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Introduction
High-grade serous ovarian cancer (HGSOC) remains the fifth leading cause of  cancer death in women in 
the U.S., with over 14,000 deaths estimated for 2016 (1). More than 80% of  women present in advanced 
stages and 80% will develop recurrent disease despite aggressive surgical removal of  tumor and initial high 
response rates to standard-of-care frontline platinum/taxane chemotherapy (2–4). Therefore, a critical need 
remains to develop new effective therapeutic strategies that exploit the unique biology and genetics of  
HGSOC. There has been a lack of  molecularly characterized preclinical models maintaining fidelity of  the 
original tumor in homologous recombination–deficient (HRD) HGSOC (5).

There are limitations to traditional experimental models used for HGSOC research. Xenograft studies 
to determine which drugs warrant testing in clinical trials have traditionally been performed using estab-
lished cell lines. However, established cell lines change after multiple passages, are selected for their ability 
to grow in tissue culture, and often do not genomically resemble HGSOC (5–7). In addition, the most 
frequently used subcutaneous xenograft model does not recapitulate the native ovarian microenvironment 
(8). Indeed, recent studies suggest that most, if  not all, HGSOCs arise in the fallopian tube fimbria, with the 
ovarian and peritoneal implants representing metastasis from the original site (9–11).

Approximately 50% of high-grade serous ovarian cancers (HGSOCs) have defects in genes involved 
in homologous recombination (HR) (i.e., BRCA1/2). Preclinical models to optimize therapeutic 
strategies for HR-deficient (HRD) HGSOC are lacking. We developed a preclinical platform for 
HRD HGSOCs that includes primary tumor cultures, patient-derived xenografts (PDXs), and 
molecular imaging. Models were characterized by immunohistochemistry, targeted sequencing, 
and reverse-phase protein array analysis. We also tested PDX tumor response to PARP, CHK1, and 
ATR inhibitors. Fourteen orthotopic HGSOC PDX models with BRCA mutations (BRCAMUT) were 
established with a 93% success rate. The orthotopic PDX model emulates the natural progression 
of HGSOC, including development of a primary ovarian tumor and metastasis to abdominal viscera. 
PDX response to standard chemotherapy correlated to that demonstrated in the patient. Pathogenic 
mutations and HGSOC markers were preserved after multiple mouse passages, indicating retention 
of underlying molecular mechanisms of carcinogenesis. A BRCA2MUT PDX with high p-CHK1 
demonstrated a similar delay of tumor growth in response to PARP, CHK1, and ATR inhibitors. A poly 
(ADP-ribose) polymerase (PARP) inhibitor radiotracer correlated with PARP1 activity and showed 
response to PARP inhibition in the BRCA2MUT PDX model. In summary, the orthotopic HGSOC PDX 
represents a robust and reliable model to optimize therapeutic strategies for BRCAMUT HGSOC.

Downloaded from http://insight.jci.org on January 12, 2017.   https://doi.org/10.1172/jci.insight.89760

http://dx.doi.org/10.1172/jci.insight.89760
http://dx.doi.org/10.1172/jci.insight.89760


2insight.jci.org      doi:10.1172/jci.insight.89760

R E S E A R C H  A R T I C L E

Patient-derived xenografts (PDXs) maintain the characteristics of  the patients’ original tumor includ-
ing histology, mutational status, gene expression, and clinical behavior while remaining biologically stable 
through multiple passages in mice (12–14). They represent an evolution of  the cell line xenograft model in 
which fresh tumor tissue is obtained directly from patients and subsequently implanted orthotopically into 
immunodeficient mice (15, 16). PDXs allow for harvesting and re-implantation in successive mice genera-
tions serving as a biorepository for each patient (17). Given that PDXs maintain the principle characteristics 
of  the patients’ original tumor (16), they serve as reliable models to study therapeutic response and resistance.

Poly (ADP-ribose) polymerase (PARP) inhibitors block the repair of  single-strand DNA breaks. This 
leads to double-strand DNA breaks which cannot be repaired effectively in BRCA-mutant (BRCAMUT) can-
cers, capitalizing on synthetic lethality (18, 19). Given that ~50% of  HGSOCs have defects in homolo-
gous recombination (HR) (i.e., BRCA1/2MUT) (20), PARP inhibitors are rational therapies for this subset of  
HGSOC. One PARP inhibitor (PARPi), olaparib (AZD2281), resulted in an overall response rate of  ~35% 
in heavily pretreated patients, which led to FDA approval for recurrent HGSOC germline BRCAMUT carriers 
(21). Unfortunately, clinical responses are limited and nondurable; therefore, alternative therapeutic strate-
gies are urgently needed.

