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Abstract

Objective—Poly(ADP-ribose) polymerase (PARP) inhibitors have yielded encouraging 

responses in high-grade serous ovarian carcinomas (HGSOCs), but the optimal treatment setting 

remains unknown. We assessed the effect of niraparib on HGSOC patient-derived xenograft 

(PDX) models as well as the relationship between certain markers of homologous recombination 
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(HR) status, including BRCA1/2 mutations and formation of RAD51 foci after DNA damage, and 

response of these PDXs to niraparib in vivo.

Methods—Massively parallel sequencing was performed on HGSOCs to identify mutations 

contributing to HR deficiency. HR pathway integrity was assessed using fluorescence microscopy-

based RAD51 focus formation assays. Effects of niraparib (MK-4827) on treatment-naïve PDX 

tumor growth as monotherapy, in combination with carboplatin/paclitaxel, and as maintenance 

therapy were assessed by transabdominal ultrasound. Niraparib responses were correlated with 

changes in levels of poly(ADP-ribose), PARP1, and repair proteins by western blotting.

Results—Five PDX models were evaluated in vivo. Tumor regressions were induced by single-

agent niraparib in one of two PDX models with deleterious BRCA2 mutations and in a PDX with 

RAD51C promoter methylation. Diminished formation of RAD51 foci failed to predict response, 

but Artemis loss was associated with resistance. Niraparib generally failed to enhance responses to 

carboplatin/paclitaxel chemotherapy, but maintenance niraparib therapy delayed progression in a 

BRCA2-deficient PDX.

Conclusions—Mutations in HR genes are neither necessary nor sufficient to predict response to 

niraparib. Assessment of repair status through multiple complementary assays is needed to guide 

PARP inhibitor therapy, design future clinical trials and identify ovarian cancer patients most 

likely to benefit from PARP inhibition.
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1. Introduction

High-grade serous ovarian carcinoma (HGSOC)1, the most common and most lethal 

subtype, is often characterized by genomic scarring as well as alterations in genes encoding 

components of the homologous recombination (HR) DNA repair pathway [1,2]. In 

particular, BRCA1 or BRCA2 (BRCA1/2) mutations occur in up to 35% of HGSOCs (15–

25% germline and 6–10% somatic), while an additional 6–10% of cases harbor germline or 

somatic mutations in at least 10 other genes in the HR pathway [1,3–5].

Because HGSOC has few driving oncogenes, targeted therapy remains a challenge [6]. 

However, the frequent impairment of HR in HGSOC provides a potential explanation for the 

initial response to DNA damaging agents such as platinum compounds [3,7–10] as well as a 

potential therapeutic opportunity because inhibition of the repair enzyme poly(ADP-ribose) 

polymerase 1 (PARP1) selectively kills cells with inactivation or silencing of BRCA1, 

BRCA2, or several other HR genes, such as RAD51, ATR, ATM, and CHK1 [11–13]. 

Importantly, cells are sensitized to PARP inhibitors even by mutations in certain genes that 

are not directly involved in DNA repair. For example, mutational inactivation of CDK12 [1], 

which encodes a kinase that facilitates expression of BRCA1 and several other repair 

proteins [14], also sensitizes ovarian cancer cells to PARP inhibitors [15,16].
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Although the mechanistic basis for the synthetic lethality of PARP inhibition in HR-deficient 

cells remains incompletely understood [17], these observations have led to clinical 

development and regulatory approval of PARP inhibitors for HGSOC [17,18]. The PARP 

inhibitor olaparib has monotherapy response rates as high as 46% in BRCA1/2-mutant 

platinum-sensitive relapsed HGSOC [19–21] and maintenance therapy after platinum-based 

chemotherapy prolongs progression-free survival [22], leading to approval for maintenance 

in Europe. Other PARP inhibitors are in various stages of clinical development [17,18]. 

Niraparib (MK-4827), a potent and selective PARP inhibitor (IC50 = 3.8 nmol/l for PARP1 

and 2.1 nmol/l for PARP2) [23], is safe and effective in both hereditary and sporadic 

HGSOCs [24].

