembrolizumab demonstrated significantly improved progression-free sur-
vival with fewer adverse effects than chemotherapy for MSI-H/MMR deficient
metastatic colorectal cancer [53]. While these discoveries have been paradigm
changing, it is worth noting that not all patients with MSI-H cancers respond
to ICB, with response rates ranging from 31–55%. Relapses are not infrequent
and adverse effects may limit the use of ICB in this context [50–52]. Despite
these encouraging advances, the partial response and adverse effects observed in
patients warrant the development of additional combinatorial therapies that can
augment ICB and be effective against ICB-resistant MSI cancers.
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17.4 Synthetic Lethality of WRN Loss and Microsatellite
Instability

The discovery of WRN as a synthetic lethal target was driven by large functional
screening studies. These efforts sought to identify genetic vulnerabilities of can-
cer by determining the fitness effects of single gene depletion at genome-scale
across hundreds of cell lines (Fig. 17.1a) [5–7]. Researchers then segregated cell
lines on the basis of their MSI status [8, 54] and sought to identify genes that
are critical for the survival of MSI but not MSS cells (Fig. 17.1a). Taking this
approach, four independent groups identified the Werner Syndrome RecQ helicase
(WRN) as the most significant preferential genetic dependency in MSI cancers
(Fig. 17.1b) [6, 9–11]. The robustness of this discovery is reflected by its consis-
tency across four independent research groups leveraging three distinct functional
genomic screens—two using CRISPR-based perturbations and one utilizing RNAi.

A B

Fig. 17.1 a. Schematic of functional genomic screening analyses to identify preferential MSI
genetic dependencies. b. Volcano plots identifying WRN as the top preferential dependency in MSI
cells. P values plotted against the mean difference of dependency scores between MSI and MSS
cells from Projects Achilles and DRIVE. Figures adapted from [9]
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17.5 WRN Background

WRN is one of the five members of the RecQ family of helicases in humans
[55]. WRN plays a critical role in DNA repair and maintenance. WRN’s function
is highlighted by the observation that WRN deficient cells demonstrate telom-
ere shortening, chromosomal instability, and increased sensitivity to DNA-damage
agents [56, 57]. Indeed, WRN Syndrome (WS), an autosomal recessive disease
characterized by premature aging, increased propensity for cardiovascular disease
and cancer, and a shortened life expectancy of 30–50 years old, is attributed to the
defects in DNA metabolism stemming from biallelic WRN loss.

WRN resolves a variety of DNA structures including duplex DNA, bubble
structures, G-quadruplex (especially in telomere G-rich DNA), and four-way DNA
structures such as Holliday junctions (HJ), D-loops, and cruciform structures. The
resolution of these structures is critical to many cellular functions, including repli-
cation fork stalling, double strand break (DSB) repair, base excision repair (BER)
and telomere maintenance [58].

While WRN typically resides in the nucleoli, WRN responds to DNA repli-
cation stress by translocating to stalled replication forks [59, 60]. At collapsed
replication forks, WRN stabilizes the interaction of Rad51 with replication breaks,
blocking MRE11-mediated fork degradation [61]. WRN also initiates replication
forks by unwinding HJ intermediates associated with regressed replication forks
[62, 63].

Cell lines derived from WS patients are highly sensitive to DSBs and numer-
ous DNA damaging agents, highlighting its role in DNA repair [64, 65]. WRN’s
role in DSB repair is further underscored by its interactions with the DNA repair
proteins RPA, Rad51, Rad52, PARP1, p53, DNA-PKcs, ATM, and ATR [66–72].
WRN regulates the choice between classical and alternative nonhomologous end
joining (c-NHEJ and alt-NHEJ, respectively). It promotes c-NHEJ via helicase
and exonuclease activities and inhibits alt-NHEJ using non-enzymatic functions.
When WRN is recruited to the DSBs it suppresses the recruitment of MRE11
and CtIP, protecting the DSBs from end resection [73]. Furthermore, WS cell
lines demonstrate a HR defect. WRN plays an important role in the resolution of
recombination intermediates. In the absence of WRN, aberrant mitotic recombina-
tion promotes genetic instability, mitotic arrest, or gene rearrangements [74, 75].
Separately, WRN plays a role in base excision repair. WS cells are sensitive to the
DNA damaging effects of hydrogen peroxide and cells lacking WRN accumulate
increased damage following oxidative DNA damage [76–78]. WRN has also been
implicated in telomere metabolism, by processing telomeric DNA and activation
of DNA damage responses [79]. WRN also is required at telomeres to dissociate
D-loop end structures, promoting DNA replication progression or recombination
repair [80].