Cell cycle checkpoint signaling inhibitors are currently being explored in HGSOC. Ataxia telangiec-
tasia and Rad3-related (ATR) and its downstream kinase checkpoint kinase 1 (CHK1), activated by DNA 
replication stress and DNA double-strand breaks to prevent cell cycle progression, permit the completion 
of  DNA replication and DNA repair processes (22, 23). Cells with increased levels of  oncogenic stress (i.e., 
cyclin E and Myc overexpression, RAS mutation), p53 deficiency, and loss of  specific DNA repair proteins, 
are especially sensitive to ATR inhibition (24–29). Drugs targeting ATR (i.e., AZD6738 and VX-970) and 
CHK1 (i.e., MK8776, SCH 900776, LY2606368, and CCT245737) are in early phase I/II clinical trial 
development (https://clinicaltrials.gov/).

Herein, we present a robust and reliable BRCA-deficient platform for optimization of  therapeutics for 
HRD HGSOC. Our models represent true orthotopic PDX cancers whereby tumor tissue (undisrupted) 
is transplanted onto the mouse fallopian tube fimbria/ovary (representing the most likely site of  origin of  
HGSOC. The transplanted tumor tissue then develops into a primary ovarian tumor in ~95% of  cases with 
subsequent metastasis to abdominal viscera, mimicking the natural progression of  HGSOC. Response to 
standard chemotherapy, histology and morphologic patterns, and genomic signatures are maintained in the 
PDX tumors from the parent tumor and remain stable when passaged in mice. Finally, we illustrate how 
such a model can be used as an experimental platform to investigate targeting the ATR-CHK1 axis as an 
alternative approach to capitalize on synthetic lethality in BRCAMUT HGSOC.

Results
A potentially novel BRCAMUT orthotopic ovarian PDX platform mimics the natural progression of  HGSOC. The 
schema for our preclinical platform is illustrated in Figure 1A. Patient tumor at the time of  tumor debulk-
ing surgery (removal of  all possible visible tumor) was removed to develop both primary cell cultures and 
PDX models for that patient. Fresh, undigested tumor chunks (~2 × 2 × 2 mm) were transplanted onto the 
fallopian tube fimbria/ovary of  5 NSG mice (Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/jci.insight.89760DS1). PDX tumors (mouse passage 1 [MP1]) were 
then passaged and expanded to perform preclinical trials or banked for future studies. Drug studies used 
ultrasound to provide an accurate assessment of  tumor volume over time (Supplemental Figure 1B). Stud-
ies evaluating PARP inhibitors were accompanied by molecular imaging using the PARPi analogue tracer 
[18F]FluorThanatrace ([18F]FTT), which binds to PARP1, serving as a functional biomarker (30, 31). At 
the same time tumors can be grown in vitro in 2D and 3D cultures and used for drug screens (not shown). 
PDXs and primary tumor cultures underwent histological, genomic, and proteomic analyses to identify 
potential therapeutic targets and streamline models for future studies. Cell and PDX models were analyzed 
using a custom 154 ovarian cancer gene panel (comprised of  ovarian cancer and HR-related and actionable 
genes) using targeted sequencing of  full genes or all exons (Supplemental Figure 2). Reverse phase protein 
array analysis (RPPA) evaluating 308 phosphorylated and total proteins was also used to correlate altera-
tions at the gene and protein level (32) (Figure 1A).

The orthotopic transplant approach, whereby undigested tumor chunks are transplanted directly onto 
the mouse fallopian tube fimbria/ovary, ultimately recapitulates the natural progression of  ovarian cancer 
with development of  a primary ovarian tumor (Figure 1B and Supplemental Figure 1A) and metastasis 
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to the diaphragm (Figure 1B and Supplemental Figure 3). Growth rates for BRCAMUT PDXs (WO-2, -3, 
and -10) were then compared with wild-type (BRCAWT) PDXs (WO-4, -12, and -13) over 3 passages in 
mice. BRCAMUT PDXs demonstrated slower take rates compared with BRCAWT when first passaged in mice 
(patient tumor transplanted to mice ovary and tumor develops = MP1). However, subsequent passages 
(MP2, tumor from MP1 transplanted to mice and tumor forms; and MP3, tumor that develops from MP2) 
demonstrated similar growth rates (Figure 1C and Supplemental Figure 4).

Response to standard-of-care chemotherapy in the PDX was compared with that of  the patient from 
which the PDX was derived (Figure 1D). A patient harboring a BRCA2 mutation (c.8945delAA) was initial-
ly diagnosed with HGSOC in 2012. She had primary cytoreductive surgery (1° CRS) followed by standard 
chemotherapy with a platinum-based regimen resulting in complete remission (CR). Her cancer recurred 
in January 2014 and at the time of  her secondary tumor debulking surgery, tumor tissue was obtained for 
our preclinical platform (WO-2-1). Fresh, undigested tumor was transplanted and grew over the following 
12–16 weeks, reaching maximum size. The tumor was then harvested and expanded for a preclinical trial. 
Mice were randomized into 2 arms (drug and control). One arm was treated with weekly i.p. carboplatin 
over 6 weeks, resulting in 100% complete response rate, which mimicked the patient’s response to a plati-
num-based regimen as illustrated by normalization of  her serum CA-125 by cycle 3 of  chemotherapy. The 
control group received vehicle only.