Although olaparib is approved for the treatment of BRCA1/2-mutant HGSOCs, 40–70% of 

BRCA1/2-mutant ovarian cancers fail to respond [19–21,24] and clinical activity has been 

observed in patients with wildtype (wt) BRCA1/2 [20,24]. Accurately identifying ovarian 

cancers that will respond to PARP inhibitors is an area of intense interest [17]. The ability of 

RAD51, a downstream component of the HR pathway, to form foci after DNA damage has 

been proposed as a potential predictor of response to the PARP inhibitor rucaparib ex vivo 
[25] and reported to correlate with response of conventional and ovarian cancer patient-

derived xenografts (PDXs) to the PARP inhibitor veliparib and carboplatin [26].

We have developed a large bank of ovarian PDXs that recapitulate many aspects of the 

source tumors in patients, including histological subtype, gene copy number variation, 

degree of stromal involvement, absence or presence of ascites, homing to the bowel wall, 

and response to platinum/taxane therapy [27]. In the present study, we have used several of 

these models to assess the effect of niraparib, alone and in conjunction with platinum/taxane 

therapy, on HGSOC in vivo. In addition, we have assessed the relationship between certain 

markers of HR status, including BRCA1/2 mutations and formation of RAD51 foci after 

DNA damage, and PDX response to niraparib.

2. Materials and methods

2.1. Reagents and antibodies

Niraparib was provided by Merck and TesaroBio. Antibodies to poly(ADP-ribose) polymer 

(pADPr, rabbit polyclonal 96–10) and PARP1 (mouse monoclonal C-2-10) were from G. 

Poirier (Universite Laval, Quebec, Canada). Goat anti-β-actin and rabbit anti-RAD51C were 

from Santa Cruz Biotechnology. Other antibodies were obtained as described [28].

2.2. RAD51 focus assay

Single cell PDX suspensions were isolated from fresh tissue immediately following 

resection using a gentleMACS™ dissociator (Miltenyl Biotec, Auburn, CA) and enzymatic 

digestion per the manufacturer's instructions. PEO1 and PEO4 cells (kind gifts from Fergus 

Couch, Mayo Clinic) were authenticated by short tandem repeat profiling, confirmed to have 

BRCA2 mutations by Sanger sequencing, and cultured in DMEM containing 10% (vol/vol) 

heat-inactivated fetal bovine serum (FBS), 100 μM nonessential amino acids and 10 μg/ml 
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insulin (medium A). Dissociated PDX cells and cell lines in medium A were plated on 

sterile coverslips and allowed to adhere overnight.

Cells were irradiated (10 Gy) or supplemented with niraparib (8 μM, two times the IC90 in 

48-h clonogenic assays in PEO1 cells) and incubated for 6 h. Working at 4 °C, cells were 

washed twice with PBS, fixed in 4% (wt/vol) paraformaldehyde for 15 min, permeabilized 

with 0.25% (wt/ vol) Triton X-100 in PBS, and blocked overnight with 5% (v/v) goat serum 

in PBS. Coverslips were incubated with rabbit monoclonal antibody to RAD51 (Abcam 

133,534, 1:500) and mouse monoclonal antibody to geminin (Abcam 1,043,306, 1:25) in 

blocking buffer overnight at 4 °C, washed 6 times over 20 min with wash buffer (PBS 

containing 0.1% Triton X-100 and 0.1% bovine serum albumin), incubated with secondary 

antibody (Alexa fluor 488 goat anti-rabbit IgG and Alexa fluor 568 goat anti-mouse IgG, 

each at 1:1000) in blocking buffer for 1 h at 21 °C in the dark, washed, and counterstained 

with 1 μg/ml Hoechst 33258 in PBS. Samples were examined by immunofluorescence 

microscopy on a Zeiss Axiovert with a N.A. 1.40 63× lens and photographed on a Zeiss 

Axiocam MRm CCD camera using Zeiss Zen software. RAD51 foci were quantified 

manually in a blinded fashion in at least 100 cells per slide and considered positive if ≥10 

RAD51 foci were visible.

2.3. PDX passaging and treatment

Five individual low-passage HGSOC models (labeled PH#) were chosen based on previous 

experience and ease of engraftment and established intraperitoneally in up to 35 female 

SCID mice as described [27]. Tumor diameter and cross-sectional area were followed by 

transabdominal ultrasound using a Fujifilm SonoSite S-Series with onboard measurement 

tools and ImageJ software after calibration as described [27].