WRN is composed of four main domains and is unique within the RecQ family
of helicases by possessing a 3′–5′ exonuclease. WRN’s helicase activity is driven
by its ATPase domain in tandem with its DNA binding RecQ C-terminal (RQC)
domain. WRN also possesses a Helicase-and-Ribonuclease D C-terminal (HRDC)
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domain, which is less well understood. Studies suggest that the HRDC is critical
for protein interactions and may interact with DNA [81, 82].

17.6 Validation of the MSI/WRN Synthetic Lethal Relationship

The convergence upon WRN by multiple screening efforts underscored the like-
lihood that WRN is synthetic lethal with MSI. Focused validation by multiple
groups indeed confirmed the requirement for WRN across multiple MSI models.
Genetic depletion of WRN by CRISPR-mediated knockout or RNAi-based knock-
down substantially decreased cellular fitness of MSI, but not MSS, cancer cell line
models (Fig. 17.2) [6, 9–11]. This viability impairment was found to be secondary
to apoptosis or G2/S cell cycle arrest in WRN-depleted MSI cells [9]. Xenograft
mouse models of MSI cancers confirmed that this phenotype was not an artifact
of traditional 2-D cell culture conditions [9]. The essentiality of WRN for MSI
cancer cells was further validated with organoid cancer models recently derived
from patients with MSI cancers [9, 83, 84]. Organoid modeling demonstrated
that WRN remains essential even in MSI models resistant to chemotherapeutics
or ICB, asserting WRN inhibition as a tractable therapeutic strategy in chemo-
or ICB-resistant MSI cancers [84]. The conclusions demonstrated in these studies
were rigorously bolstered by experiments demonstrating that the viability effects of
endogenous WRN knockout are reversed by WRN cDNA expression. This critical
set of experiments demonstrated that loss of WRN, rather than off-target effects,
was responsible for impaired MSI cell viability [9].

Notably, non-cancerous cells were largely excluded from these aforementioned
studies. It is inferred that normal cells are acutely resistant to WRN depletion
since normal cells are inherently MSS. While further work is required to confi-
dently make this claim, there are multiple lines of evidence to suggest that normal
cells tolerate transient loss of WRN. WS, being a condition with latent features,

Fig. 17.2 Schematic of the effects following WRN loss in MSI and MSS cell lines



320 E. M. Chan et al.

typically manifests following decades of biallelic WRN loss [85]. Murine mod-
els of biallelic WRN loss fail to recapitulate many phenotypes of human WS and
demonstrate no overt signs of accelerated senescence. While this discordance may
be a consequence of multiple factors, one distinct possibility is that mice with
biallelic WRN loss do not live long enough to develop WS [86].

To focus drug discovery efforts, researchers queried which, if any, of WRN’s
enzymatic activities were critical for MSI. While WRN has the distinction of being
the only RecQ helicase with exonuclease activity, its exonuclease activity was
demonstrated to be dispensable for the acute survival of MSI cancers. In contrast,
inactivation of WRN’s helicase activity by point mutations of WRN’s ATPase,
phenocopied WRN knockout or knockdown [9–11, 82]. These data confirmed the
importance of WRN helicase, but not exonuclease, activity for the survival of MSI
cells.

