
Targeting DNA Damage Repair Pathways in Pancreas Cancer

Fionnuala Crowley, MB BCh BAO1,2, Wungki Park, MD1,3,4,5, Eileen M. O Reilly, MD1,3,5

1Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY

2Internal Medicine, Mount Sinai Morningside and West, New York, NY

3David M. Rubenstein Center for Pancreas Research

4Parker Institute for Cancer Immunotherapy

5Weill Cornell Medical College, New York, NY

Abstract

Pancreas ductal adenocarcinoma (PDAC) is the third most common cause of cancer death 

in the USA. While other cancers with historically poor prognoses have benefited from new 

immunotherapies and targeted agents, the 5-year survival rate for PDAC patients has remained 

static. The accessibility to genomic testing has improved in recent years and it is now clear that 

PDAC is a heterogenous disease, with a subset of patients harboring actionable mutations. There 

are several targeted therapies approved by the Food and Drug administration (FDA) in PDAC: 

EGFR inhibitor erlotinib (combined with gemcitabine) in unselected patients, TRK inhibitors 

larotrectinib and entrectinib for patients with NTRK fusion mutation, the PD-L1 inhibitor 

pembrolizumab for mismatch repair deficient patients and the Poly-ADP-ribose polymerase 

(PARP) inhibitor olaparib in patients with germline BRCA mutation as a maintenance therapy. 

DNA damage repair (DDR) is paramount to genomic integrity and cell survival. The defective 

repair of DNA damage is one of the hallmarks of cancer and abnormalities in DDR pathways are 

closely linked with the development of malignancies and upregulation of these pathways linked 

with resistance to treatment. The prevalence of somatic and germline mutations in DDR pathways 

in metastatic PDAC is reported to be approximately 15–25%. Patients with DDR gene alterations 

benefit from a personalized approach to treatment. Recently, the POLO trial demonstrated a 

progression-free survival (PFS) benefit in metastatic PDAC patients with a germline BRCA1/2 
mutation treated with maintenance olaparib following platinum-based induction chemotherapy. 

This was the first phase 3 randomized trial to establish a biomarker-driven approach in the 

treatment of PDAC and establishes a precedent for maintenance therapy in PDAC. The review 

herein aims to outline the current treatment landscape for PDAC patients with DDR gene-mutated 

Corresponding Author Eileen M. O’Reilly, MD, Memorial Sloan Kettering Cancer Center, 300 East 66th Street, Office 1021, New 
York, NY 1065, Tel: 646 888-4182, Fax: 929-321-7325, oreillye@mskcc.org.
FC, WP contributed equally

Disclosures
FC: No conflicts of interest to declare.
WP: Research funding to institution: Merck, Astellas, Gossamerbio.
EOR: Research Funding to MSK: Genentech/Roche, Celgene/BMS, BioNTech, BioAtla, AstraZeneca, Arcus, Elicio. Consulting 
Role: Cytomx Therapeutics (DSMB), Rafael Therapeutics (DSMB), Sobi, Silenseed, Molecular Templates, Boehringer Ingelheim, 
BioNTech, Ipsen, Polaris, Tyme, Seagen, Merck, AstraZeneca, Noxxon, BioSapien, Bayer (spouse), Genentech-Roche (spouse), 
Celgene-BMS (spouse), Eisai (spouse)

HHS Public Access
Author manuscript
Cancer Metastasis Rev. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
Cancer Metastasis Rev. 2021 September ; 40(3): 891–908. doi:10.1007/s10555-021-09983-1.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumors, highlight novel therapeutic approaches focused on surmounting tumor resistance and 

exploring new strategies which may lead to an expansion in the number of patients who benefit 

from these targeted treatments.
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Background

The discovery of immunotherapies and a variety of targeted agents in recent years has 

resulted in a considerable shift in survival data for a number of cancers with historically poor 

prognoses. In terms of survival, however, pancreas ductal adenocarcinoma (PDAC) remains 

with the lowest 5 year survival of 10%[1]. In 2021, 48,220 people in the US are expected to 

die from this disease, placing it third in leading causes of cancer death following lung and 

colon cancer[1].

In front-line metastatic PDAC, the combination of oxaliplatin, irinotecan, fluorouracil 

and leucovorin (FOLFIRINOX) and the combination of nanoparticle albumin bound 

paclitaxel (Nab-P)/gemcitabine are the standard-of-care therapies following the results of 

two landmark trials. [2,3]. The overall survival for patients included in these studies was 

8.5–11.1 months, highlighting the dire need for additional treatment options for these 

patients[2,3]. A number of databases are publicly available which define actionability for 

genomic aberrancies[4]. Actionability is determined by a molecular alteration for which 

there is clinical or strong preclinical evidence of a predictive benefit from a specific therapy 

(in any malignancy type)[5]. PDAC is largely defined by somatic mutations in KRAS, TP53, 

CDKN2A and SMAD4[6,7] and with mutations in BRCA1, BRCA2, ATM, CHEK2 being 

the most commonly seen pathogenic germline variants[8,9]. The prevalence of somatic and 

germline variants in DDR pathways in metastatic PDAC is reported to be approximately 15–

25%[10–12,8,9]. Thus, a significant minority of PDAC patients may benefit from tailored 

targeted DDR therapies. These targeted DDR therapies form the focus of this review.

DNA Damage Repair Pathways

Cells are estimated to experience over 20,000 DNA damaging events each day[13]. 