When tumor area reached 0.5–1 cm2, mice were randomized to treatment arms. Niraparib 

was given by daily oral gavage in 15% methylcellulose (100 mg/kg as monotherapy or 50 

mg/kg with chemotherapy). Intraperitoneal (IP) carboplatin (Novaplus #61703-360-18) and 

paclitaxel (Novaplus #55390-304-05) at 50 mg/kg and 15 mg/kg, respectively, were 

administered on days 1, 8, 15, and 22 with or without niraparib. Largest tumor cross-

sectional area was measured twice weekly through day 28. Mice were euthanized 

individually when moribund or as a cohort at day 28. The primary endpoint was tumor area 

by ultrasound, normalized to the day 1 area of the same tumor and plotted as a ratio vs. time.

2.4. BROCA sequencing

DNA was harvested from PDXs and assayed at the University of Washington by massively 

parallel sequencing [4] for mutations in a panel of genes involved in various aspects of DNA 

repair or its regulation, including ATM, ATR, BARD1, BRCA1, BRCA2, CDK12, CHEK1, 

PALB2, RAD51C, TP53, and 43 others (Table S1). All deleterious mutations were 

confirmed by Sanger sequencing. Only clear loss of function mutations and missense 

mutations with experimental evidence of functional consequences were considered 

deleterious. Germline mutations were assayed in peripheral leukocytes of matched patients 

when available, or non-neoplastic tissue when not, because computational methods to assess 
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germline mutations in tumors are less reliable in the setting of high neoplastic cellularity, 

such as PDX tumors.

2.5. Immunoblotting

PEO1 cells and PDX tissue (cut to 1 mm sections) were washed twice with calcium- and 

magnesium-free Dulbecco's phosphate buffered saline (PBS), solubilized in buffered 6 M 

guanidine hydrochloride under reducing conditions, and prepared for electrophoresis as 

described [29]. Aliquots containing 50 μg of protein were separated on SDS-polyacrylamide 

gels containing 8% (wt/vol) acrylamide, transferred to nitro-cellulose and probed with 

antibodies [30].

2.6. Artemis knockout

The oligonucleotides (5'-TCTCCATAGACCGCTTCGAT-3') guiding to Artemis 463–485 

(accession number: NM_001033855) were synthesized, annealed, and cloned into BsmBI 
site of lentiCRISPRv2 (Addgene) plasmid. Viruses were packaged in HEK293T cells by 

transfecting with the packaging vector psPAX2, envelope vector pMD2.G, and 

lentiCRISPRv2-artemis 463–485 using Lipofectamine 2000. Two days after transduction 

with virus, PEO1 cells were selected with 3 μg/ml puromycin and cloned by limiting 

dilution. Artemis knockout was verified by genomic DNA sequencing and immunoblotting.

2.7. DNA methylation

250 ng of DNA was bisulfite converted with an EZ Methylation Direct kit (Zymo Research, 

Irvine, CA) and evaluated with methylation sensitive PCR for BRCA1 as previously 

described [31]. Methylation sensitive PCR for RAD51C was performed with primers for the 

methylated (M) reaction (sense-5'-TGtAAGGttCGGAGtttCGTGC-3' and antisense-5'-

TCGCTaaaaCGTaCGaCGTaACG-3', 85 nt) and unmethylated (UM) reaction (sense-5'-

GtGtAA-AGtTGtAAGGtttGGAGttttGTGtG-3' and antisense-5'-

CaCACaCCCTCaCTaaaaCaTaCaaCa-TaACa-3', 103 nt). Methylated and unmethylated 

DNA (#D5014) was used as positive M control (M ctrl) and UM control (UM ctrl) for 

bisulfite conversion and validation of amplicon size. Water (H2O) was substituted for DNA 

to rule out cross-contamination of samples.

2.8. Quantitative polymerase chain reaction

Quantitative PCR was performed using a LightCycler 480 II (Roche Molecular 

Biochemicals, Mannheim, Germany) with software v1.5.1.62 to calculate ΔΔCp using the 

second derivative maximum method against RPLP0. Primers were purchased from 

Integrated DNA Technology (Coralville, IA) for BRCA1 (FWD-5'-CTGAAGACTG 

CTCAGGGCTATC-3', REV-5'-AGGGTAGCTGTTAGAAGGCTGG-3'), RAD51C 
(FWD-5'-TTTGGTGAGTTTCCCGCTGTC-3', REV-5'-CTCAGCA 

GTCTGGAACCCC-3'), and RPLP0 (FWD-5'-TGCTGATGGGC-AAGAA CAC-3'; REV-5'-

GAACACAAAGCCCACATTCC-3').
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2.9. Statistical analysis

