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Abstract

Objective: Poly(ADP-ribose) polymerase (PARP) inhibitors have shown substantial activity in 

homologous recombination- (HR-) deficient ovarian cancer and are undergoing testing in other 

HR-deficient tumors. For reasons that are incompletely understood, not all patients with HR-

deficient cancers respond to these agents. Preclinical studies have demonstrated that changes in 

alternative DNA repair pathways affect PARP inhibitor (PARPi) sensitivity in ovarian cancer 

models. This has not previously been assessed in the clinical setting.
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Methods: Clonogenic and plasmid-based HR repair assays were performed to compare BRCA1-
mutant COV362 ovarian cancer cells with or without 53BP1 gene deletion. Archival biopsies from 

ovarian cancer patients in the phase I, open-label clinical trial of PARPi ABT-767 were stained for 

PARP1, RAD51, 53BP1 and multiple components of the nonhomologous end-joining (NHEJ) 

DNA repair pathway. Modified histochemistry- (H-) scores were determined for each repair 

protein in each sample. HRD score was determined from tumor DNA.

Results: 53BP1 deletion increased HR in BRCA1-mutant COV362 cells and decreased PARPi 

sensitivity in vitro. In 36 women with relapsed ovarian cancer, responses to the PARPi ABT-767 

were observed exclusively in cancers with HR deficiency. In this subset, 7 of 18 patients (39%) 

had objective responses. The actual HRD score did not further correlate with change from baseline 

tumor volume (r = 0.050; p = 0.87). However, in the HR-deficient subset, decreased 53BP1 H-

score was associated with decreased antitumor efficacy of ABT-767 (r = −0.69, p = 0.004).

Conclusion: Differences in complementary repair pathways, particularly 53BP1, correlate with 

PARPi response of HR-deficient ovarian cancers.
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INTRODUCTION

Multiple poly(ADP-ribose) polymerase (PARP) inhibitors (PARPis) have recently received 

regulatory approval for the treatment of ovarian cancer and are undergoing extensive clinical 

testing in additional homologous recombination (HR) deficient cancers, including triple-

negative breast, prostate, and pancreatic cancer [1–4]. Among recurrent high grade serous or 

endometrioid ovarian carcinomas, the response rate to PARPi therapy is highest in BRCA1- 

or BRCA2-mutant carcinomas, intermediate in BRCA1/2-wildtype carcinomas that show 

evidence of HR deficiency as manifested by high loss of heterozygosity, and lowest in HR-

proficient carcinomas [5]. Given the toxicities of PARPi therapy, including prolonged 

nausea, myelosuppression and possible risk of myleodysplastic syndrome and acute myeloid 

leukemia, identifying carcinomas that are unlikely to respond could spare a subset of ovarian 

cancer patients unnecessary side effects. How to distinguish HR-deficient ovarian 

carcinomas that will or will not respond to PARPis remains incompletely understood.

Preclinical studies have suggested several pathways that might modulate sensitivity of HR-

deficient cancers to PARPis [6–8]. In particular, the PARP trapping model [9, 10] suggests 

that cancers with diminished PARP1 expression might be less sensitive to PARPis. Studies 

in ovarian cancer cell lines [11, 12] and BRCA1 mutation-associated murine breast cancers 

[13] have also indicated that downregulation of components of the nonhomologous end-

joining (NHEJ) DNA repair pathway, including KU70, KU80 and Artemis, or diminished 

levels of the 53BP1 protein that regulates engagement of the NHEJ pathway are associated 

with PARPi resistance. In the case of 53BP1 loss, this PARPi resistance has been attributed 

to restoration of HR despite the continued absence of BRCA1 [14–16]. The pertinence of 

these findings to clinical PARPi responses is currently unknown.
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ABT-767 is a potent orally bioavailable small molecule inhibitor of PARP1 and PARP2 (Ki 

= 0.47 and 0.85 nM, respectively) that demonstrated anticancer activity in preclinical models 

[17]. A recent phase I study (NCT01339650) evaluated ABT-767 in subjects with advanced 

solid tumors harboring deleterious BRCA1 or BRCA2 mutations or subjects with recurrent 

ovarian, fallopian tube, or peritoneal cancer [17]. In the present study we examined the 

relationship between HRD score, BRCA1 and BRCA2 mutation status, expression of repair 

proteins, and response of ovarian cancers treated with ABT-767 on this trial.