A finely tuned response of DNA repair and activation of cell cycle checkpoints has 

evolved to address these ubiquitous events[14]. The defective repair of DNA damage is 

a common hallmark of cancer with aberrations in DDR pathways being closely linked 

with the development of malignancies and upregulation of these pathways linked with 

resistance to DNA damaging chemotherapy and radiotherapy[14]. The main pathways 

involved in these processes are summarized in Figure 1. A number of these pathways 

are therapeutically targetable. There are three major mechanisms that identify and 

repair single-strand DNA damage: mismatch repair, nucleotide excision repair, and base 

excision repair. The mismatch repair (MMR) pathway corrects for inappropriate nucleotide 

insertions, deletions, and single nucleotide mismatched incorporations[15]. Defective MMR 

increases mutation rates up to 1,000-fold, leading to microsatellite instability (MSI) 
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which is associated with cancer development[16]. MSI high tumors can be targeted with 

immune checkpoint inhibitors[17,18]. Therapeutically targeting the MMR pathway has 

been described extensively elsewhere and will not be covered in this review[19–22]. The 

nucleotide excision repair (NER) senses mostly larger nucleotide DNA adducts or ultraviolet 

(UV) induced damage[23]. The base excision repair (BER) pathway is responsible for 

sensing and repairing single-strand breaks (SSBs), the most common type of DNA damage. 

BER is also responsible for repairing damage that can be therapeutically induced with 

radiation and some chemotherapies[24], with polymerase 1 (PARP1) and PARP2 key 

facilitators in the process[14]. These PARP proteins can be targeted with a number of PARP 

inhibitors.

Unrepaired SSBs lead to collapse of the replication fork and double stranded breaks 

(DSBs), which are repaired by the homologous recombination (HR) or non-homologous 

end joining (NHEJ). DSBs are detrimental to cells and if left unrepaired, they can drive 

apoptosis or senescence. If mis-repaired, these breaks lead to the generation of chromosomal 

aberrations, resulting in genomic instability associated with carcinogenesis[25]. NHEJ 

directs re-ligation of the broken DNA molecule in a template-independent manner, and 

is active in all phases of the cell cycle and is more error-prone[26]. In contrast, homologous 

recombination repair (HRR) utilizes homology of a sister chromatid; therefore, with high 

fidelity and is largely restricted to the S and G2 phases of the cell cycle[27]. DNA damage 

sensing leads to recruitment of DDR proteins to site of damage, cell cycle activation and 

ultimately DNA repair[28]. The MRN (MRE11, RAD50 and NBN protein) complex is 

heavily involved in the initial steps of DSB damage repair. It activates ATM and ATR 
to allow formation of protruding 3’ ends at both side of the DSB and recruits BRCA1 
to the site of damage[28]. BRCA1 in turn recruits BRCA2 and PALB2[29]. The DSB 

is resected to create a single-stranded 3′-overhang, which becomes rapidly coated with 

the ssDNA-binding protein RPA[30,31] and this overhang ultimately invades the sister 

chromatid[32]. Once an RPA-coated ssDNA filament is generated, RPA is replaced by 

Rad51 in an ATM/ CHK2/ BRCA1/ BRCA2/ PALB2-dependent fashion[33]. A number of 

these interactions are represented in Figure 1 and a number of these genes are directly or 

indirectly targetable. The nature of alterations of these genes across 33 different cancers 

was examined by Knijnenburg et al using TCGA PanCanAtlas[34]. Somatic mutations with 

accompanying loss of heterozygosity was observed in over 1/3 of DDR genes. Epigenetic 

silencing was also a frequent event, with silencing of direct repair genes (eg: EXO5, MGMT, 
ALBH3) occurring in 20% of samples[34].

DNA Damage Repair and PDAC

DDR Germline Mutations

Up to 10% of PDAC arise in the setting of an underlying pathogenic germline mutation. 

One study of 854 patients with PDAC, reported that up to 40% of those with germline 

HR-DDR–mutated PDAC did not have a significant family history of cancer[35]. From 

2019, the National Comprehensive Cancer Network (NCCN) guidelines have been updated 

to recommend germline testing for all patients with confirmed pancreas cancer, using 

comprehensive gene panels for hereditary cancer syndromes[36]. Genes implicated in 
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predisposition to PDAC include BRCA1, BRCA2, ATM, PALB2, STK11, MLH1, MSH2, 
MSH2, MSH6, PMS2 and CDKN2A with other genes such as BARD1, ATR, RAD51 and 

CHEK2 are considered as candidate risk genes[37–43,8]. Notably, many of these genes are 

involved in DDR. In a study of 159 patients with PDAC, a pathogenic germline alteration 

was discovered in 15%, with BRCA1 and BRCA2 mutations the most predominant, at 

rates of 2.5% and 8.2%, respectively[9]. Another study, using a larger gene panel and 615 

patients reported a 19.8% rate of germline mutations, with BRCA1 mutations in 2.4%, 

BRCA2 mutations in 5.7%, PALB2 mutations in 0.2% and ATM (1.8%)[8]. Another study 

looking specifically at HRR genes and their impact on OS in PDAC, analyzed samples 

from 3078 patients[44]. One hundred and seventy-five (5.7%) were identified to carry a 

mutation in one of eight HRR genes: 67 (2.2%) BRCA2, 65 (2.1%) ATM, 20 (0.6%) 

