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Poly ADP ribose polymerases (PARPs) are a family of enzymes that catalyse the transfer of ADP-ribose to target proteins,

functioning in fundamental cellular processes including transcription, chromatin remodelling and DNA repair. PARP

inhibitors (PARPis) including olaparib, niraparib and rucaparib are approved for the clinical management of women with

ovarian cancer.
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1. Introduction

The application of molecular targeted therapy to treat poor outcome malignancies is revolutionising the field of cancer

medicine and extending the lives of patients. Fundamental discovery science has elucidated the cellular response to DNA

damage and this knowledge has been harnessed for the development of new therapies. Acknowledged as a major

breakthrough, blocking poly (ADP-ribose) polymerase (PARP), a key enzyme in DNA repair, in tumours with genetic or

epigenetic abrogation of proteins involved in homologous recombination repair (HRR), creates a synthetic lethal

phenotype that kills cancer cells. Small molecule inhibitors of PARP are now clinically approved in many countries for the

treatment of a number of malignancies including breast, ovarian and pancreatic cancers. In fact, in a relatively short time,

PARP inhibitors (PARPis) have entirely altered the approach to treating a large subset of ovarian cancers. The clinical use

of PARPis represents a major and impactful advance in the management of this disease.

1.1. Ovarian Cancer and Defects in Homologous Recombination Repair (HRR)

Ovarian cancer encompasses a number of distinct malignancies that share an anatomical location, yet have different

cellular origins, molecular profiles and responses to therapy . High-grade serous ovarian cancer (HGSOC) is the

most common histological subtype of epithelial ovarian cancer, with less common subtypes including ovarian clear cell

carcinoma (OCCC), endometrioid ovarian cancer (EnOC), mucinous ovarian cancer (MOC) and low-grade serous ovarian

cancer (LGSOC). An additional exceedingly rare subtype is small cell carcinoma of the ovary, hypercalcaemic type

(SCCOHT). This research focuses on HGSOC, an aggressive malignancy, generally treated with a combination of surgery

and platinum-taxane based chemotherapy. Despite this treatment regime, the majority of women relapse within two years

and recurrent disease is generally viewed as incurable . Five-year survival has remained less than 50% and, until very

recently, options for treatment in addition to chemotherapy have been absent .

Molecular profiling is revolutionising the clinical management of HGSOC, with actionable targets now known. Mutation of

the tumour suppressor gene  TP53  occurs in almost 100% of HGSOC . Extensive research efforts are ongoing
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worldwide to target mutant p53 in ovarian and many other malignancies, for example using compounds that reactivate

mutant p53 back to its wild-type form such as APR-246 (also known as PRIMA-1 ) . To date, no mutant p53

targeting drug has been approved for routine clinical use. In sharp contrast to this are the recent successes of clinical

targeting of molecular defects in the HRR pathway. Over 50% of HGSOC have a defect in this pathway due to mutations

in BRCA1, BRCA2, RAD51C, RAD51D, ATM or PALB2  , or methylation of genes including BRCA1 

 or  RAD51C  . Mutations in HRR-associated genes have also been identified in OCCC and EnOC,

albeit at lower frequencies than for HGSOC .

Collectively, tumours with a deficient HRR pathway due to genetic or epigenetic events are described as having a

“BRCAness” phenotype that is frequently accompanied by higher levels of loss of heterozygosity, telomeric allelic

imbalance and large-scale state transitions, due to the cell’s impaired ability to repair double strand breaks (DSBs),

referred to as a genomic scar . This genomic instability present as the result of BRCAness can be measured and

used as a diagnostic tool for identifying HRR deficiency in tumours. By analysing these phenotypic effects of HRR

deficiency, the involvement of defective HRR genes other than BRCA1 or BRCA2 can also be identified by implication.

This includes HRR genes where their expression is determined by methylation. Commercial FDA-approved companion

diagnostic (CDx) tests, FoundationOne  CDx (Foundation Medicine, Cambridge, MA, USA) and myChoice  CDx (Myriad,

Salt Lake City, UT, USA) are now used to determine whether a woman with ovarian cancer is likely to see clinical benefit

from a PARPi based on having HRR deficiency . These tests generate a score, above which the tumour is likely

HRR deficient and below which HRR proficient.

In addition to certain ovarian cancers, BRCAness is seen in other malignancies including breast , prostate ,

pancreatic , gastric  and colorectal cancers , as well as in acute leukemias . While BRCAness is a clear driver

of malignancy, it can be targeted using synthetic lethal strategies that involve inhibition of PARP.