Patient tumor histology, morphology, and ovarian cancer markers are preserved in PDXs. Epithelial HGSOC 
markers, PAX8, a nuclear stain, and CK7, a plasma membrane stain, were positive in all patient tumors 
(PAX8, n = 11 of  11; CK7, n = 10 of  10) and preserved over multiple mouse passages (MP1 through 
MP3) in all PDXs evaluated. PAX8 and CK7 immunohistological staining are illustrated for a BRCA1MUT 
(WO-3), BRCA2MUT (WO-2), and 2 BRCAWT (WO-4 and WO-20) patient and corresponding PDX models 
(Figure 2A and Supplemental Figure 5). Estrogen receptor (ER), a nuclear stain demonstrated in approx-
imately 76% of  HGSOC (33), was similarly expressed in 72.7% (n = 8 of  11) of  patient tumors. ER 
positivity was defined as greater than 10% of  cells demonstrating nuclear staining per field. All BRCAMUT 
patient tumors were ER+ (n = 6 of  6) and 40% (n = 2 of  5) BRCAWT patient tumors were ER+. ER status 
was preserved over MP1 to MP3 in 92% (n = 23 of  25) of  samples assessed. BRCA1 protein expression 
was also evaluated and BRCA1WT tumors stained positive (n = 5), although staining varied from strong 
(WO-4, WO-19, and WO-20) to low (WO-13 and WO-24). BRCA1 protein expression was absent (WO-
10 and WO-16) or very low (WO-3, WO-8, and WO-21) in BRCA1MUT patient samples and their matched 
PDXs (Supplemental Figure 6).

Morphological characteristics that predict BRCAMUT status were then evaluated. BRCA1/2MUT HGSOCs 
have more frequent solid, pseudoendometrioid, and transitional cell carcinoma (SET features) (34) (Fig-
ure 2B). SET patterns were present in 60% (n = 3 of  5) of  BRCAMUT parent tumors evaluated. Sixty-seven 
percent of  (n = 2 of  3) of  tumors having SET features were preserved from parent through MP3 (1 patient 
tumor did not have SET but MP1–3 did). No BRCAWT parent tumors or their PDXs had SET features.

Finally, we evaluated PDX tumors for human stroma content. Parent tumors were compared with 
PDX tumors at MP1 using a human-specific ALU probe labeled with fluorescein isothiocyanate (green 

Figure 1. A potentially novel BRCAMUT ovarian patient-derived-xenograft (PDX) platform. (A) Patient tumors removed during surgery are transplanted 
onto the fallopian tube fimbria/ovaries of NSG mice for PDX development and grown in tissue culture. Mouse tumors are then used to establish a live 
tumor bank or expanded for preclinical trials. Models can also be used for functional biomarker studies. Targeted genomic sequencing and reverse phase 
protein array (RPPA) analysis is performed on all patient and PDX samples. Primary tumor cultures may be used for in vitro 2D and 3D drug screening. (B) 
Representative BRCAMUT PDX (c.8945delAA; WO-2-1) 10 weeks after transplantation showing primary tumor replacing host ovary (upper panel), diaphrag-
matic metastasis (middle panel), and primary ovarian tumor and normal mouse ovary (lower panel). (C) PDX tumor size by palpation over time for select 
PDX models comparing BRCAMUT (WO-2-1, WO-3-1, WO-10-1) with BRCAWT (WO-4-1, WO-12-1, WO-13-1) HGSOC over 3 mouse passages (MPs). BRCAMUT 
PDXs demonstrated slower growth rates compared with BRCAWT at MP1 (0.11 mm/day vs. 0.29 mm/day; P < 0.001). However, in subsequent passages MP2 
and MP3, growth rates were similar (0.19 mm/day for BRCAMUT vs. 0.25 mm/day for BRCAWT; P = 0.08 for MP2, 0.177 mm/day for BRCAMUT vs. 0.18 mm/
day for BRCAWT; P = 0.9 for MP3). Dots represent mean of determinations with SEM. A linear mixed-effects model was used to compare growth rates/day 
between groups. Individual mouse data shown in dot plots in Supplemental Figure 4. (D) Example of preclinical platform using a BRCA2MUT (c.8945delAA) 
PDX model (WO-2). The patient was diagnosed with ovarian cancer in 2012 and had primary cytoreductive surgery (1° CRS) followed by standard chemo-
therapy (carboplatin and paclitaxel) and had a complete remission (CR). Tumor obtained at secondary CRS for recurrent disease in January 2014 was used 
for PDX generation. PDX tumors grew in 12 to 16 weeks to approximately 1,000 mm3. Tumors were harvested and expanded for a preclinical trial. Mice were 
randomized to control or carboplatin 50 mg/kg weekly and tumor growth as measured by weekly ultrasound. All mice showed CR. Similarly, the patient’s 
tumor also responded to a platinum-based chemotherapy regimen as illustrated in the graph of her serum CA-125. The box-and-whisker plots show the 
median, with boxes extending from the 25th to 75th percentile and the whiskers extending from minimum to maximum values of the dataset. Control, n = 
9 mice; carboplatin, n = 6 mice.
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nuclei) that detects Alu repeat sequences of  human DNA (35). Colocalization of  Alu and DAPI was dem-
onstrated in the PDX stroma, suggesting the presence of  human cells, although the majority of  tumor 
stroma was composed of  mouse cells (Supplemental Figure 7).