BRCA1, 12 (0.4%) PALB2, 4 (0.1%) BRIP1, 4 (0.1%) RAD51C, 2 (0.1%) BARD1 and 1 

(0.03%) in RAD51D[44]. As had been previously reported, mutation carriers were observed 

to be diagnosed with PDAC at a younger age (62.8 vs. 65.8 years, P < 0.001) and were 

more likely to present with metastatic disease at diagnosis (46.2% vs. 35.6%, P < 0.001) 

compared with noncarriers[44]. This rate of germline BRCA mutations is enriched in certain 

populations: 5–16% in Ashkenazi Jewish community, 5–19% in familial PDAC and 5–10% 

in those with a history of familial breast or ovarian cancer[45–49,9]. The rates of mutations 

in MMR genes (MLH1, MSH2, MSH6) are low, comprising of only 1–7 patents in a number 

of studies, which signified under 1% of patients in larger studies[9,8,50,51]. However, 

this is less explored in certain ethnicities and more global investigation is required and is 

underway[52].

Sporadic DDR Mutations

A review of pancreas tumor specimens within the Catalogue of Somatic Mutations in Cancer 

(COSMIC) database revealed that most pancreas cancers harbor somatic mutations, with the 

five most frequent aberrations occurring in KRAS, TP53, CDKN2A, SMAD4, and ARID1A 
genes[7]. Three percent of patients harbored a somatic ATM mutation[7]. A study examining 

whole genome sequencing and copy number variations of 100 PDAC patients identified 3 

with a somatic BRCA2 mutation and 2 with a somatic BRCA1 mutation[39].

Next generation sequencing and advanced genome panels has enabled identification of 

alterations and variants in DDR genes. However, it is often unclear if these low frequency 

mutated genes or variants are truly driver mutations of tumorigenesis, especially when they 

occur alongside other frequent cancer driving genes like KRAS and TP53. It is also unclear, 

what events must occur for these genes to become pathogenic and if they fit the classical 

tumor suppressor rules of requiring loss of the second allele in the tumor[53].

BRCAness and beyond DDR-gene mutations

BRCAness is defined as being a phenocopy of BRCA1/2 mutation. It describes the situation 

in which an HRR defect exists in a tumor in the absence of a BRCA1/2 mutation [54]. 

Other non-core HR (non-BRCA1/2) gene somatic and germline mutations are candidates 

for displaying BRCAness. Tumors with HRR defects are highly sensitive to crosslinking 

agents (such as cisplatin) and DSBs that are induced by radiation and anti-topoisomerase I 

agents[55,14].
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Genetic signatures beyond known HR gene mutations and scars may be more inclusive in 

identifying a DDR alteration and may enrich for response to sensitivity to DNA damaging 

agents e.g., signature 3 and HRDetect[56,57]. A number of assays that detect DDR deficient 

molecular signatures and various scores have been designed in an attempt to identify tumors 

which truly have a defective DDR pathway and thus may benefit from DDR targeted 

agents. For HR deficient tumors, breast and ovarian cancer fields have lead the way in 

development of HRD scores[58,59]. One commonly used HRD score comprises of the sum 

of three independent DNA-based measures of genomic instability: loss of heterozygosity, 

telomeric imbalance and large scale state transitions[60–62]. Other HRD classifiers have 

also been investigated in PDAC with a number being associated with platinum response and 

superior survival.[63,64]. In our group’s work of 262 advanced PDAC patients with both 

germline and somatic MSK-IMPACT available, comprehensive evaluation of methodologies 

for platinum sensitivity was performed and the strongest correlation was in the allelic status 

of the DDR gene and patients with bilallelic loss of both core (BRCA1/2, PALB2) and 

non-core HR genes derived great benefit from platinum[65]. In one study HRD genomic 

tumor classifiers suggested that 7% to 10% of PDACs that do not harbor germline BRCA/
PALB2 have features of HRD[63]. In the same study pathogenic variants in germline 

ATM (n = 6) or germline CHEK2 (n = 2) did not result in HRD-PDAC by any of the 

classifiers[66]. Defining HRD using validated scores is crucial to broaden the indication for 

DDR-targeted agents. However, the resolution of genetic signature evaluation from targeted 

gene sequencing methods is limited in PDAC in view of low number of mutations and 

further investigation is needed[65]. Platinum sensitivity itself or a strong familial history of 

pancreatic cancer without the presence of germline HR mutations have also been studied in 

this context[67,68].

Targeting the DDR Pathway in PDAC Therapy

Results published from the “Know Your Tumor” program identified that patients with 

pancreas cancer with an actionable molecular alteration who received a matched therapy 

(n=46), had significantly longer median OS compared to those patients who received 

unmatched therapies (n=143; 2·58 years [95% CI 2·39 to not reached] vs 1·51 years [1·33–

1·87]; HR 0·42 [95% CI 0·26–0·68], P=0·0004)[5]. Ninety-four (13%) of 189 patients with 

actionable mutations in this analysis had mutations in the DNA damage repair (DDR) 

pathway[5].