METHODS

Patient population and study design

NCT01339650, a Phase I, open-label, multicenter study of the PARPi ABT-767, included 

dose escalation and safety expansion cohorts [17]. ABT-767 was administered orally on 

Days 1–28 of 28-day cycles until patients experienced progressive disease (PD) or 

unacceptable toxicity. From an initial dose level of 20 mg once daily, ABT-767 was 

escalated to 500 mg twice daily (BID) using a 3+3 trial design. At the recommended phase 2 

dose of 400 mg BID, an expansion cohort with BRCA1/BRCA2-mutated advanced solid 

tumors and another cohort with advanced ovarian, fallopian tube or primary peritoneal 

carcinoma (hereafter collectively called “ovarian cancer”) were enrolled. The present 

analysis focused exclusively on ovarian cancer patients enrolled in this trial. When available, 

archival tissue was submitted for biomarker analysis. Objective response rate (ORR: 

confirmed complete response [CR] and partial response [PR]) was measured by Response 

Evaluation Criteria in Solid Tumors (RECIST) version 1.1 in patients who had measurable 

disease at baseline [18]. As defined by RECIST, CR indicates disappearance of all target 

lesions with pathologic lymph nodes reduced to <10 mm on the short axis, PR required 

≥30% decrease in sum of the diameters of target lesions, and non-responders included both 

progressive disease (PD, ≥20% increase in sum of diameters of target lesions) and stable 

disease (SD). CA-125 response was measured by Gynecologic Cancer Intergroup criteria 

[19].

Homologous Recombination Deficiency (HRD) Score and BROCA analysis

HRD score, which is a weighted sum of LOH, telomeric allelic imbalance and large scale 

transitions, was assayed at Myriad Genetics as described by Telli et al [20]. Samples were 

considered HR-deficient if the HRD score was ≥42. Tumor mutation status of BRCA1 and 

BRCA2 was simultaneously determined at Myriad Genetics. Mutations were considered 

deleterious only if they were nonsense mutations or missense mutations known previously to 

be associated with altered function or strongly correlated with disease penetrance [21]. In 

the sample set, HR deficiency was defined as an HRD score ≥42 and/or the presence of a 

deleterious BRCA1 or BRCA2 mutation.

To search for additional HR gene mutations, DNA from HR-deficient cases that lacked 

deleterious BRCA1 or BRCA2 mutations was isolated from FFPE slides by laser capture 

microdissection and assayed for mutations in genes involved in DNA repair (Table S1) by 

BROCA-HR DNA sequencing as previously described [22]. Mutations were considered 
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deleterious if they were truncating or were missense mutations with evidence of functional 

compromise. Sanger sequencing was used to confirm deleterious mutations.

Methylation Analysis

As previously reported [5, 23], DNA was bisulfite converted (EZ Methylation Direct kit, 

Zymo Research, Irvine, CA) and evaluated with methylation sensitive PCR for BRCA1 and 

RAD51C. In vitro methylated DNA and known unmethylated DNA (Zymo Research 

#D5014) were used as positive and negative controls, respectively, for bisulfite conversion 

and validation of amplicon size. Water (H2O) was substituted for DNA to rule out cross-

contamination of samples.

Cell lines

The identity of all cell lines was confirmed by short tandem repeat analysis in the Mayo 

Clinic Cytogenetics Core. To assess the impact of 53BP1 on PARP inhibitor sensitivity, 

BRCA1-mutant COV362 cells ([24], kind gift from Robert van Waardenburg, University of 

Alabama Birmingham) were utilized. To provide positive and negative controls for IHC, the 

following cell lines were utilized: OVCAR8 (kind gift from Dominic Scudiero, NCI 

Frederick) as well as OVCAR8 cells transiently transfected with siRNA targeting the 

RAD51, KU80, KU70, XRCC4, or 53BP1 mRNAs; parental and PARP1−/− HCT116 cells 

([25], a kind gift from Eric Hendrickson, University of Minnesota); or parental MO59J cells 

(lacking DNA-PKCS) and MO59K cells expressing DNA-PKCS ([26], kind gift from Jann 

Sarkaria, Mayo Clinic, Rochester, MN). HR-proficient OV90 ([24], kind gift from Robert 

van Waardenburg) and HR-deficient, BRCA2-mutant PE01 cells [11, 23] served as positive 

and negative controls, respectively, for the plasmid reactivation assays.