Genomic characterization of  BRCAMUT PDXs. We have developed over 40 PDX models using an ortho-
topic transplant approach with a 93% success rate (n = 37 of  40), 100% for MP2 (15 of  15), and 100% for 
MP3 (7 of  7). Of  these, 14 HGSOC PDXs have been generated from BRCA1/2 mutation carriers (Table 
1 and Figure 3) with no substantive differences in success rate (n = 14 of  15). Palpable tumors developed 
within 4 to 6 weeks of  transplant.

Of the 14 germline BRCAMUT HGSOC PDX models, 64% (n = 9 of  14) harbor a BRCA1 mutation and 
the remaining contain a BRCA2 mutation (Table 1). The majority of  patients, 86% (n = 12 of  14), had 
advanced disease (stage IIIC–IV). Of the 64% (n = 9 of  14) of  patients who presented with an initial disease 
occurrence, 33% (n = 3 of  9) received neoadjuvant chemotherapy (NACT) followed by interval CRS. Of the 
36% (n = 5 of  14) of  patients who presented with recurrent disease (3 for 2° CRS, 1 for 3° CRS, 1 for vaginal 
cuff  biopsy), 1 was platinum resistant and 2 progressed on PARPi. One patient (WO-15) was first sampled 
at the time of  her planned 1° CRS (WO-15-1); however, because of  unresectable disease, she received NACT 
and was subsequently sampled again at the time of  her interval CRS (WO-15-2) (Table 1). BRCA mutation 
gene locations on exons and introns and functional domains for each PDX are demonstrated (Figure 3).

Genomic pathways are preserved in original tumor compared with tumor passaged in PDXs. To find poten-
tial targetable gene mutations we developed a 157 ovarian cancer gene panel. This panel is comprised 
of  all genes relevant to HGSOC including HR-related genes and actionable targets (Supplemental Figure 
2). Twenty-one PDX models, matched with their parent tumor, underwent sequencing using the ovarian 
cancer panel (Figure 4). Few deleterious mutations were encountered overall, but the most common were 
TP53 and BRCA1/2. Other deleterious mutations included PIK3CA, ERCC3, SMARCA4, JAK1, ARID1A, 
PPP2R1A, IGF1R, RAD54L, and TOP3A. Likely deleterious mutations included CREBBP, PIK3CA, KIT, 
APC, KMT2C, MSH2, ERBB2, FRS2, BRIP1, RAD51C, RPA1, and TP53BP1. Variants of  undetermined 
significance (VUS) are also shown (Figure 4). Deleterious mutations were preserved in the PDX model and 
in the original patient tumor in 94% of  cases. Likely deleterious and VUS were preserved in 82% and 74% 
of  cases, respectively. In particular, BRCAMUT PDX models up to MP3 were then compared with the par-
ent tumor from which they were derived. Multiple tumor locations (ovary, omentum, and pelvic tumors) 
were analyzed per PDX model. Deleterious mutations present in the parent tumor were overall preserved 
through mouse passages (TP53, 92%; BRCA1, 100%; BRCA2, 100%, RAD54L, 100%; IGF1R, 100%) but 
with increasing allele frequency (Table 2).

Targeting the ATR/CHK1 pathway in BRCAMUT HGSOC PDX models. Blocking cell cycle checkpoints is 
an alternative approach for inducing synthetic lethality in HRD HGSOCs. We first evaluated ATR/CHK1 
inhibition in comparison with PAPRi in vitro. As expected, PARPi (AZD2281) at 1 μM and carbopla-
tin at 30 μM were significantly more cytotoxic to BRCAMUT (PEO1, JHOS4) cells than BRCAREV (PEO4 
known platinum resistant) cells. CHK1i (MK8776) was significantly more cytotoxic in the BRCA2MUT cells 
than BRCAWT; however, there was minimal effect in JHOS4 BRCA1MUT cells. The ATR inhibitor (ATRi)  
(AZD6738) was cytotoxic in both BRCAMUT and BRCAWT cells (Figure 5A). In vitro, PARPi and ATRi/
CHK1i were both as cytotoxic as chemotherapy in BRCAMUT cells. Colony forming assays confirmed viabil-
ity assays (Figure 5B). In BRCA2MUT cells (PEO1) after 24 hours of  treatment with PARPi (AZD2281), 
CHK1i (MK8776), and ATRi (AZD6738) there was an increase in the phosphorylation of  γH2AX relative 
to control, indicative of  accumulation of  DNA damage. With ATRi, there was an increase in γH2AX in 
BRCAWT cells (PEO4) relative to control, but not with other agents tested. In the BRCA2MUT cells (PEO1), 
CHK1i increased CHK1 (Ser345) phosphorylation as expected, given inhibition of  enzyme activity and a 
likely feedback loop, confirming the drug target as shown in prior reports (36) (Figure 5C).