Linear mixed effects modeling, performed in the SAS PROC MIXED procedure [32], was 

used to assess differences between groups. Change in tumor area from baseline on the 

natural log scale was compared between treatments using a two-parameter growth model 

framework. Due to zeroes in the data, a small constant (0.02 for PH039, PH095, PH080, 

PH087, and 0.3 for PH077) was added prior to log transformation to linearize growth 

trajectories where possible. Models were fit separately for each PDX, and the time variable 

was centered for hypothesis testing. Akaike information criterion (AIC) and Bayesian 

information criterion (BIC) were used to choose the random effects and structure of the 

correlation between repeated measurements [33]. A RANDOM statement was used to 

specify the intercept and slope as random effects with unstructured correlation, allowing per-

mouse regression lines. An autoregressive correlation structure, which assumes any two 

observations from the same mouse are correlated and this correlation decreases 

exponentially with time between the observations [33], was specified in the REPEATED 

statement. Residual plots were used to choose between linear (PH077, PH080, PH087) 

versus quadratic (PH039, PH095, regrowth experiments) time functions. If the test of 

differing slopes (growth trajectories) was non-significant, the test of mean area differences 

was reported. For visualization, both model estimates with standard errors and observed 

averages are included for visual demonstration that the models fit the data well. For other 

studies, two group or multiple group comparisons were performed using student t-test or 

ANOVA with Dunnett post-test, where appropriate. For these studies, p < 0.05 was 

considered significant.

3. Results

3.1. Genomic PDX characterization

Using massively parallel DNA sequencing (BROCA), deleterious mutations in HR or related 

genes were detected in 11 out of 48 (23%) founder PDXs (Table S2). One model had 

mutations in three genes (ATM, FAM175A, PTEN), one model had mutations in two 

(BRCA2, CHEK2), and nine models had mutations in one gene (BRCA1, BRCA2, CHEK2, 

XRCC2, or CDK12). BRCA2 was mutated in four models (8.3%), followed by BRCA1 and 

CHEK2 in two models (4.2%) each.

Five PDX models (PH039, PH077, PH080, PH087, and PH095) selected for niraparib 

treatment all demonstrated TP53 mutations accompanied by loss of the wildtype allele 

(Table 1). PH077 contained a BRCA2 mutation (c.5042_5043delTG) in the primary 

carcinoma specimen and PDX but not in the patient's germline DNA (Fig. S1A). PH095 

contained a germline BRCA2 nonsense mutation (p.L771X, Fig. S1B). Both of these 

BRCA2 mutations were accompanied by loss of the wildtype allele and were present in 

100% of sequence reads. PH080 harbored a frameshift mutation in the second exon of 

CDK12 with loss of the wildtype allele (c.1479delA) (Fig. S1C). Notably, all mutations 

were preserved across PDX passages tested; and no reversion mutations were detected. From 

this sequence analysis, BRCA2-mutant PH077 and PH095 as well as CDK12-mutant PH080 

were predicted to be HR deficient, while PDXs without mutations in HR-related genes 

(PH039 and PH087) were tentatively predicted to be HR-proficient.
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3.2. RAD51 staining

To complement this sequence analysis, we assessed formation of RAD51 foci after DNA 

damage. Cells isolated from the xenografts were transiently cultured ex vivo; exposed to 

ionizing radiation, diluent or niraparib; and examined by immunofluorescence after staining 

with monoclonal antibodies specific for human RAD51 and, to mark cells in S and G2 

phases of the cell cycle where HR is active, human geminin [34]. PEO1 cells (BRCA2-

mutant) and PEO4 cells (BRCA2 revertant [35]) served as negative and positive controls, 

respectively. Fig. 1A shows an example of these assays in PH039 cells; and Fig. 1B and 

Table 1 summarize the results. PH087 and PH039, which lacked deleterious HR mutations, 

formed RAD51 foci after DNA damage (Fig. 1B). In contrast, PH095, PH080 and PH077, 

which harbored deleterious mutations in HR genes, formed fewer RAD51 foci. Interestingly, 

the two PDXs with BRCA2 mutations had no nuclei with >10 RAD51 foci, while the PDX 

with a CDK12 mutation (PH080), which would be predicted to down-regulate BRCA1 [14], 

showed reduced but detectable RAD51 foci after DNA damage. In short, the pre-treatment 

BROCA sequencing of HR genes and RAD51 focus assays in the five tested PDXs were 

concordant.