Treatment with Platinum Agents

Tumors with HRR defects are highly sensitive to crosslinking agents. Platinum agents are 

known for their ability to crosslink with purine bases in DNA. Most of these crosslinks 

are intrastrand and are usually repaired by NER but interstrand DNA crosslinks can cause 

catastrophic replicative and transcriptional stress, which leads to apoptosis [69]. In various 

malignancies, anti-tumor responses are enhanced in the presence of underlying double-

strand DNA repair alterations in the tumor[70]. A recent systematic review of platinum use 

in HRR deficiency (HRD) in retrospective studies found the average weighted median OS 

in patients with HRD (n=137) treated with platinum based chemotherapy was 23.8 and was 

17.1 months in patients without HRD (n=293)[71]. Without platinum-based chemotherapy, 

the average weighted median OS was 8.3 months in patients with HRD (n=69) and 12.0 
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months in patients without HRD (n=144)[71]. NCCN currently recommends FOLFIRINOX 

or cisplatin plus gemcitabine as first line treatment for individuals who have advanced 

PDAC, a good performance status, and pathogenic germline mutation in BRCA1/2 and 

PALB2[36].

To date, most data pertaining to platinum treatment in PDAC patients with DDR alterations 

has focused on alterations that are germline in origin. In 2011 a small study of 15 patients 

with germline BRCA mutations reported that of six patients who received platinum based 

chemotherapy as first line, five achieved a partial response (PR) to treatment and one a 

complete response(CR)[72]. This finding has been further supported by further studies. 

In 2014 a study of 71 BRCA germline patients found a superior OS for the 22 patients 

with stage 3/ 4 PDAC treated with platinum-based treatment versus those treated with 

non-platinum-based treatment. The majority of these patients were treated with cisplatin 

and three were treated with FOLFIRONOX[73]. The median OS was 22 months for the 

platinum exposed (n=22) compared with 9 months for the non-platinum (n=21) treatment 

groups (P<0.039)[73]. Later a further study reported that twenty-nine (76.3%) of 38 

germline mutated BRCA1/2 patients who received platinum, achieved a treatment response 

in addition to five of nine patients with ATM alterations(55.6%)[8].

The data supporting increased efficacy of platinum agents in PDAC patients with somatic 

DDR mutations is less abundant. In 2017, Lowery et al observed an ORR to platinum of 

34% among 50 PDAC patients who had somatic alterations in one or more genes associated 

with DDR, including BRCA2, FANCA, ATM, and ATR. In this dataset, somatic mutations 

in DDR genes failed to enrich for patients responding to platinum-based chemotherapy[74]. 

Thirteen patients in this dataset had somatic BRCA1 /2 mutations. They also observed a 

variance in clinical outcomes and response to platinum chemotherapy[74]. Most recently in 

2020, Park et al presented data on the platinum treatment outcomes of 50 PDAC patients 

with HR deficiency (HRD) (15% germline and 4% somatic); again, reporting a significantly 

improved median PFS when treated with first line platinum compared to non-platinum 

treatment (12.6 [95%CI: 9.6–24.9] vs 4.4 [3.0–10.0] months) in HRD patients[65]. This 

study also reported the lack of difference in genomic instability or clinical outcome between 

germline and somatic HRD patients, which suggests that both may predict for benefit to 

platinum-based therapies[65].

Poly ADP Ribose Polymerase (PARP) Inhibitors

PARP enzymes are primarily involved in BER of SSB[75]. Inhibition of PARP enzymes 

arrests SSB repair and when these SSBs accumulate this leads to replication fork collapse 

and DSBs. As explored earlier, DSBs are repaired by one of two processes HRR and 

NHEJ with inability to repair DDBs leading cell cycle arrest and subsequent apoptosis[76]. 

In patients with mutations in HRR genes, for example in BRCA1/2 where tumors have 

defective DSB repair mechanisms, PARP inhibition can be used to create synthetic lethality 

in tumors, which can cause selective toxicity to malignant cells that lack HRR capacity 

whereas normal cells repair damage via their HRR mechanism[76].

The Pancreas OLaparib Ongoing (POLO) trial reported in 2019 was the first phase 3 

randomized study to establish a biomarker-driven approach in treatment of PDAC, opening 
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the door to a new era in personalized care for a subset of patients. In ovarian cancer 

the phase 3 SOLO-1 study demonstrated the benefit of maintenance olaparib in BRCA1/2 
patients[77]. The POLO study took the same approach, aiming to extend PFS. The phase 

3 results reported on 154 patients with PDAC who had a germline BRCA1/2 mutation, 

whose disease was stable or responding on front-line platinum-based therapy, and included 

92 patients randomized to receive maintenance olaparib and 62 to placebo[78]. At 68% data 

maturity, the median PFS in olaparib group was 7.4 months vs. 3.8 months in placebo group 

(HR 0.53, 95% CI 0.35 to 0.92, P=0.004). At data cutoff after 108 deaths in July 2020, 13 

patients remained on olaparib vs 2 on placebo[66]. More recently in 2021, mature OS data 

were reported and were similar for both groups: 19.0 and 19.2 months, respectively (HR 

0.83 favoring olaparib; 95% CI 0.56–1.22; P= 0.3487)[66]. OS at 36 months was 33.9% 

for olaparib and 17.8% for placebo[66]. Median time from randomization to second disease 

progression or death was 16.9 months vs 9.3 months, respectively (HR, 0.66; 95% CI 

0.43–1.02; P= 0.0613)[66]. The latter, showed a clear trend for treatment benefit of olaparib 

beyond disease progression but this was not statistically significant[66]. Importantly, there 

was no difference in quality of life scores between olaparib and placebo arms[78,79]. 

Nevertheless, this study is a landmark proof-of-concept study for maintenance PARP 

inhibitor in germline BRCA mutated metastatic PDAC and led to the Food and Drug 

Administration (FDA) approval of olaparib in this setting in PDAC in late 2019.