Figure 2. Ovarian cancer epithelial markers and morphologic characteristics in parent tumors are preserved over multiple mouse passages. (A) BRCAMUT 
patient-derived-xenograft (PDX) models (WO-2, WO-3) and 2 BRCAWT PDX models (WO-4, WO-20) were evaluated by H&E and immunohistochemis-
try for epithelial ovarian cancer markers. PAX8 (paired box 8, nuclear stain), CK7 (cytokeratin 7, cytoplasmic stain), and ER (estrogen receptor, nuclear 
stain) in parent tumor and matched PDXs up to mouse passage 3 (MP1–MP3) are shown. Magnification is ×10 for large panels and ×100 for inserts. (B) 
Five matched BRCAMUT patient/PDXs and 5 matched BRCAWT patient /PDXs were reviewed for SET (solid, pseudoendometrioid, and translational cell 
carcinoma-like) morphology in a blinded fashion. WO-4 (BRCAWT), WO-2-1 (BRCA2MUT), and WO-3-1 (BRCA1MUT) representative parent and PDX tumors of 
MP1, MP2, and MP3 H&E sections shown demonstrating SET criteria in BRCAMUT and not in BRCAWT tumors. Parent WO-2-1 tumor showed micropapillary 
features, while the MP1–MP3 tumors showed both micropapillary and solid architecture. Magnification is ×10 for all panels.
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To examine and confirm direct effects of  drugs on the ATR/CHK1 pathway, cells were treated with 
aphidicolin (APH). APH inhibits DNA polymerase activity and causes the accumulation of  single-strand 
DNA, which potently activates the ATR kinase. As expected, CHK1 (Ser345) phosphorylation increased fol-
lowing 4 hours of  treatment with APH, and PARPi did not further increase CHK1 (Ser345) phosphorylation 
in the context of  replication stalling. However, CHK1 (Ser345) phosphorylation was significantly decreased 
by ATRi, confirming sufficient dosing with the ATR inhibitor (Supplemental Figure 8).

RPPA of 308 phosphorylated and total proteins was used to select a BRCAMUT PDX model for preclinical 
studies to evaluate targeting the ATR/CHK1 pathway with CHK1i and ATRi in comparison with PARPi. 
WO-2-1 (BRCA2 c.8945delAA) PDX tumors demonstrated elevated p-CHK1 (phospho-Ser345) relative to other 
PDX tumors by RPPA and was confirmed with Western blot (Figure 6, A and B).

We then compared ATRi/CHK1i and PARPi with standard-of-care chemotherapy in a BRCAMUT PDX 
model WO-2-1 (BRCA2 c.8945delAA). After PDX tumors were established, mice were randomized to 5 treat-
ment arms. There was a statistically significant decrease in tumor volume in all treatment groups as measured 
by weekly ultrasound (for representative image see Supplemental Figure 1) relative to control (P < 0.001 for 
all groups) (Figure 6C). Carboplatin treatment resulted in a 100% complete response by week 3. PARPi and 

ATRi/CHK1i all resulted in tumor suppression 
but not tumor regression, as monotherapy and 
were all inferior to carboplatin chemotherapy. 
There were no complete responses with PARPi 
alone even with prolonged treatment (22 weeks, 
data not shown) measured by RECIST 1.1 (37) 
(Figure 6D). Individual PDX responses to treat-
ment are illustrated in Supplemental Figure 9. 
Mouse weights were stable in all groups over 

Table 1. Mutation and clinical data for BRCAMUT orthotopic HGSOC PDXs

STAGE PATIENT HISTOLOGY NACT RECURRENT 
DISEASE

PLATINUM 
SENSITIVE

OVCA HX BRCA MUTATION

1 IIIC WO-2 HGSOC - Yes Yes 2° CRS BRCA2 c.8945delAA
2 IV WO-3 HGSOC - - Yes 1° CRS BRCA1 c.5356delG
3 IIIC WO-5 HGSOC Yes - Yes Interval CRS BRCA1 c.IVS14+2T>G
4 III WO-6 HGSOC Yes - Yes Interval CRS BRCA1 c.5266dupc
5 IV WO-8 HGSOC - Yes - 2° CRS BRCA1 c.5083del19
6 IIC WO-10 Undifferentiated 