3.3. Single agent niraparib therapy

Niraparib monotherapy was well tolerated with no weight loss (Fig. S2). The two BRCA2-

mutant models, PH077 and PH095, exhibited contrasting responses to treatment: Whereas 

PH077 tumor size declined below baseline (regression) (trajectory p < 0.0001) (Fig. 2A and 

Table 1), PH095 growth was similar to controls (refractory) (Fig. 2B). LIkewise, CDK12-

mutant PH080 showed only a trend toward slowed growth relative to controls but no 

regression below baseline (attenuation) (Fig. 2C).

PDX models PH087 and PH039 lacked HR gene mutations. Although niraparib-treated 

PH087 tumors initially regressed, resulting in attenuated average tumor area relative to 

controls (mean area p = 0.03), tumors were on average 1.4-fold their baseline area by day 28 

(Fig. 2D). On the other hand, PH039 demonstrated the most profound tumor regression (Fig. 

2E) to an average of 8% of baseline area in response to niraparib (p = 0.0003).

3.4. Niraparib combined with platinum-based chemotherapy and as maintenance

We also assessed whether niraparib would augment response to platinum/taxane therapy in 
vivo. Carboplatin/paclitaxel by itself induced marked attenuation of growth relative to 

control in all PDX models (Fig. 3A–E, p values for trajectory vs. control animals ranging 

from <0.0001 to 0.0016). The PDX with the greatest niraparib sensitivity (PH039) was also 

most sensitive to carboplatin/paclitaxel therapy, with tumor areas shrinking to 8% of 

baseline (Fig. 3E). PH077, PH080, PH087, and PH095 also regressed, decreasing on average 

to 36%, 23%, 50%, and 87% of baseline, respectively. These results are consistent with the 

clinical response of the source tumors, which were all platinum sensitive (Table 1).

Addition of niraparib failed to augment the response of PH077, PH080, PH087 or PH095 to 

carboplatin/paclitaxel treatment (Fig. 3A–D, p = 0.13–0.95 for trajectory of carboplatin/

paclitaxel vs. triple therapy and p = 0.44–0.87 for tumor area). In contrast, PH039 xenografts 

treated with this trio began to regress immediately, whereas those treated with carboplatin/
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paclitaxel grew to day 4 before shrinking, resulting in statistically smaller tumor areas over 

the time-course (p = 0.003) and a trend toward smaller xenografts in the combination arm at 

day 28 (2% vs. 8% of baseline, p = 0.051). These results suggest some potential benefit from 

adding niraparib to platinum/taxane therapy in this PDX.

In light of the phase 2 clinical trial by Ledermann et al. showing efficacy of maintenance 

olaparib in platinum sensitive recurrent BRCA1/2-mutant HGSOC [17,22], we investigated 

the role of niraparib maintenance therapy after treatment with combination niraparib/ 

carboplatin/paclitaxel. Five mice bearing PH077 (niraparib-sensitive BRCA2 mutant tumor, 

Fig. 2A) were randomized at day 28 after the start of triple therapy to maintenance with 

niraparib 50 mg/kg/day, a dose previously shown to be efficacious [36], and four were 

randomized to observation. Ten additional mice from the carboplatin/paclitaxel arm entered 

observation. One mouse receiving niraparib maintenance died unexpectedly at week, but 

carcinomas in the remaining four mice on niraparib maintenance therapy became 

undetectable over 20 weeks, whereas tumors in mice randomized to observation grew to 

their baseline size (Fig. 3F).

3.5. Effect of niraparib on pADPr formation

Further studies were performed to understand the disparity between HR status and response 

(Table 1). Inhibition of PARP activity was assessed by comparing pADPr, the product of the 

polymerization reaction, in PDX tissue harvested from diluent vs. nirparib-treated PDXs on 

day 28. Suppression of pADPr, suggesting effective drug delivery, was observed in all 

niraparib-treated PDXs regardless of response (Fig. 4A). Interestingly, niraparib treatment 

was associated with loss of PARP1 protein expression in PH039, which exhibited the 

greatest tumor regression in response to single agent therapy (Fig. 4A). The signature 89 

kDa caspase-generated PARP1 fragment was not detectable, suggesting loss of PARP1 in 

PH039 is distinct from apoptosis-associated cleavage. Blotting for lamins A and C, heat 

shock protein 90β and topoisomerase I (Fig. 4A and additional experiments not shown) also 

demonstrated diminished signal in niraparib-treated PH039, suggesting a paucity of viable 

epithelial cells in this model after PARP inhibitor treatment as a consequence of its profound 

PARP inhibitor sensitivity.