The use of this strategy in PDAC patients who harbor somatic DDR gene mutations 

is less clear; although reports from maintenance setting studies in ovarian cancer have 

demonstrated that patients with BRCA somatic mutations had a similar reduction in the risk 

of disease progression as those with germline BRCA variants (median PFS, 20.9 months 

vs. 11.0 months; HR 0.27; 95% CI, 0.08 to 0.90; P=0.02)[80]. A phase 2 study evaluating 

maintenance rucaparib in PDAC patients (n=24) whose disease has not progressed on first 

line platinum included 13 patients with germline mutations in BRCA2, three patients with 

germline mutations in BRCA1, two patients with germline mutations in PALB2 and one 

patient with a somatic mutation in BRCA2[81]. The median PFS was 9.1 months with an 

ORR of 36.8% (6 PR’s: 1 CR). Disease control rate (DCR) was 89.5% for at least eight 

weeks[81]. The sole patient with a somatic mutation was one of the seven responders with, 

the remaining six patients having mutations that were germline in origin (BRCA2 [n=4], and 

PALB2 [n=2])[81]

The use of PARP inhibitors as monotherapy in patients with PDAC whose disease has 

progressed on prior systemic chemotherapy is limited, with some conflicting results among 

different agents. The first phase 2 trial was a basket study for germline BRCA1/2 solid 

tumors which included 23 patients with advanced PDAC. The mean number of prior 

therapies was two and 65% of patients had received prior platinum[82]. The tumor response 

rate was 21.7% (95% CI, 7.5 to 43.7)[82]. Stable disease that persisted ≥ 8 weeks was 

observed in 34.8% of those with PDAC (n = 8; 95% CI, 16.4 to 57.3)[82]. There was no 

apparent difference in response rates in those treated with platinum (20%; 95% CI, 4.3 

to 48.1) or without (25%; 95% CI, 3.2 to 65.1)[82]. 30.4% experienced serious AEs[82]. 

Of specific note, it is unclear whether these patients had experienced disease progression 

to prior platinum therapy. Rucaparib monotherapy following treatment with chemotherapy 

has also been evaluated in patients with PDAC who had a somatic or germline mutation 
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in BRCA (16 of 19 enrolled had germline BRCA mutations)[83]. The ORR was 15.8% 

(3 of 19), two PR’s and 1 CR were confirmed with an additional CR unconfirmed[83]. 

Of further note, 2 of 3 patients with a somatic BRCA2 mutation had a PR[83]. In 2018 

results of veliparib in pre-treated stage III/IV PDAC and known BRCA1/2 or PALB2 
mutations were reported. Fourteen (88%) patients with PDAC had received and experienced 

disease progression on prior platinum therapy. In contrast to the above studies no confirmed 

responses were seen. Four (25%) had SD, whereas 11 (69%) had POD as best response. 

Survival data was modest with a median PFS of 1.7 months (95% CI 1.57–1.83) and median 

OS of 3.1 months (95% CI 1.9–4.1)[84]. The key reasons for these differences in outcomes 

between the several studies include the potency differences among the PARP inhibitors 

and the impact of acquired resistance to platinum agents which render PARP inhibitors 

significantly less effective[84].

Javle et al recently reported the first results of PARP inhibitor monotherapy in a 

BRCAness population, with 48 patients treated with olaparib following at least one systemic 

therapy[68]. BRCAness in these studies was defined as previously known DDR genetic 

alterations (DDR-GAs), personal or family history of BRCA-associated cancers (without 

DDR-GAs), or evidence of ATM loss on immunohistochemistry with twenty-four, seventeen 

and five patients respectively, recruited with these traits[68]. DDR-GAs included ATM (n = 

14), PALB2 (n = 2), ARID1A (n = 3), BRCA somatic (n = 1), PTEN (n = 1), RAD51 (n = 

1), CCNE (n = 1), and FANCB (n = 2)[68]. The median duration of treatment was 3 months. 

Two patients had a PR (4%; exact 95% CI, 0.53%–14.8%), 1 of which was not confirmed 

(2%); these PRs occurred in 1 patient with PALB2 and 1 with somatic ATM variant 

with the confirmed PR 3.9 months in duration[68]. Thirty-three patients experienced stable 

disease (72%; 95% CI, 59%–85%), of whom 11 (24%) experienced disease stability longer 

than 4 months[68]. Median PFS was 3.7 months (95% CI, 2.9–5.7) and was significantly 

higher for patients with DDR-GAs (5.7 months; 95% CI, 3.6–8.8 months; P= .008) and 

platinum-sensitive PDAC (4.1 months; 95% CI, 3.6–7.8 months; P = .01). The overall PFS 

is comparable to second line chemotherapy regimens but is lower than that noted among 

patients with BRCA variants who received olaparib in the POLO trial[68,66]. The estimated 

median OS was 9.9 months (95% CI, 7.6–16.1 months) and 13.6 months (95% CI, 9.69 to 

not reached) in the DDR-GA cohort[68]. There are a number of PARP monotherapy trials 

ongoing. NCT03601923 and NCT03553004 are evaluating the use of niraparib, a selective 

PARP1 and PARP2 inhibitor, in PDAC patients with mutations in HRR genes. A phase 2 

study assessing rucaparib in patients with solid HRR deficient tumors is also still recruiting 

(NCT04171700).