Carcinoma
- -  (Untx) 1° CRS BRCA1 c.4783_4816del

7 IIIC WO-15-1 HGSOC - - Yes 1° CRS BRCA2 c.5946delT
8 IIIC WO-15-2 HGSOC Yes - Yes Interval CRS BRCA2 c.5946delT
9 IIIC WO-16 HGSOC - - Yes 1° CRS BRCA1 c.4184del14

10 IIIC WO-21 HGSOC - Yes YesA 3° CRS BRCA1 c.187delAG
11 IIIC WO-33 HGSOC - Yes Yes 2° CRS BRCA2 c.5804del2
12 IC WO-43 HGSOC - Yes YesA Vag cuff biopsy BRCA1 c.185delAG
13 IIIC WO-44 HGSOC - - Yes 1° CRS BRCA1 c.5385insC
14 IIIC WO-50 HGSOC - - Yes 1° CRS BRCA2 c.2330dupA

APatient progressed on PARPi. HGSOC, high-grade serous ovarian cancer; NACT, neoadjuvant chemotherapy; CRS, cytoreductive surgery; Untx, untreated
 

Figure 3. Illustration of the BRCA1 and BRCA2 
genes, including exons, introns, and functional 
domains noting location of BRCA mutations in 
the patient-derived-xenograft (PDX) mod-
els. RING, really interesting new gene; PALB2, 
partner and localizer of BRCA2; BRCT, BRCA1 
C-terminal; OB, oligonucleotide/oligosaccharide-
binding domain.
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treatment duration, suggesting acceptable drug toxicity (Supplemental Figure 10). PDX tumors were dissociated 
and lysates evaluated for drug effects. There was an increase in p-CHK1 in the CHK1i treatment group relative 
to control at 1 week after treatment initiation (Figure 6E). ATRi decreased the p-CHK1 protein, demonstrating 
target engagement. Cleaved caspase 3, an apoptosis marker, was increased in all treatment groups relative to 
control (Figure 6E). Another PDX model that was generated from a BRCA1 mutation carrier who was platinum 
sensitive but recently progressed on PARPi (olaparib) after 16 months of treatment was tested. This patient’s 
tumor was harvested and sequenced after progression on PARPi and demonstrated persistence of the BRCA1 
mutation without reversion (Table 2). ATRi/CHK1i and PARPi treatment was compared with vehicle control 
and similarly, ATRi and CHK1i each suppressed PDX growth compared with control (Supplemental Figure 
11). PARPi treatment suppressed PDX growth initially with early signs of drug resistance, but data were limited 
due to the small sample size. This patient subsequently received another PARPi, rucapaib (1 year after prior 
PARPi), and similar to her PDX, responded for a brief time (only 3 months) before progression.

[18F]FTT uptake on PET/CT correlates with PARP-1 activity level in vivo and response to olaparib in a BRCA2-
mutant OVCA PDX model. PET imaging of  PARP-1 with the PARPi analogue tracer [18F]FTT was then 
performed in a HGSOC PDX model before and after PARPi treatment. PET imaging studies revealed dif-
ferences in radiotracer uptake in the control versus PARPi-treated animal (Figure 6F) (30, 38). This result 
suggests that PARPi competitively inhibits the [18F]FTT from binding to PARP-1, as demonstrated by a 
decrease in radiotracer uptake (Figure 6F).

To validate PET imaging findings, we performed ex vivo digital autoradiography for PARP-1 with [125I]
KX1, an iodinated analogue of  [18F]FTT, using tumor sections from imaged mice (31). This allowed us to 
evaluate specific radiotracer signal from the tumor ex vivo and to compare the control versus PARPi-treated 

Figure 4. Genomic profiles are preserved from parent tumors to PDX tumors. Targeted sequencing of full 
genes or all exons was performed using a 157-targeted-gene panel on both BRCAMUT and BRCAWT patient 
tumors with matched patient-derived xenografts (PDXs) highlighting deleterious, likely deleterious, and 
variants of unknown significance (VUS).
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animal. We found that there was indeed a difference in radiotracer binding in tumor sections that followed 
a similar trend to what was measured in the PET imaging study (Figure 6G). These data confirm the results 
from our PET imaging study. This suggests that the difference in radiotracer signal is caused either by intra-
tumoral PARPi concentrations or decreased expression of  PARP-1.

To evaluate whether PARP-1 expression may have decreased over the course of  1 month with PARPi 
treatment, we performed PARP-1 immunofluorescence on tumor sections adjacent to those used in auto-
radiography experiments. We found no difference in PARP-1 expression measured in the control versus 
PARPi-treated tumors (Figure 6G). While the control tumor had grown large over the course of  the therapy 
study, the PARPi-treated tumor was difficult to visualize by PET alone; however, with the assistance of  CT 
imaging, regions of  interest were drawn around the tumor for comparison. This provides strong evidence 
that both PET and autoradiography studies revealed differences in radiotracer uptake due to competitive 
inhibition, despite similar protein intratumoral PARP-1 concentrations (Figure 6H).