3.6. Deficiencies in Artemis and RAD51C predict niraparib response

Because downregulation of proteins involved in nonhomologous endjoining (NHEJ), 

including Ku80, DNA-PKcs and Artemis, has previously been reported to render BRCA2-

deficient cells resistant to PARP inhibitors [28,37,38], we examined expression of these 

proteins in PH095 xenografts to assess whether their loss might contribute to PARP inhibitor 

resistance. While the majority of NHEJ pathway proteins, including 53BP1, Ku70, Ku80, 

DNA-PKcs, XRCC4 and DNA ligase IV were readily detected in all five xenograft models, 

Artemis was undetectable in PH095 (Fig. 4B, lanes 7 and 8). In further experiments, Artemis 

gene knockout was observed to render PE01 cells niraparib resistant (Fig. 4C), suggesting 

intact NHEJ is needed for niraparib activity and providing evidence that the Artemis 

deficiency observed in PH095 is sufficient to render BRCA2-mutant ovarian cancer cells 

PARP inhibitor resistant.
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3.7. RAD51C promoter methylation is associated with niraparib response

During the course of these experiments, we also observed that RAD51C message was 

particularly low in PH039. Given previous data showing that promoter methylation 

correlates with RAD51C loss in HGSOC [2], further analysis revealed that the RAD51C and 

BRCA1 promoters were hypermethylated in PH039 but not the other four PDXs (Fig. 5A). 

At the mRNA level, PH039 had lower expression of RAD51C, but not BRCA1, compared to 

the other four models (Fig. 5B). Consistent with these results, immunoblotting also 

demonstrated diminished RAD51C in PH039 (Fig. 5C).

4. Discussion

In this study, we assessed the effectiveness of niraparib in a series of human PDX models. 

To our knowledge this was the first attempt to assess the ability of HR gene mutations and 

formation of RAD51 foci, two frequently discussed biomarkers, for their ability to predict 

PARP inhibitor response. Importantly, we observed that responses of HGS ovarian 

carcinoma PDXs to niraparib monotherapy do not necessarily track with these markers. In 

particular, responses to niraparib were seen in a BRCA2-mutant and a BRCA1/2-wt model, 

while another PDX with an underlying BRCA2 mutation failed to respond. These results are 

consistent with data from previous clinical trials showing responses to PARP inhibitors in 

some ovarian cancer patients with germline BRCA1/2 mutations as well as some with 

sporadic cancers but lack of response in up to half of cases with germline BRCA1 or 

BRCA2 mutations [17,19,20].

DNA damage-induced formation of RAD51 foci can purportedly predict response of ovarian 

cancer to PARP inhibitors and platinum [25,26]. In our study, ability to form RAD51 foci 

tracked with mutation status of HR genes. In particular, PDXs with BRCA2 or CDK12 
mutations formed few if any RAD51 foci after ionizing radiation or niraparib treatment (Fig. 

1). However, the ability to form RAD51 foci was not a good predictor of niraparib response 

in vivo (Table 1). The differences between our findings and previously published data [26] 

might reflect our larger PDX sample size, assessment of RAD51 foci in G2-S phase with 

geminin staining, or different RAD51 monoclonal antibody specificity.

Results observed with the PH039 model are particularly informative. Both the BRCA1 and 

RAD51C promoters were hypermethylated, but only RAD51C was diminished at the mRNA 

and protein levels (Fig. 5). These observations suggest RAD51C promoter methylation as a 

likely explanation for the response of PH039 to niraparib in the absence of identifiable HR 

gene mutations. Despite absence of this critical HR protein, DNA damage induced RAD51 

foci in PH039, consistent with previous results in other cells [39] and with studies showing 

that RAD51C acts downstream of RAD51 during HR. Even though RAD51 foci are formed 

in this model in response to DNA damage (Fig. 1), this model was exquisitely sensitive to 

niraparib and platinum/taxane (Fig. 2E and 3E). To our knowledge, this is the first 

documentation of PARP inhibitor sensitivity correlating with RAD51C promoter 

hypermethylation in vivo, suggesting this could be an infrequent but important molecular 

alteration leading to PARP inhibitor sensitivity in HGSOC. These data are also consistent 

with low RAD51C expression and sensitivity to olaparib in gastric cancer cell lines [40].
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Results obtained with the PH095 model are also informative. Previous studies in tissue 

culture have shown that killing by PARP inhibitors involves activation of the error-prone 