COV362, OV90 and OVCAR8 cell lines were grown in RPMI medium 1640 supplemented 

with 10% (vol/vol) FCS (medium A); HCT116 cell lines were grown in McCoy’s 5A 

medium supplemented with 10% (vol/vol) FCS; PE01 cells were grown as previously 

described [12]]; and MO59J and MO59K cell lines were grown in DMEM/F-12 (1:1) 

medium supplemented with 15% (vol/vol) FCS and 1 mM sodium pyruvate. All media 

contained 50 units/mL penicillin G, 50 μg/mL streptomycin, and 1 mM glutamine.

To generate 53BP1 knockout cells, the oligonucleotides (5′-TTGATCTCACTTGTGATTCG 

−3′) guiding to human 53BP1 2023–2042 (accession number: AF078776.1) were 

synthesized, annealed, and cloned into the BsmBI site of lentiCRISPR-v2 plasmid 

(Addgene, Cambridge, MA). 53BP1 targeting virus and empty vector were packaged by 

transfecting HEK293T cells with the packaging vector psPAX3, envelope vector pMD2.G, 

and lentiCRISPR-v2–53BP1 2023–2042 or empty vector using Lipofectamine 2000 

(ThermoFisher, Waltham, MA). Two days after viral transduction, COV362 cells were 

selected with 3 μg/ml puromycin. Pooled cells were utilized for the assays described below. 

53BP1 knockout was verified by immunoblotting.

The following siRNA constructs were purchased from Dharmacon (Lafayette, CO): RAD51 

(3M-003530–04, SMARTpool Human), KU80 (J-010491–07, ON-TARGETplus siRNA), 

and XRCC4 (5’-AUAUGUUGGUGAACUGAGATT-3’)[27]; or from Ambion (Austin, TX), 

USA): KU70 (s5457, 5’-GACAUAUCCUUGUUCUACA-3’), 53BP1 (s14313, 5’-
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GAAGGACGGAGUACUAAUA-3’), and Negative Control No. 1 (cat. No. 4390884). 

Oligonucleotides were resuspended according to the suppliers’ instructions. Cells suspended 

in medium A were subjected to electroporation using a BTX830 square wave electroporator 

(Harvard Apparatus, Holliston, MA, USA) delivering two 10-ms pulses at 280 V. After a 48-

h incubation, 90% of the cells were embedded to serve as immunohistochemistry (IHC) 

controls. Whole cell lysates were prepared from the remaining cells to confirm knockdown 

of siRNA targets by immunoblotting.

Clonogenic assays

Aliquots containing 500 COV362 EV or COV362 53BP1−/− cells in medium A containing 3 

μg/ml puromycin, were plated in 35 mm plates, allowed to adhere for 14–18 hours, and 

treated with varying concentrations of veliparib (added from 1000X stocks in DMSO). Cells 

were incubated for 10 days to allow colony formation. PE01 and OV90 cells were assayed 

similarly except that 400 and 600 cells, respectively, were plated and cells were grown in 

their usual growth media. Survival was calculated as the ratio of colonies per well treated 

with drug compared with diluent.

Immunoblotting

Aliquots of control and knockout or knockdown cell lines prepared as IHC controls were 

harvested, washed in calcium- and magnesium-free Dulbecco’s phosphate buffered saline 

(PBS), sonicated in buffered 6 M guanidine hydrochloride under reducing conditions, and 

prepared for electrophoresis as described [28]. Samples containing 50 μg of protein were 

separated on SDS-polyacrylamide gels containing 8% (wt/vol) acrylamide, transferred to 

nitrocellulose and probed with antibodies [28].

HR assays.

The previously described [29] reporter plasmid DR-GFR (provided by L. Karnitz, Mayo 

Clinic, Rochester MN) was transfected, along with pCherry and plasmid encoding I-SceI or 

empty vector, by electroporation using a BTX 830 square-wave electroporator. Conditions 

used for various cell lines were: COV362 parental, COV362 53BP1−/− and OV90, 260 V for 

two 10 msec pulses; PE01, 240 V for two 10 msec pulses. After incubation for 48 h, cells 

were trypsinized, washed in PBS, and fixed in 4% (w/v) formaldehyde in PBS. Flow 

cytometry was performed on a Becton Dickinson LSR II flow cytometer (BD Biosciences; 

Franklin Lakes, NJ) as described previously [12]. Results were expressed as a ratio of 

double-positive cells (EGFP+mCherry+) to the total number of mCherry+ cells to normalize 

for transfection efficiency, and then normalized to 1.0 for the value in COV362 cells in each 

experiment. Whisker plots summarize 4 independent experiments.