Strategies to overcome resistance to PARP inhibition has been investigated and combining a 

platinum with a PARP inhibitor was hypothesized to lead to improved response and survival 

in patients with DDR gene mutations based on some promising phase 1 results[85]. A 

phase 1 dose escalation study of 18 unresectable PDAC patients treated with olaparib with 

cisplatin, irinotecan, and mitomycin C observed that the combination caused substantial 

toxicity with 16 patients (89%) experiencing grade 3 or greater adverse events[86]. One 

patient with a germline BRCA2 mutation had a durable clinical response lasting more than 

four years, but died from complications of treatment-related MDS[86]. A phase 2 study of 

108 patients treated with veliparib and folinic acid, fluorouracil, and irinotecan (FOLFIRI) 
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or FOLFIRI alone included 11 PDAC patients with stage IV disease (9%) with HRD, 

including 4 germline (BRCA1, BRCA2, ATM) and 7 somatic mutations (BRCA2, PALB2, 
ATM, CDK12). Additionally, 24 cancers (20%) had germline (n = 11, e.g., FANC, BLM, 
SLX4, CHEK2) or somatic mutations (n= 13, e.g., FANC, BLM, POLD1, RIF1, MSH2, 
MSH6) in other genes, not classified as HRD. Improvements in OS (11.9 vs 5.7 months) and 

PFS were observed in patients who had either germline or somatic BRCA-mutated or with 

non–BRCA-mutated HRD in comparison with the no-HRD group[87,88]. A phase 1/2 study 

of veliparib in combination with 5-fluorouracil and oxaliplatin (FOLFOX) in metastatic 

PDAC observed that the combination had greater activity in platinum-naïve patients and 

demonstrated again greater activity in those with HR mutations[89]. The ORR in HRD 

platinum naïve patients was 57%[89]. Activity of a combination platinum and PARP in 

a platinum naïve HRD population was then assessed in a randomized phase 2 trial of 

gemcitabine and cisplatin with or without veliparib in untreated patients with PDAC and 

a germline BRCA/PALB2 mutation. Results published in 2020 noted that the addition of 

veliparib did not improve ORR [90]. The ORR for veliparib arm (arm A) was 74.1% and 

65.2% for standard chemotherapy arm (arm B) (P= .55). Disease control rates (DCR) was 

100% for arm A and 78.3% for arm B (P= .02). The median PFS was 10.1 months for arm 

A (95% CI, 6.7 to 11.5 months) and 9.7 months for arm B (95% CI, 4.2 to 13.6 months; P= 

.73)[90]. Median OS for arm A was 15.5 months (95% CI, 12.2 to 24.3 months) and 16.4 

months for arm B (95% CI, 11.7 to 23.4 months; P= .6). Grade 3 to 4 hematologic toxicities 

for arm A versus arm B were 13 (48%) versus seven (30%) for neutropenia, 15 (55%) 

versus two (9%) for thrombocytopenia and 14 (52%) versus eight (35%) for anemia[90]. 

The major take home points from this study are that cisplatin and gemcitabine is an active 

and reference standard for this patient population and that the addition of the PARP inhibitor 

added toxicity and did not improve outcome. All completed PARP inhibitor trials, in PDAC 

population are summarized in table 1.

Future Directions

In the POLO trial the median PFS was 9.1 months, demonstrating that many patients 

acquire PARP inhibitor resistance with exposure to PARP inhibitors[91,78]. Tumor cells 

can develop ways to restore HR repair (HRR repair restoration) or retain its HR defect 

but find an alternative mechanism to protect the replication fork[92,91]. The latter is 

often achieved by upregulation of the ATR/ ChK1 pathway which stabilizes the replication 

fork[92]. In BRCA1/2 mutated tumors, the most common mechanism of resistance to PARP 

inhibitors is achieved through intragenic secondary mutations, which restore BRCA1 and 

BRCA2 protein function[92]. Various other factors, such as reversion mutations, epigenetic 

modification, loss of PAR glycohydrolase (PARG) and restoration of ADP-ribosylation 

(PARylation) can also lead to PARP inhibitor resistance[91]. Deletion of shieldin, a key 

protein complex in NHEJ repair has also been found to confer resistance to PARP inhibitors 

in BRCA1 deficient cells[93]. To date combining chemotherapy with PARP inhibitors has 

not led to improved survival for platinum naive patients with HRD, although there is 

interest in continuing to explore this strategy given the theoretic advantage of delaying 

the emergence of resistance. A number of other strategies to combat resistance are being 
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investigated in other cancers with prevalent DDR mutations. Table 2 summarizes ongoing 

trials targeting DDR in PDAC.

PARP inhibition and Anti-Angiogenic Therapy

Anti-angiogenic therapy results in targeted inhibition of the vascular epidermal growth 

factor (VEGF) families and can induce a hypoxic tumor microenvironment which leads to 

downregulation of HR gene expression[94]. It has been suggested that this hypoxic state 

causes functional inactivation of BRCA1 and RAD51 in the absence of genetic mutations of 

these genes, thus inducing BRCAness[95,96]. In ovary cancer, bevacizumab, a humanized 

monoclonal antibody against VEGF-A, was added to olaparib as maintenance therapy in 

platinum responders in the phase 3 PAOLA-1/ENGOT-ov25 trial, demonstrating a PFS 

survival benefit for both BRCA mutated and HRD-positive patients[97]. Cediranib is an 

anti-angiogenic targeted kinase inhibitor against VEGFR1, VEGFR2, and VEGFR3. A 

phase 2 study of olaparib with or without cediranib in men with metastatic castration 

resistant prostate cancer reported a median PFS of 11.1 versus 4.0 months in combination 

arm and monotherapy arm, respectively (HR 0.54, 95% CI 0.317, 0.928, P=0.026) with 

HR mutation status pending. In a PARP resistance setting, cediranib plus olaparib for 

ovary cancer patients following disease progression on PARP inhibition, reported a sixteen-

week PFS rate of 55% in platinum sensitive patients and 50% in platinum resistant group. 