While MMR deficiency and MSI are associated and clinically treated as sim-
ilar entities, it is important to note their distinctness. MMR deficiency refers to
impairment of this particular DNA repair mechanism. On the other hand, MSI is
a result of prolonged MMR deficiency and manifests as an elevated mutational
burden, especially at microsatellites. The importance of this distinction is high-
lighted by the mechanistic difference between the WRN/MSI and PARP1 inhibitor/
BRCA1/2 relationships. On one hand, ongoing HR impairment is required for
PARP1 inhibitor sensitivity with BRCA1/2 mutant cancers. This relationship is
underscored by the reversion mutations observed in BRCA1/2 mutant cancers to
promote resistance to PARP1 inhibition [87]. Reversion mutations are secondary
mutations that convert the initial inactivating mutation of BRCA1/2 into a partially
functional protein that restores HR.

In contrast, ongoing MMR deficiency does not appear to be critical for WRN
dependency. Acute loss of MMR in an otherwise MSS cell line has no effect on
sensitivity to WRN loss, demonstrating that MMR loss is not sufficient for this
phenotype [88]. While there is some evidence to suggest that MMR restoration
may rescue MSI cells from WRN depletion, these results are modest at best and
do not represent true rescue [9]. Taken together, these data suggest that unlike the
resistance mechanisms restoring HR in BRCA1/2 mutant cancers, resistance to
WRN inhibition will likely arise outside of MMR restoration.

Rather than stemming directly from ongoing MMR deficiency, WRN depen-
dency likely arises from MSI-related mutations. Several pieces of evidence support
this statement. Firstly, increasing mutational burden correlates with stronger depen-
dency upon WRN for survival. These data argue that the requirement for WRN
stems from MSI-related mutations, rather than MMR deficiency. As discussed
later, this statement is supported by mechanistic understanding of the specific type
of MSI-related mutation inducing WRN dependency.
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17.7 Mechanistic Underpinnings of WRN Dependency

The consequences of WRN loss are remarkably detrimental to the DNA integrity
of MSI cells. Multiple groups have demonstrated widespread DSBs in MSI cells
followingWRN silencing [6, 9–11, 88]. Consistent with viability effects, the degree
of DNA damage in MSI cells following WRN loss far exceeds that of their MSS
counterparts (Fig. 17.3). Loss of WRN in dependent MSI cancer cells can be
so catastrophic that DNA damage was observed on the chromosomal level, with
shattering of chromosomes [9, 10, 88]. While WRN participates in DSB repair,
these observations are unexpected because of the degree of DNA damage in MSI
cells, far exceeding what is expected when WRN is lost in isolation.

When researchers asked where DSBs were located following WRN loss, they
discovered DSBs occur at TA-dinucleotide repeats scattered across the MSI
genome. Notably, only a minority (~ 8%) of all TA repeats were affected by WRN
loss. For the remainder of the chapter, we will refer to these TA repeats as fragile
TA repeats. However, these loci of DSBs were highly conserved across differ-
ent MSI cell lines, suggesting a common process at these loci. When researchers
sequenced these MSI models with long-read sequencing, they uncovered previ-
ously uncharacterized expansion mutations at fragile TA repeats, ranging from
expansions of dozens to hundreds of base pairs. It is worth noting that these
expanded TA repeats could not be detected by conventional ‘short-read’ next-
generation sequencing (e.g. Illumina sequencing), thus explaining why they were
previously uncharacterized in prior sequencing studies [88, 89].

Long TA repeats have the propensity to fold into non-B form cruciform-like
structures, which can have deleterious consequences when unresolved [90]. When
researchers interrogated for cruciform structures, they discovered that cruciform
DNA formed specifically in MSI, but not MSS, at these TA repeats. Moreover, they