Immunohistochemistry (IHC)

After formalin fixed, paraffin embedded archival cancer specimens were sectioned at 5 

microns, antigens were detected using automated IHC staining. Antigen retrieval was 

performed for 20 min using Epitope Retrieval 1 (Citrate; Leica). Antibodies to DNA-PKCS 

(1:600; IHC00044, Bethyl Labs), KU80 (1:2000, clone EPR3467, Abcam), KU70 (1:500, 

clone N3H10, Abcam), XRCC4 (1:8000, clone 4/XRCC4, BD Biosciences), PARP1 (1:300, 
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clone E102, Abcam), RAD51 (1:2000, clone EPR4030(3), Abcam), and 53BP1 (mouse 

monoclonal [30], a kind gift from Thanos Halazonetis, University of Geneva, Switzerland) 

were diluted in Background Reducing Diluent (Dako) and incubated for 15 min.

A Leica Polymer Refine Detection System was used according to the supplier’s instructions. 

Slides were rinsed between steps with 1X Bond Wash Buffer (Leica). Immunostaining was 

visualized by incubating slides for 10 minutes in 3,3’diaminobenzidine (DAB) and DAB 

buffer (1:19 mixture) from the Bond Polymer Refine Detection System. Slides were 

counterstained for 5 min using Schmidt hematoxylin and molecular biology grade water (1:1 

mixture) followed by several rinses in 1X Bond Wash Buffer and distilled water. Once 

completed, slides were rinsed in tap water for 3 min, dehydrated in increasing concentrations 

of ethanol, and cleared in 3 changes of xylene prior to permanent coverslipping in xylene-

based medium.

OVCAR8 cells transfected with siRNA to DNA repair proteins as described above, parental 

HCT116 cells, PARP1−/− HCT116 cells, MO59J cells, and MO59K cells served as staining 

controls. In each case, cells were fixed in PBS containing 4% (w/v) paraformaldehyde at 20–

22 °C for 2 h, washed in PBS, sedimented, embedded in paraffin in the Mayo Clinic 

Histochemistry Core, sectioned, and stained in each IHC run to serve as positive and 

negative controls.

Slides were scored by investigators (A.E.W.H. and D.V.) blinded to all clinical results. Using 

consensus estimates of the percentages of cells that were stained weakly, moderately or 

strongly, a modified H-score was calculated as 1 x % weak + 2 x % moderate + 3 x % strong 

[31]. For samples that lacked sufficient slides to assess all antigens, 53BP1 and KU80 were 

prioritized.

Statistical Analysis

Change in baseline tumor was defined as the greatest reduction in tumor size observed for a 

patient. Responses (CR and PR, as defined above) were assigned according to RECIST 

version 1.1 as per the parent clinical trial [18]. Non-responders included both SD and PD. 

Relationships between DNA repair proteins (H-scores) and the change in baseline tumor 

volume were assessed graphically and via Spearman correlation. Differences in H-scores by 

response group (non-responders vs. complete/partial responders) were assessed using 

Wilcoxon rank-sum tests; differences in HRD status by response group were assessed using 

Fisher’s exact test.

RESULTS

53BP1 loss decreases sensitivity of BRCA1-mutant ovarian cancer cells to PARP inhibitor 
in vitro

Previous studies have demonstrated that interruption of the 53BP1 gene, which regulates 

repair pathway choice between HR and NHEJ, is associated with increased HR activity and 

decreased PARPi sensitivity in BRCA1-mutant breast cancer or immortalized BRCA1−/− 

retinal pigment epithelial cells [14–16]. To assess whether 53BP1 loss could also potentially 

impact PARPi sensitivity in human ovarian cancer, we used CRISPR/Cas9 reagents to target 
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the 53BP1 gene in COV362 cells, a high grade serous ovarian cancer line that harbors a 

truncating BRCA1 mutation [24]. As indicated in Fig. 1A, 53BP1 was markedly diminished 

in the pool of cells that grew back after puromycin selection, indicating success of the 

knockout in the majority of cells. 53BP1 gene disruption in this cell line was accompanied 

by increased HR as assessed using a plasmid-based repair assay (Figs. 1B and S1). 