This study also identified genomic mechanisms of resistance to PARP inhibitors including 

reversion mutations in BRCA1/2 and RAD51B (19%); CCNE1amplification (16%); ABCB1 
upregulation (15%); and SLFN11 downregulation (7%). Patients with reversion mutations 

in HR genes and/or ABCB1 upregulation had poor outcomes[98]. A phase 3 study 

comparing single olaparib and olaparib plus cediranib combination against standard of care 

(SOC) chemotherapy in relapsed, platinum sensitive ovarian cancer found the combination 

had similar activity to SOC with ORR of 71.3% (SOC), 52.4% (olaparib), and 69.4% 

(combination)[99]. The combination failed to meet the primary endpoint of improved 

PFS[91]. In germline BRCA patients, HR for PFS was 0.55 (95% CI 0.73–1.30) for 

combination vs SOC[94]. Although the combination of PARP inhibition and anti-angiogenic 

therapy is novel, and significant activity has been observed in ovarian cancer. The theoretical 

role of anti-angiogenesis in perturbation of HR-gene transcription in non-HRD patients has 

not been proven in a clinical trial setting to date and evaluation of monoclonal antibody 

versus a tyrosine kinase inhibitor requires further investigation in ongoing trials. A phase 

2 study combining olaparib and cediranib in advanced solid tumors, including PDAC is 

currently recruiting (NCT02498613).

PARP Inhibitors and Immune Checkpoint Blockade

PARP inhibition leads to an accumulation of DNA damage. Dying cells release endogenous 

molecules referred to as danger/damage associated molecular patterns (DAMPs)[100]. 

DAMPs act as neoantigens for anti-tumor immune response, involving activation of both 

innate and adaptive immune responses with the process being dependent on stimulator of 

interferon genes (STING) pathway activation[101–104]. Treatment with PARP inhibitors 

has also been found to increase PD-L1 expression [105,106]. The combination of PARP 

inhibitors and immune check point inhibitors has been studied in a number of malignancies, 

showing promising anti-tumor activity. The phase 1/2 MEDIOLA study was a basket study 
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investigating combination olaparib with durvalumab (AstraZeneca), a PD-L1 inhibitor in 

patients with germline BRCA mutated ovarian and breast cancer, metastatic gastric cancer, 

and relapsed small cell lung cancer. In the metastatic breast cohort (n=34), the median 

duration of response was 9·2 months (95% CI 5·5–13·1) with ORR of 53%. At a median 

follow-up of 6·7 months (IQR 4·6–13·8), median PFS was 8·2 months (95% CI 4·6–11·8: 

80% maturity). At a median follow-up of 19·8 months (IQR 14·4–25·5), median OS was 

21·5 months (95% CI 16.2–25.763% maturity)[107]. In the platinum sensitive relapsed 

ovarian cohort (n=32), the ORR was 71.9% (95% CI: 53.25%, 86.25%) with a total of seven 

CRs. The median PFS was 11.1 months (95% CI: 8.2, 15.9) and OS for all patients was not 

reached with 87% of patients still alive at 24 months[108]. In PDAC, the combination of 

immunotherapy and PARP inhibitors is still in its infancy with a number of trials ongoing. 

A phase 2 study of olaparib and durvalumab vs cediranib and durvalumab in PDAC and 

other solid tumors is currently recruiting as part of the DAPPER trial (NCT03851614). 

Dostarlimab (ANB011, GSK) is an anti PD-1 monoclonal antibody which is currently being 

evaluated in combination with niraparib in patients with germline or somatic BRCA1/2 
PDAC (NCT04493060, NCT04673448). A phase 2 study combining well known anti PD-L1 

inhibitor pembrolizumab with olaparib in patients with metastatic PDAC and germline 

BRCA mutations is also recruiting (NCT04548752). Expanding beyond the BRCA mutation 

setting, the phase 2 POLAR trial evaluating olaparib and pembrolizumab combination in 

PDAC patients with HR-gene mutations or exceptional response to platinum-based therapy 

without HR-gene mutations, is also currently recruiting (NCT04666740).

PARP and other Targeted Agents

A number of other strategies to address PARP inhibitor resistance are in early drug 

development. ATR plays a significant role in resistance to PARP inhibition. In pre-clinical 

studies using ovarian models, PARP inhibitor-resistance was accompanied by increased 

ATR-Chk1 activity and sensitivity to ATR inhibition[109]. It is noted that PARP inhibitor 

resistant cells are significantly more sensitive to ATR inhibitors when combined with 

PARP inhibitors[109]. A phase 2 trial combining olaparib with AZD6738 (AstraZeneca), an 

ATR kinase inhibitor is currently recruiting. Patients with ATM loss/mutation or BAF250a 
(ARID1A) expression are eligible to participate, with only the ARID1A positive group 

eligible to receive the combination (NCT03682289). Another pre-clinical study observed 

that PARP inhibitor resistant cells had elevated RAS/MAPK signaling independent of 

mutations in KRAS and that resistance was at least in part reversed by MEK inhibition[110]. 