Discussion
There is currently a lack of  preclinical platforms that allow rapid translation of  scientifically rational labo-
ratory discoveries into clinical trials (39). Relevant experimental animal models are particularly lacking 
in this regard. Here, we have developed a preclinical pipeline to study HRD HGSOC using an orthotopic 
ovarian cancer transplant PDX model. This model recapitulates the heterogeneity of  the parent tumor 

Table 2. Summary of pathogenic mutations with allele frequency in parent tumors and PDX tumors

Specimen Germline Mutation Patient Tumor 
Pathogenic Mutations

AF Detected in MP1 
(AF)

Detected in MP2 
(AF)

Detected in MP3 
(AF)

WO-2-1 Pelvic tumor #1 BRCA2 
c.8945delAA

BRCA2 c.8717_8718del 
TP53 c.A488G

63% 
21%

√ (99%) 
√ (93%)

√ (100%) 
√ (100%)

 √ (100%) 
√ (100%)

WO-2-3 Pelvic tumor #3 BRCA2 
c.8945delAA

BRCA2 c.8717_8718del 
TP53 c.A488G

100% 
100%

√ (69%) 
√ (37%)

√ (100%) 
√ (97%)

√ (100%) 
√ (99%)

WO-3-1 Ovarian tumor #1 BRCA1 
c.5356delG

BRCA1 c.5231delG 
TP53 c.C817T

81% 
63%

√ (95%) 
√ (85%)

√ (100%) 
√ (99%)

√ (100%) 
√ (99%)

WO-3-2 Ovarian tumor #2 BRCA1 
c.5356delG

BRCA1 c.5231delG 
TP53 c.C817T

89% 
74%

√ (97%) 
√ (98%)

√ (98%) 
√ (100%)

n/a

WO-5-1 Omental tumor BRCA1 
c.IVS14+ 2T>G

BRCA1 c.4484+2T>G 
TP53 c.C586T 

RAD54L c.470_471del

65% 
26% 
45%

√ (98%) 
√ (91%) 
√ (41%)

n/a n/a

WO-5-2 Bladder tumor BRCA1 
c.IVS14+ 2T>G

BRCA1 c.4484+2T>G 
TP53 c.C586T 

RAD54L c.470_471del

69% 
23% 
41%

n/a n/a n/a

WO-6-1 Omental tumor #1 BRCA1 
c.5266dupc

BRCA1 c.5266dupC 
TP53 c.G733A

52% 
11%

n/a n/a n/a

WO-6-2 Omental tumor #2 BRCA1 
c.5266dupc

BRCA1 c.5266dupC 
TP53 c.G733A

57% 
18%

√ (46%) 
x (0%)

n/a n/a

WO-8-1 Pelvic tumor #1 BRCA1 
c.5083del19

BRCA1 c.4964_4982del 
TP53 c.C406T

67% 
47%

√ (100%) 
√ (99%)

√ (100%) 
√ (100%)

n/a

WO-8-2 Pelvic tumor #2 BRCA1 
c.5083del19

BRCA1 c.4964_4982del 
TP53 c.C406T

65% 
37%

n/a n/a n/a

WO-15-1 Cul de sac tumor 
pre-chemo

BRCA2 
c.5946delT

BRCA2 c.5946delT 
TP53 c.A854T

57% 
22%

√ (100%) 
√ (100%)

n/a n/a

WO-15-2 Omental tumor 
post-NACT

BRCA2 
c.5946delT

49% 
BRCA2 c.5946delT

n/a n/a n/a

WO-16-3 Ovarian tumor BRCA1 
c.4184del14

BRCA1 c.4065_4068del 
TP53 c.C991T

73% 
67%

√ (97%) 
√ (99%)

√ (90%) 
√ (100%)

n/a

WO-16-4 Omental tumor BRCA1 
c.4184del14

BRCA1 c.4065_4068del 49% n/a n/a n/a

WO-21-1 Ovarian tumor BRCA1 
c.187delAG

BRCA1 c.68_69del 
TP53 c.G527A 

IGF1R c.1926dupT

94% 
92% 
47%

√ (96%) 
√ (100%)
√ (41%)

n/a n/a

AF, allele frequency; MP: mouse passage 1, 2, 3; NACT: neoadjuvant chemotherapy
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and remains stable when passaged in mice. Our model mimics the natural progression of  this disease 
and response to standard chemotherapy as well as maintains the morphologic patterns, biomarkers, and 
genomic signatures of  the original tumor. We also include molecular functional imaging (i.e., PARPi ana-
logue) for biomarker discovery in our platform. Further, our PDX platform represents a living tissue bank 
that can readily be used to test novel targeted therapies.