Consistent with these results, 53BP1−/− COV362 cells were more resistant to the PARPi 

veliparib (ABT-888) than COV362 cells transduced with empty vector (Fig. 1C), with an 

increase in IC50 of 2.9 ± 0.4-fold (mean ± SEM, n = 5). Thus, PARPi sensitivity in human 

ovarian cancer cells can be modulated by 53BP1 loss as previously reported in BRCA1-

mutant breast cancer and retinal pigment epithelium models.

Development and Validation of DNA Repair Protein IHC Assays

This observation and others in preclinical models suggest that changes in several different 

alternative DNA repair pathway proteins can modulate PARPi sensitivity in HR-deficient 

cells [6, 7, 11–15]. To test various hypotheses, we developed assays to assess expression of 

PARP1, RAD51, 53BP1 and classical NHEJ pathway proteins by IHC. Each assay was 

validated by showing that the IHC signal was markedly attenuated by gene knockout or 

highly effective siRNA (Fig. 2A-C and Fig. S2). Staining of 53BP1 for quality control 

purposes showed a strong correlation (r = 0.82) between the H-Score from two different 

tissue microarrays (TMAs), each containing different cores from the same ovarian cancers 

(Fig. 2D-E).

Relationship between BRCA1 or BRCA2 mutations, HRD score and ABT-767 response

The PARPi ABT-767 was evaluated in a phase I clinical trial with expansion cohort [17]. 

Among the 93 patients placed on trial (Fig. S3), 80 had recurrent ovarian cancer, 10 had 

breast cancer, and 3 had other neoplasms. The present analysis focused on the 36 ovarian 

cancer patients who were i) treated at the seven highest dose levels, ii) had archival material 

available for molecular and immunohistochemical analysis, iii) had a known HR status and 

iv) were evaluable for objective response. Among these 36 ovarian cancers, 15 had 

deleterious BRCA1 or BRCA2 mutations.

Eighteen of the 36 ovarian cancers had a deficiency in HR, as defined by the presence of a 

BRCA1/BRCA2 mutation and/or a Myriad HRD assay score of ≥42 [20]. Of the three HR-

deficient ovarian cancers lacking demonstrable BRCA1/BRCA2 mutations, RAD51C or 

BRCA1 promoter hypermethylation was observed in the two samples available for analysis 

(Fig. S4). In the BROCA analysis of these samples, no clearly deleterious mutations in DNA 

repair genes other than TP53 were identified despite the HRD score ≥42.

All responses were observed in HR-deficient ovarian cancers. Of the 18 HR-deficient 

ovarian carcinomas, seven (39%) had objective responses, including six PRs and one CR 

(Fig. 3A and3B). This ability of HR gene mutation analysis or HRD score to enrich for 

PARPi responders, but not completely predict PARPi response is similar to recent reports [5, 

32, 33]. Among the six ovarian cancers that exhibited PRs, five harbored a clearly 

deleterious BRCA1 or BRCA2 mutation and one displayed RAD51C promoter 

hypermethylation (Fig. 3C). The ovarian cancer that achieved a CR lacked hypermethylation 
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of the RAD51C and BRCA1 promoters as well as truncating mutations in the genes listed in 

Table S1 (except TP53) but had a somatic BRCA2 mutation [BRCA2 c.7753G>A 

(p.Gly2585Arg)] that was recently classified as deleterious by functional criteria [34]. For 

the 30 ovarian cancers where clinical data regarding the most recent response to a platinum-

containing regimen was available, three of six patients (50%) with a progression-free 

interval of 6–12 months responded, as compared to three of 24 (12.5%) with a progression-

free interval of less than 6 months (Table S2).

Because all responses occurred in the HR-deficient subset, we assessed whether HRD score 

correlated with percent change of tumor area from baseline in this subset of patients. No 

correlation was observed (Fig. 4A, Spearman r = 0.050; p = 0.87). Thus, while a positive 

HRD test enriched for responders, the actual value of the score provided no additional 

information regarding the extent of response.