NHEJ pathway when HR is disabled [28,37,38]. Conversely, downregulation of any of a 

number of NHEJ proteins, including DNA-PKcs, Ku80, or Artemis impairs PARP inhibitor 

sensitivity in vitro. Here we have shown that the BRCA2-mutant xenograft PH095, which 

fails to respond to niraparib in vivo, lacks detectable Artemis (Fig. 4B). Moreover, we have 

demonstrated that Artemis deficiency is sufficient to confer niraparib resistance (Fig. 4C), 

providing a potential explanation for resistance of this BRCA2-mutant model in vivo.

Our observations in PDX PH080 (CDK12 mutation) are also intriguing. CDK12 regulates 

transcription of several genes involved in the Fanconi anemia/HR repair pathway, including 

BRCA1, ATR, FANC1 and FANCD2 [14]. Previous studies suggest that CDK12 inactivation 

sensitizes HGSOC cells to PARP inhibitors [15,16]. PDX PH080, on the other hand, was not 

as sensitive to niraparib as BRCA2-mutated PH077 (Fig. 2C), but instead demonstrated an 

intermediate phenotype with partial diminution of damage-induced RAD51 foci (Fig. 1B) 

and diminished growth rather than regression below baseline after PARP inhibitor 

monotherapy (Fig. 2C and Table 1). This intermediate response may be consistent with the 

partial but incomplete suppression of HR reported after CDK12 silencing [15].

We have shown that platinum response in ovarian cancer PDXs correlates strongly with 

platinum response of corresponding patients [27]. For the five PDX models derived from 

platinum-sensitive HGSOCs, the relationship between platinum and PARP inhibitor 

response is complicated. Although all five models regressed on platinum below baseline, 

only two models regressed with niraparib. These results parallel the 40–60% clinical 

response of platinum sensitive BRCA1/2-mutant HGS ovarian cancers to PARP inhibitors 

[17] and highlight the need for better understanding of disparities between platinum and 

PARP inhibitor response.

One of the most notable findings in the present study is that therapeutic response to 

platinum/taxane was not generally augmented by the addition of niraparib in either HR-

deficient or HR-proficient PDXs. However, as illustrated by PH039, extreme sensitivity to 

niraparib monotherapy may predict an augmented response to the carboplatin/ paclitaxel/

niraparib combination. On the other hand, we readily observed prolonged time to recurrence 

in a PDX undergoing maintenance niraparib. Results of two ongoing phase III trials, 

NCT01847274/NOVA with maintenance niraparib in recurrent HGSOCs and 

NCT02470585/ GOG-3005 with up-front and maintenance ABT-888, will be essential in 

corroborating the present preclinical findings.

The assessment of tumor genotype through gene sequencing is anticipated to become a 

routine component of HGSOC evaluation. Although the combination of mutational analysis 

and validated functional assays may allow patient stratification into distinct subgroups, the 

present results suggest that these analyses might not be adequate for predicting the outcome 

of PARP inhibitor therapy. Alternative mechanisms, such as RAD51C promoter 

hypermethylation or loss of Artemis, may also contribute to PARP inhibitor response. The 

present observations highlight the need for further study of factors that affect response to 

PARP inhibitors and raise the possibility that multimodality assessments of DNA repair 
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status, such as targeted gene sequencing and DNA methylation studies of fresh patient 

biopsies, might be required to more effectively predict PARP inhibitor response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BRCA1/2 BRCA1 or BRCA2

CDK cyclin-dependent kinase

FBS heat-inactivated fetal bovine serum

HGSOC high-grade serous ovarian carcinoma

HR homologous recombination

IP intraperitoneal

pADPr poly(ADP-ribose) polymer

PARP poly(ADP-ribose) polymerase

PBS Dulbecco's calcium- and magnesium-free phosphate buffered saline

PDX patient-derived xenograft

SCID severe combined immunodeficiency

TP53 tumor protein p53
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HIGHLIGHTS

• Niraparib is a PARP inhibitor under clinical development.

• Predictive biomarkers of PARP inhibitor response may help with patient 

selection.

• Gene mutations are neither necessary nor sufficient for in vivo niraparib 

response.