A phase 1 /2 study of combinations of avelumab (Pfizer) a PD-L1 inhibitor, binimetinib 

(Pfizer) a MEK1/2 inhibitor and the PARP inhibitor talazoparib (Pfizer) is currently 

recruiting (NCT03637491). Finally, pre-clinical studies have also identified that inhibition 

of cycling dependent kinase 12 (CDK12), a transcriptional regulator of the HR process, 

can reverse PARP inhibitor resistance in BRCA mutated triple negative breast cancer cell 

lines[111]. A phase 1 study combining veliparib and dinaciclib (Merck) in advanced solid 

tumors is currently recruiting (NCT01434316).

Targeting ATR

ATR plays an important role in maintaining genome integrity during DNA replication, 

through the phosphorylation and activation of CHK1 upon binding of replication protein 
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A (RPA) to single-strand DNA. ATR binds to RPA and is activated through TOPBP1 

complex and phosphorylated ATR activates downstream CHK1 kinase[112]. This CHK1 

activation ultimately slows the cell cycle by activating the G2/M negative checkpoint 

regulators CDC25C and WEE1. Accumulating evidence suggests that targeting ATR can 

selectively sensitize cancer cells but not normal cells to DNA damage and this strategy 

can cause synthetic lethality in ATM-mutant cancer cells [113]. Gemcitabine activates the 

ATR/Chk1 pathway which affects tumor survival. Downregulation of this pathway has 

been shown to sensitize cancer cells to gemcitabine[114,115]. Two trials evaluating the 

addition of ATR inhibitor BAY1895344 (Bayer) to usual chemotherapy for advanced solid 

tumors, with special focus on PDAC has recently been registered but is not yet recruiting. 

(NCT04616534, NCT04514497). Evaluating HR status is a secondary outcome of these 

trials.

Inducing HRD in HR Proficient Tumors

A number of strategies to induce HRD in HR proficient tumors, thus expanding the use 

of DDR pathway targeting to more patients are currently underway. WEE1 is a tyrosine 

kinase that inhibits the activation of CDK1 and CDK2 and thus, acts as a cell cycle regulator 

in the G2/M and S phases of the cell cycle. AZD1775(AstraZeneca) is a small molecular 

inhibitor of WEE1 and has been shown to cause cell cycle acceleration and apoptosis 

when applied with DNA damaging agents[116]. In a pre-clinical study, WEE1 inhibition 

decreased the level of HR related proteins, suggesting WEE1 inhibition induces HRD by 

decreasing the ability of HR to repair cells. Co-treatment with AZD1775 and olaparib was 

found to be highly effective in BRCA proficient triple negative breast cancer cells. It was 

also observed that AZD1775 enhanced sensitivity to cisplatin and an ATR inhibitor[116]. 

A dose escalation study of AZD 1775 in combination with gemcitabine and radiation 

therapy in patients with locally advanced PDAC, demonstrated that the combination was 

well tolerated[117]. The median OS for all patients was 21.7 months (90% CI, 16.7 to 

24.8 months), and the median PFS was 9.4 months (90% CI, 8.0 to 9.9 months)[117]. 

However, disappointingly no analysis related to HRD was reported. A phase 1 clinical trial 

of AZD1775 in patients who have BRCA mutated/ HRD solid tumors and whose disease has 

progressed on PARP inhibitor therapy is currently recruiting (NCT04197713).

ATM and ATR are PI3K-related protein kinase in DNA response pathways. In a pre-clinical 

study using triple negative breast cancer cells, it was observed that the suppression of 

PI3K resulted in HR impairment by BRCA1 and RAD51 downregulation and apoptotic 

cell death by the induction of DNA damage[118]. Further pre-clinical studies demonstrated 

that mTOR/PI3K inhibition enhanced the anti-tumor efficacy of PARP inhibitors, again in 

breast cancers[119,120]. A phase 1 study combining niraparib and copanlisib (Bayer), a 

PI3K inhibitor in a variety of gynecological cancers is currently recruiting(NCT03586661). 

A phase 1 study of copanlisib, olaparib and durvalumab in advanced solid tumors is also 

recruiting (NCT03842228).
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Conclusion

New therapies are urgently needed for PDAC. Germline and somatic genomic testing are 

standard of care for all patients with PDAC. PDAC patients with mutations in core HR-genes 

(BRCA1/2, PALB2) involved in DDR benefit from a personalized approach to treatment, 

irrespective of whether the mutations are germline or somatic. Treatment with platinum 

chemotherapy in the first line setting for patients with HR-deficient PDAC has been 

demonstrated to impact survival. Maintenance therapy with olaparib following induction 

chemotherapy in patients with germline BRCA1/2 mutations has yielded promising results 

but resistance mechanisms to PARP inhibition remain a challenge. Many trials are underway 

to build on the results of the POLO trial including evaluating the combination of PARP 

inhibitor therapy and immunotherapy. While PARP inhibitor/chemotherapy combination 

trials have failed to demonstrate a survival benefit, a number of additional combination 

strategies to counteract PARP resistance are currently being investigated. Defining and 

identifying HRD tumors will be paramount going forward, with a number of promising 

HRD scores evaluated in recent years. Of high priority are strategies to induce HRD and 

overcome resistance to HRD and thus expand the number of patients who may benefit from 

DDR targeted therapy.
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Figure 1: 
Targeting DDR Pathways in Pancreas Cancer
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