A B

Fig. 17.3 a. Immunofluorescence for the DNA damage marker γH2AX and DAPI staining for
DNA in representative MSS and MSI cell lines. sgCh2-2: negative control. sgWRN2: sgRNA to
knock out WRN. b. Chromosomal analyses without and with doxycycline induction of shRNA tar-
geting WRN (shWRN1) [dox (−) and dox (+) respectively] in representative MSS and MSI cells.
Figures adapted from [9]
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Fig. 17.4 Schematic representation of WRN dependency in MSI cells

demonstrated WRN’s ability to unwind these cruciform DNA. In the absence of
WRN, cruciform DNA accumulates at these loci and stalls DNA replication forks.
When this replication fork remains stalled at mitosis, the replication intermedi-
ates are cleaved by endonucleases such as MUS81, thereby inducing catastrophic
DSBs (Fig. 17.4). The importance of MUS81 in this process was highlighted by
MUS81 depletion. The loss of MUS81 or its scaffold SLX4 substantially attenuates
the DSBs at TA repeats following WRN depletion, consistent with endonuclease-
mediated cleavage of cruciform structures [88]. While MUS81 or SLX4 loss
attenuates DSBs upon WRN loss, it is unclear whether it is sufficient to induce
resistance to WRN inhibition.

17.8 Perspectives

With mechanistic understanding of WRN dependency in MSI cancers, it is worth
reiterating several points. Since expanded TA repeats were observed at a much
higher frequency in MSI than MSS cells, it stands to reason that selective WRN
inhibition could effectively kill MSI cancer cells while sparing normal cells, which
are inherently MSS. These data also highlight the importance of recognizing the
distinction between the DNA repair process and the genomic consequences arising
from impairment of such processes.

While MSI is a predictive biomarker for WRN dependency, the mechanism
underlying this phenomenon suggests that TA repeat length characterization may
be more a specific and/or sensitive predictive biomarker compared to relying on
MSI status alone. This may be especially relevant to tumors that inactivate MMR
as a later event. In such cancers (e.g. glioblastomas rendered resistant to the alky-
lating agent temozolomide by MMR inactivation), it is unclear if TA repeats
are sufficiently expanded to induce WRN dependency [91]. In these cases, TA
repeat characterization of tumors could be critical to select appropriate patients
for WRN-based therapies.
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Taken together, these preclinical data have garnered significant interest in the
development of WRN inhibitors for the treatment of patients with MSI cancers.
Still, key preclinical questions remain unresolved. Is WRN required to unwind
cruciform DNA in normal cells and how does inhibition of its helicase function
affect healthy cells over a course of months to years?

Small molecule inhibitors may not necessarily phenocopy genetic depletion as
is the case with PARP inhibitors. PARP1 inhibitors function in part by trapping
PARP1 and PARP2 on DNA, which promotes DNA replication fork collapse and
DSBs [92, 93]. This mechanism of action cannot be recapitulated by genetic deple-
tion of PARP1 or 2. Would small molecule inhibitors of WRN helicase activity
phenocopy WRN loss? Studies using tool compounds of WRN inhibition appear
to trap WRN onto DNA, inducing toxic DNA lesions [94]. Will more specific and
clinically tractable WRN helicase inhibitors similarly trap WRN onto the DNA
and if so, would normal cells be able to tolerate these lesions?

Beyond TA repeat fragility, there may be additional reasons why MSI cells
are sensitive to loss of WRN helicase. The inability of WRN to participate in
repair following DSBs at TA repeats may exacerbate DSBs observed in WRN-
depleted MSI cells. Furthermore, combined WRN and MMR deficiencies may
have additional consequences for the MSI cell. Both WRN and MMR are impli-
cated in resolving HR intermediates [74, 95]. Indeed, studies demonstrate that the
yeast WRN homolog Sgs1 is redundant with MMR for suppressing recombina-
tion between divergent DNA sequences [96]. For MSI cells able to tolerate DSBs
with WRN inhibition, it is unclear how increased genomic instability stemming
from MMR and WRN loss will influence MSI cancers and the development of
therapeutic resistance.

No mammalian helicase inhibitor has been developed an approved for clinical
use at present. While it is outside the scope of this chapter to discuss the chal-
lenges associated with developing WRN inhibitors or degraders, drug discovery
efforts need to develop a new class of drug, optimizing potency, specificity, phar-
macokinetics, and bioavailability of such compounds to target WRN. These and
other questions will need to be addressed to fully exploit WRN’s potential as a
synthetic lethal target for the treatment of MSI cancers.
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