1.2. The PARP Family and DNA Repair

The 17-member PARP family of enzymes includes PARP1, PARP2, PARP3, PARP4 (also known as Vault PARP) and

tankyrases 1 and 2 (PARP5a and PARP5b) . PARPs are involved in many key cellular processes including

regulating transcription, translation, telomere maintenance, remodelling the chromatin landscape and, importantly in the

context of this research, DNA repair . PARPs catalyse the transfer of poly (ADP-ribose)

(poly(adenosinediphosphate-ribose)) to target proteins. In this process of polyADP-ribosylation, also known as

PARylation, catalytic activation of PARP synthesises poly (ADP-ribose), PAR, from its substrate nicotinamide adenine

dinucleotide (NAD+) to form chains of PAR polymers. These chains attach covalently to specific amino acid residues on

either PARP itself, known as auto-PARylation, or other acceptor proteins . It is understood that PARP1 is responsible

for over 90% of PARylation in the context of DNA damage, with PARPs 2, 3, 4, 5a and 5b also having PARylation activity

.

During the DNA Damage Response (DDR) PARPs bind to sites of single strand breaks (SSBs) undergoing base excision

repair (BER), PARylating substrates in order to facilitate recruitment of DNA repair machinery . PARylation also

destabilises PARP1 interaction with the SSB, uncoupling these two factors that then facilitates access for BER machinery

. Left unrepaired, SSBs pose a risk to genetic stability and therefore to cell survival. When the DNA replication fork

encounters a SSB it can stall and collapse, causing a double strand break (DSB) that requires correction via HRR .
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This creates a pharmacological opportunity in HRR deficient cells whereby inhibition of PARP reduces the ability of cells

to repair DNA damage via the BER pathway. In this case, HRR deficient cells are unable to repair DNA damage by either

HRR or BER, creating a synthetic lethal phenotype resulting in cancer cell death  (Figure 1). Simply stated, the

combination of HRR deficiency and PARP inhibition is fatal to the cell. Further, the scaffold protein XRCC1 assembles

protein complexes containing DNA polymerase β and DNA ligase III, preventing PARP1 engagement and activity during

BER. This flags XRCC1 as an “anti-trapper” that may have implications for genome integrity .

Figure 1. Synthetic lethality occurs when a defect in the homologous recombination repair (HRR) pathway is combined

with inhibition of poly (ADP-ribose) polymerase (PARP). (i) PARP binds to sites of single strand breaks (SSBs), PARylates

substrates and recruits DNA repair proteins. (ii) PARP inhibitors (PARPis) bind PARP, preventing PARylation and blocking

access of PARP to DNA lesions that results in double strand breaks (DSBs). (iii) PARPis can also work to trap PARP at

the DNA, inhibiting the dissociation of PARP from DNA and leading to the generation of DSBs. In cells with defective

HRR, DSBs are unable to be repaired, leading to cell death. Created with Biorender.com.

2. PARP Inhibitors (PARPis)—Focus on Ovarian Cancer

PARP inhibitors (PARPis) including olaparib (Lynparza ; AstraZeneca Pharmaceuticals, Cambridge, UK), rucaparib

(Rubraca ; Clovis Oncology, Inc., Boulder, CO, USA) and niraparib (Zejula ; GlaxoSmithKline, Brentford, Middlesex, UK)

are small molecule inhibitors of PARP that have been approved by the US Food and Drug Administration (FDA), and other

regulatory authorities worldwide, for women with ovarian cancer under certain conditions, including as maintenance

therapy. Talazoparib (Talzenna ; Pfizer, Inc., Manhattan, NY, USA) is approved for treatment of advanced breast cancer

and veliparib (ABT-888; AbbVie, North Chicago, IL, USA) is still being evaluated. An additional two PARPis, pamiparib

(Partruvix™; BeiGene Ltd., Beijing, China) and fuzuloparib (AiRuiYi , formerly fluzoparib; Jiangsu Hengrui

Pharmaceuticals Co., Ltd., Lianyungang, China), have been approved in China for the treatment of women with ovarian

cancer.

2.1. Timeline of Discovery and Clinical Adoption of PARPis
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In 1963, Chambon and colleagues reported their initial discovery that nicotinamide mononucleotide enhanced the activity

of a DNA dependent enzyme . This discovery would go on to form the basis of the PARP field as we know it today.

By the early 1980s, PARP had been found to play an essential role in the repair of DNA SSBs and the first PARPi was

identified . In 2005, the landmark discovery that BRCA dysfunction greatly sensitised cancer cells to PARP

inhibition was reported . This was proof that the concept of synthetic lethality could be adopted as a therapeutic

strategy by targeting BRCA-related HRR dysfunction with a DNA repair inhibitor. For malignancies such as HGSOC

where BRCA1  and BRCA2 mutations are prevalent , this discovery marked a clear turning point and new hope for

molecular targeted therapy.