• Diminished RAD51 foci failed to predict response.

• Assessment of repair status through multiple complementary assays is 

needed.
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Fig. 1. RAD51 focus assay on PDX tumor cells
A. Immunofluorescence microscopy of niraparib-treated PDX cells (PH039) and irradiated 

cells showing RAD51 foci (arrow) within geminin positive cells and lack of RAD51 foci 

formation in control cells. B. Percentage of geminin positive cells that were RAD51 foci 

positive after treatment with ionizing irradiation (IR) or niraparib. Similar results were 

observed using multiple independent tumorgrafts from each model, including 5 separate 

PH095 xenografts.
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Fig. 2. Response of PDXs to single-agent niraparib
Change in mean tumor area (solid lines) in niraparib treated (blue line) and control (red line) 

arms. Mean tumor area has been normalized to day 1 mean area as described in the 

statistical methods. p-Values for differences in growth trajectories in each PDX model are 

presented. Estimated (predicted) mean tumor areas together with standard error bars from 

the regression model are included for visual demonstration that the model fits the data well 

(dashed lines). “P” indicates test for different growth rates (slope), while “Mean P” indicates 

test for different average area (centered intercept).
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Fig. 3. Response of PDXs to paclitaxel/carboplatin with and without niraparib
A–E. Tumor area of carboplatin/paclitaxel-treated models relative to control. Although 

tumors regressed below baseline for PDXs PH077, PH080, PH087 and PH095, the addition 

of niraparib (CP + N, red line) did not result in statistically significant differences from 

carboplatin/paclitaxel without niraparib (CP, green line). Solid lines indicate change in mean 

tumor area normalized to day 1 mean area as described in the statistical methods, and dashed 

lines indicate estimated or predicted mean tumor areas together with standard error bars 

from the regression model. p-Values shown on graphs are for differences in trajectory 

between PDXs treated with carboplatin/paclitaxel and carboplatin/paclitaxel/niraparib. p-

Values for differences in mean area over time also were >0.05. In PH039, the growth 

trajectories were not statistically significantly different (p = 0.40), but the average change 

from baseline over time was significantly larger with addition of niraparib (p = 0.003). F. 

AlHilli et al. Page 17

Gynecol Oncol. Author manuscript; available in PMC 2017 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Effect of maintenance niraparib therapy in PH077. Initial treatments (weeks 0 to 3) are 

denoted as “primary” and consisted of carboplatin/paclitaxel (CP, gray line) or carboplatin/

paclitaxel/niraparib (CP + N, black line). Niraparib “maintenance” was initiated following 

primary carboplatin/paclitaxel/niraparib (Niraparib, green line) and diluent controls included 

for both carboplatin/paclitaxel CP (Diluent, red line) and CP + N (Diluent, blue line).
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Fig. 4. PARP is inhibited in all PDX models
A. Three in-vivo tumor replicates of treated models and controls were harvested at the end 

of treatment (day 28), pooled, and subjected immunoblotting of the indicated antigens. 

Formation of pADPr is inhibited in niraparib treated tumors. Absence of PARP1 protein is 

seen in model PH039 treated with niraparib. Arrow indicates expected location of 89 kDa 

caspase-generated PARP1 fragment if it were present. B. Lysates containing 50 μg of protein 

from one or two separate aliquots of the indicated PDX were subjected to SDS-PAGE and 

blotted with antibodies to the indicated antigen. PE01 and PE04 cells, which are known to 

express all of these proteins, were included as positive controls. HSP90β served as a loading 

control. * indicates nonspecific band. C. Parental PEO1 cells (open circles) or Artemis−/− 

PEO1 cells derived as described in the Materials and methods (closed circles) were plated 

(750 cells/plate) and treated beginning 18 h later with diluent (0.1% DMSO) or the indicated 

concentration of niraparib. Error bars, ±SEM from triplicate aliquots.
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Fig. 5. Gene expression and RAD51C methylation analysis in PDXs
A. Using bisulfite sequencing and methylation specific PCR, methylated (M) and 

unmethylated (UM) RAD51C and BRCA1 in PDX models is shown with a control (ctrl) for 

M and UM. Water (H2O) was used as a blank control. B. Relative RAD51C and BRCA1 

mRNA levels across the 5 PDX models shows lower expression of RAD51C in niraparib-

responsive PDX PH039. C. Immunoblot for RAD51C in xenograft samples.
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