Relationship between PARP1 expression and response

In view of preclinical studies described above suggesting that differences in repair pathways 

can affect PARPi sensitivity, we stained the cancer specimens from this trial for a series of 

DNA repair proteins. When the relationship between response and staining intensity was 

examined across the entire study population, there was a statistically significant association 

between HRD status and response, as anticipated, but no significant correlation between 

protein H-scores and response (Table 1). Because previous reports have demonstrated the 

role of NHEJ in vitro and in vivo specifically in the setting of HR deficiencies [11–15], we 

next performed a preplanned analysis examining the relationship between repair protein 

levels and response in HR-deficient and HR-proficient carcinomas (as defined by the Myriad 

HRD assay) separately.

When we examined the relationship between response and PARP1, a protein whose loss is 

associated with poor PARPi response in cell lines [9, 10, 35], no association was observed 

between PARP1 expression and clinical response (p = 0.203, Fig. S5A). Accordingly, when 

the relationship between PARP1 H-score and percent change in tumor cross sectional area 

from baseline was examined specifically in the HR-deficient or HR-proficient subsets, only 

weak correlations (r = −0.16, p = 0.55 and r = 0.38, p = 0.20, respectively) were observed 

(Fig. S5B).

Relationship between 53BP1 expression and response

In contrast, in HR-deficient carcinomas, there was a strong negative correlation between 

53BP1 H-score and percent change of tumor area from baseline (Fig. 4B, left panel; r = 

−0.69, p = 0.004), consistent with pre-clinical studies showing that 53BP1 loss in BRCA1-

mutant murine cells is associated with PARPi resistance [13–15]. Additionally, there was a 

trend toward increased shrinkage of tumor from baseline and higher KU80 H-score (Fig. 4C, 

left panel; r = 0.46, p = 0.08) or higher DNA-PKCS H-score (Fig. 4D, left panel; r = −0.38; p 
= 0.17). In contrast, no significant correlations were observed between 53BP1, KU80 or 

DNA-PKCS expression and change in tumor size among the HR-proficient tumors (Fig. 4B-

D, right panels). Moreover, no significant correlations were observed in either HR-deficient 
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or HR-proficient carcinomas between KU70, XRCC4, or RAD51 H-scores and percent 

change of tumor area (Fig. S6).

In view of the fact that several proteins in the same repair pathway either correlated with 

ABT-767 response (53BP1, Fig. 4B) or showed a trend (KU80, Fig. 4C), we also analyzed 

the relationship between expression of various proteins in this pathway. As indicated in Fig. 

4E, expression levels of 53BP1, KU80, and DNA-PKCS tended to track with each other. 

Accordingly, multivariate analysis taking into account expression of all three of these 

proteins was performed. Recursive partitioning did not yield any additional significant 

findings when looking at change in baseline tumor response with DNA repair proteins 

(results not shown).

DISCUSSION

Although PARPis are rapidly changing the treatment of HR-deficient ovarian cancer [1–4, 8, 

36], objective response rates to these agents in BRCA1/BRCA2-mutant relapsed, platinum 

sensitive ovarian cancer range from 30–80% [5, 32, 33]. Factors that determine response in 

the clinical setting remain incompletely understood [8, 36]. Even though several potential 

mechanisms of PARPi resistance have been identified in tissue culture or animal models [1, 

2, 7], reversion mutations in HR genes and demethylation of the BRCA1 promoter are the 

only changes previously shown to correlate with poor objective responses to PARPis in the 

clinical setting [5, 37]. In preclinical models, changes in complementary DNA repair 

pathways have also been reported to modulate PARPi sensitivity, as summarized in Fig. 5. In 

particular, loss of 53BP1 has been reported to restore HR in BRCA1-mutant cells [13–15]; 

and downregulation of KU80 or DNA-PKCS has been reported to induce PARPi resistance in 

BRCA2- or BRCA1-mutant cell lines [11, 12]. These observations prompted us to examine 

the relationship between selected repair proteins and PARPi sensitivity in the context of a 

single-agent PARPi trial.

The PARP trapping hypothesis suggests that ovarian cancers with low PARP1 expression 

might be less sensitive to PARPis. In the present study, however, we did not observe any 

correlation between PARP1 expression and response (Fig. S5). These observations suggest 

that low PARP1 expression is not an explanation for poor response to single-agent PARPi 

therapy in this trial.