Almost a decade later in December 2014, olaparib became the first PARPi approved by the FDA for the treatment of

advanced, recurrent ovarian cancers with germline  BRCA  mutation, or suspected germline mutation, and previous

treatment of three or more lines of chemotherapy . FDA approval of rucaparib followed in 2016, for treatment of the

same indication . Niraparib was approved by the FDA in 2017 for maintenance treatment of patients with recurrent

epithelial ovarian, fallopian tube, or primary peritoneal cancer who were in complete or partial response to platinum-based

chemotherapy . Olaparib in 2017  and rucaparib in 2018  were also FDA approved as maintenance therapies

under the same conditions as niraparib. While not currently approved for the treatment of ovarian cancer, in 2018

talazoparib was approved for the treatment of locally advanced or metastatic  BRCA-mutated HER2-negative breast

cancers . Pamiparib was approved in China in 2021 for the treatment of germline BRCA mutated recurrent advanced

ovarian, fallopian tube and primary peritoneal cancer in women who have had two or more lines of chemotherapy , as

was fuzuloparib .

Reflecting the growing understanding that HRR-deficiency was the result of more than just BRCA1 or BRCA2 defects,

niraparib was FDA approved for HRR-deficient advanced ovarian cancer in 2019 . The combination of olaparib and the

anti-angiogenic bevacizumab was FDA approved in 2020 for first-line maintenance of HRR deficient advanced epithelial

ovarian, fallopian tube, or primary peritoneal cancers in complete or partial response to platinum-based chemotherapy .

Of significance, in 2020 the FDA-approved front-line maintenance with niraparib for platinum sensitive advanced ovarian

cancer regardless of HRR status . Other PARPis, including veliparib, are currently undergoing preclinical and clinical

research and may be approved for either first-line or maintenance treatment of ovarian cancers in the future. A timeline of

PARP and PARPi discovery, as well as clinical approvals is shown in Figure 2.
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Figure 2. Discovery of PARP inhibitors and their introduction to the clinic. (A) Milestones in the discovery of PARP and

clinical adoption of PARPis are recorded over time. Major milestones are indicated with a red diamond. All milestones are

specific to the treatment of ovarian cancer, with the exception of talazoparib which was first approved for metastatic breast

cancer and not currently approved for ovarian cancer. (B) Selected landmark clinical trials investigating progression-free

survival (PFS) that were instrumental in clinical approval of PARPis, including in combination therapy, are shown.

Increased PFS in treatment compared to placebo arms are represented. Additional months of PFS for treatment versus

placebo groups are reported for the whole cohort (NCT00753545);  BRCA  mutant patients (NCT01847274 and

NCT01968213); HRD positive patients including BRCA mutant (NCT02477644); HRD positive patients (NCT02655016).

Detailed clinical trial information can be found in original content. For trials noted as active but not recruiting, the primary

completion date for data collection is noted. FDA, Food and Drug Administration (US); NMPA, National Medical Products

Administration (China). HRD, homologous recombination deficiency; HRR, Homologous Recombination Repair; PARPi,

PARP inhibitor. Created with Biorender.com.

2.2. Structure and Function of PARPis

While all PARPis contain pharmacologically active nicotinamide/benzamide core structures that compete with

endogenous NAD to access catalytic binding pockets of PARPs, each has a unique structure overall . PARP1 and

PARP2 are common targets for all PARPis; however, PARPis have different binding affinities for certain other PARP family

members  (Figure 3). Antolin and colleagues summarise the affinity of olaparib, rucaparib, niraparib and talazoparib
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for different PARPs based on IC50 values from the literature and the ChEMBL database (www.ebi.ac.uk/chembl) .

PARP trapping potency also differs between PARPis. During PARP trapping, the PARP complex locks on at sites of DNA

breakage, inhibiting the release of PARP and likely removing it from the process of DNA repair-associated PARylation, as

well as inhibiting binding of DNA repair factors . In order from highest to lowest, the PARP trapping abilities of five

PARPis have been reported as talazoparib, niraparib, rucaparib, olaparib, and finally veliparib . Pamiparib has also

been reported to display PARP trapping activity . It has been suggested that differences in PARP trapping activity

associated with higher cytotoxicity will need to be considered when testing in combination with other cytotoxic therapies

.

Figure 3. Chemical structures of clinically used PARP inhibitors. The chemical structures of PARP inhibitors (PARPis) are

from ChEMBL database (www.ebi.ac.uk/chembl, accessed on 15 June 2022). * PARPis are listed by PARP trapping

potency from highest to lowest . ** There is no currently available data (N.A) for fuzuloparib PARP trapping potency. ***

There is no currently available data for pamiparib trapping potency relative to other PARPis.

In addition to roles in DNA repair, PARPs function in other critical cellular processes. A role for PARP1 and PARP2 has

been described in the maintenance of T-lymphocyte number and function . PARP1 trapping has been shown to result in

toxicity in healthy bone marrow . PARP2 has been implicated in erythropoiesis and PARP2 deficient mice (Parp2−/−)

are chronically anaemic . Given these additional roles of PARP family members in important cellular processes, it is

perhaps not surprising that adverse events are reported by patients taking PARPis.
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