A previous study has suggested that the PARPi niraparib shows benefit even in patients with 

an HRD score <42 [38]. Importantly, that result was observed in platinum responsive 

relapsed ovarian cancer treated with maintenance niraparib; and the number of weeks of 

improved progression-free survival was much lower in HR-proficient cancers than in ovarian 

cancers with a positive HRD score. In contrast, in the present study where the endpoint was 

tumor shrinkage, responses to ABT-767 were only observed in HR-deficient cancers (Fig. 

3A). Even so, the numerical value of the HRD score did not further correlate with percent 

change in tumor area within the HR-deficient subset (Fig. 4A), suggesting that factors 

beyond HRD score must be considered to identify ovarian cancers most likely to respond to 

PARPi therapy.
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Considering only the HR-deficient ovarian cancers, there was a strong correlation in the 

present study between low 53BP1 levels and poor carcinoma response (Fig. 4B), consistent 

with studies in model systems indicating that 53BP1 loss restores HR and confers 

diminished PARPi sensitivity mechanisms in BRCA1-mutant cells [Fig. 5 and refs. 13, 14, 

15]. Trends were also observed between low KU80 or low DNA-PKCS and poor response 

(Figs. 4C and 4D), although this association did not reach statistical significance in the 

present small sample set. Strikingly, these proteins were all expressed at somewhat higher 

levels in ovarian cancers that respond to ABT-767 (Fig. 4E).

The present analysis was performed on cancer samples harvested at the time of initial 

diagnosis. While secondary mutations that restore expression of HR proteins can occur 

between diagnosis and subsequent treatment [5, 37, 39], it is unclear how frequently 

expression of repair proteins encoded by nonmutated, nonmethylated genes changes over the 

course of therapy. Analyses that compare archival versus pretreatment biopsies are required 

to further address this issue, as well as clarify the potential role of low 53BP1 expression in 

intrinsic versus acquired PARPi resistance in ovarian cancer. Additional studies are also 

needed to determine whether low 53BP1 expression correlates with poorer PARPi response 

in other cancers that are being treated with PARPis, including HR-deficient breast and 

prostate cancers.

In summary, the present study suggests a possible role of repair proteins in complementary 

pathways in the response to the PARPi ABT-767 as a single agent in the clinical setting. 

Among HR-deficient ovarian cancers, 53BP1 H-score demonstrated a strong correlation 

with the percent change of tumor volume. These results not only extend previous preclinical 

studies [11–15] into the clinical setting, but also point toward a strategy to identify patients 

most likely to respond to PARPi therapy. Accordingly, studies to assess the relationship 

between 53BP1 as well as possibly other repair proteins and response to other PARPis 

should be considered, as this type of analysis may add value to the HRD score in predicting 

response. In view of correlation between PARPi sensitivity and platinum sensitivity [36, 40], 

studies to assess the relationship between platinum response and expression of these same 

proteins also appear warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Not all cancers with defects in homologous recombination (HR) demonstrate 

clinical responses to PARP inhibitors.

• In a BRCA1-mutant ovarian cancer cell line, 53BP1 loss restores HR and 

decreases PARP inhibitor sensitivity.

• Samples from a phase I clinical trial of the PARP inhibitor ABT-767 were 

stained with validated IHC assays for DNA repair proteins.

• In HR-deficient ovarian cancer, 53BP1 expression negatively correlated with 

percent change in tumor size from baseline.

• Assessment of proteins that modulate DNA repair pathway choice might 

inform PARP inhibitor response in ovarian cancer.
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Figure 1. 53BP1 loss and PARP inhibitor sensitivity in HR-deficient ovarian cancer cells.
A, expression of 53BP1 of was assessed by immunoblotting in whole cell lysates of 

COV362 transduced with empty vector (EV) or sgRNA targeting 53BP1−/− as well as OV90 

and PE01 cells. B, homologous recombination repair was assayed using the DR-GFP 

plasmid as described in the Methods and illustrated in Fig. S1. OV90 (HR proficient—ref. 

24) and PE01 cells (HR deficient–refs. 11 and 23) served as controls for this assay. Error 

bars, summary of 4 independent assays. PARPi sensitivity of the positive and negative 

controls is shown in Fig. S1C. C, COV362 empty vector (EV) and COV362 53BP1−/− cells 

were continuously exposed to increasing concentrations of PARP inhibitor veliparib in a 

clonogenic assay. Error bars, ± SEM from triplicate plates in a single assay. Across 5 

independent assays, the IC50 for veliparib was 2.9 ± 0.4-fold (mean ± SEM) higher in the 

53BP1−/− cells.
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Figure 2. Validation of 53BP1 antibody staining.
OVCAR8 cells transfected with nontargeting siRNA (siRNA control) or siRNA targeting 

53BP1 (si53BP1) were subjected to immunoblotting (A) or formalin fixed, embedded in 

paraffin, and stained to confirm specificity of the anti-53BP1 antibody (B, C). D, cores from 

the same ovarian cancer included on two different TMAs were independently stained with 

anti-53BP1 and scored. E, 53BP1 staining of four ovarian cancers to illustrate range of 

expression in the present study.
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Figure 3. HR-Deficiency status, BRCA1/BRCA2 mutation status, and response to ABT-767 
among ovarian cancers.
Archival tissue from ovarian cancers in patients treated in the highest seven dose levels was 

assessed for HR-deficiency (A) and sequenced for BRCA1/BRCA2 mutations (B).
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Figure 4. Relationship between H-scores for multiple NHEJ DNA repair pathway proteins and 
carcinoma shrinkage.
A, relationship between Myriad HRD score and largest percent change in tumor cross 

sectional area from baseline in target lesions by RECIST [18] in the subset of ovarian 

cancers for which a numerical HRD score was available (n=13). B-D, IHC staining for 

53BP1 (B), KU80 (C), and DNA-PKCS (D) was evaluated to give a modified H-score, which 

was compared to percent change in tumor cross-sectional area from baseline [18]. HR gene 

alterations are denoted as mutations (white) or methylation (blue) of BRCA1 (squares), 

BRCA2 (triangle), or RAD51C (diamond). Symbols that represent two separate patients but 

are not separable because of overlapping data points are denoted in grey. Ovarian cancers 

that were stained were sorted into those that were HR deficient (left panels) and those that 

were not HR deficient (right panels). Because not all ovarian cancers had sufficient sample 

to assess all antigens, the number of samples analyzed was: 53BP1 (B), HR-deficient n=16, 

HR-proficient n=16; KU80 and DNA-PKCS (C, D), HR-deficient n=15, HR-proficient n=10. 

Heat map analysis (E) reflects the H-score for all proteins analyzed, sorted by HR-

deficiency and percent change in tumor cross-sectional area from baseline.
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Figure 5. Complementary pathways in DNA double strand (ds) break repair and PARP inhibitor 
response.
In the setting of a DNA ds break, HR preferentially restores DNA integrity in an error-free 

fashion (left column). In the setting of HR-deficiency, however, the error-prone NHEJ 

pathway and the less error-prone alternative NHEJ (alt-NHEJ) pathways (middle and right 

columns, respectively) play a larger role in DNA ds break repair. PARP inhibitors inhibit alt-

NHEJ and simultaneously facilitate NHEJ, leading to increased chromosomal 

rearrangements, genetic instability, and cell death. In the setting of 53BP1 downregulation, 

an inhibitory influence on HR is removed [16] and HR is restored. In the setting of NHEJ 

protein down-regulation, other DNA repair pathways with higher fidelity repair also appear 

to be utilized [11, 12], although the mechanistic details are incompletely understood.
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Table 1

Univariate analysis of response with clinical parameters and H-scores

Non-Responder (N=29) Responder (N=7) p value

HR Status
0.008

1

 Deficient 11 (37.9%) 7 (100%)

  BRCA1/2 Mutant  9
 6*

 HR-proficient 18 (62.1%) 0 (0%)

53BP1 H-score
0.12

2

 median 90 140

 Q1, Q3 70, 110 80, 180

Ku80 H-score
0.13

2

 median 10 40

 Q1, Q3 0, 40 25, 65

Ku70 H-score
0.19

2

 median 0 10

 Q1, Q3 0, 10 5, 30

PARP1 H-score
0.24

2

 median 60 110

 Q1, Q3 25, 105 70, 115

XRCC4 H-score
0.29

2

 median 30 5

 Q1, Q3 7.5, 50 0, 30

DNA-PKCS H-score
0.43

2

 median 20 50

 Q1, Q3 5, 55 20, 60

RAD51 H-score
0.97

2

 median 15 20

 Q1, Q3 5, 40 7.5, 25

*
The 7th patient responded had an ovarian cancer harboring a RAD51C promoter methylation

1
Fisher’s exact test

2
Kruskal-Wallis rank sum test
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