The promise of  in vitro and in vivo studies for targeted therapies in ovarian cancer has not translated 
into success in the clinical setting until now (39). PARPi treatment, for example, in BRCAMUT ovarian can-
cer cell line models has been shown to decrease cell viability, increase apoptosis, and completely inhibit 
tumor growth in BRCAMUT in vivo models (18, 19). However, clinical trials using PARPi treatment have 
shown modest response rates of  ~40%. Furthermore, these responses are primarily partial and rarely com-
plete; in the few tumors that do respond, resistance ultimately develops (21). Similarly, our models showed 
tumor suppression but not complete tumor regression with PARPi, simulating what is seen in the clinic.

Reasons for such a discrepancy between preclinical and clinical findings can be related to both the 
in vitro and in vivo models used for study. Even with the evolution of  ovarian cancer cell lines, approxi-
mately 70% of  published ovarian cancer studies use established cell lines that do not genomically resemble 

Figure 5. Targeting the ATR-CHK1 axis in BRCA1/2MUT cell models. (A) Viability of established ovarian cancer cells after treatment with 1 μM PARPi 
(AZD2281), 1 μM CHK1i (MK8776), 1 μM ATRi (AZD6738), and 30 μM carboplatin was assessed with an MTT assay. Cell models included PEO1 (BRCA2MUT), 
JHOS4 (BRCA1MUT), and the homologous recombination–proficient cells, PEO4 (BRCA2REV). Cells were incubated in their respective drug concentrations for 
5 days. PARPi was significantly more cytotoxic in BRCAMUT relative to BRCA2REV cells (32.9% ± 0.7% cell viability for BRCA2MUT cells and 42.3% ± 2.0% for 
BRCA1MUT cells vs. 76.7% ± 2.0% for BRCA2REV cells; P < 0.00001 and P = 0.0002 for BRCA2 vs. BRCAREV and BRCA1 vs. BRCAREV, respectively). Carboplatin 
treatment appeared to have a similar effect to that of PARPi in all lines: BRCA2MUT (41.2% ± 3.9% cell viability; P = 0.07 carboplatin compared with PARPi); 
BRCA1MUT (55.0% ± 5.2% viability; P = 0.0003 carboplatin vs. PARPi); and BRCA2REV (96.3% ± 4.6% viability; P = 0.01 carboplatin vs. PARPi). Only the 
BRCA2MUT cell model was sensitive to 1 μM CHK1i (56.6% ± 1.1% cell viability). Both BRCAMUT and BRCA2REV cells were sensitive to ATRi monotherapy (8.6% 
± 0.2%, 38.9% ± 1.4%, and 26.3% ± 0.5% cell viability for BRCA2MUT, BRCA1MUT, and BRCA2REV cells, respectively; P < 0.001 for all lines ATRi vs. carbopla-
tin treatment). The box-and-whisker plots show the median, with boxes extending from the 25th to 75th percentile and the whiskers extending from 
minimum and maximum values of the dataset (n = 5 per group). Two-way ANOVA was performed before the Tukey’s honestly significant difference test 
to determine whether there was an overall difference between the groups. The data shown are a single representative experiment with 5 determinations. 
Three independent experiments were performed. (B) Colony forming assay was performed with 1 μM PARPi, 1 μM CHK1i, 1 μM ATRi, and 30 μM carboplatin 
treatment in BRCA2MUT (PEO1) and BRCA2REV (PEO4) cell models. Cells were incubated in their respective drug concentrations for 13 days. Colony forma-
tion was decreased in BRCA2MUT compared with BRCA2REV cells with PARPi (3.3% ± 1.3% vs. 116.8% ± 5.2%; P < 0.00001), CHK1i (28.6% ± 3.1% vs. 94.1% 
± 6.0%; P = 0.0001), and carboplatin (3.9% ± 1.2% vs. 43.3% ± 2.8%; P < 0.00001). All values are percentage colony formation relative to control. Both 
cell models showed decreased colony formation with ATRi (6.4% ± 1.6% for BRCA2MUT vs. 10.9% ± 1.4% for BRCA2REV; P = 0.08). (C) BRCA2MUT (PEO1) and 
BRCA2REV (PEO4) cells were treated with 1 μM PARPi, 1 μM CHK1i, and 1 μM ATRi and lysates were collected after 24 hours of treatment. Western blot for 
the indicated total and phosphoproteins is shown.
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Figure 6. Targeting the ATR-CHK1 axis in a BRCA2MUT PDX model. (A) Reverse phase protein array (RPPA) analysis for 308 total and phosphoproteins in 
patient tumors and their corresponding PDXs were analyzed. Two proteins (p-CHK1 on Ser345 and total CHK1) were selected and plotted on a log2-fold scale. 
WO-2-1 (BRCA2MUT c.8945delAA) demonstrated elevated p-CHK1 relative to other tumors. (B) PDX tumors with high and low p-CHK1 by RPPA were com-
pared by Western blot for p-CHK1 and total CHK1. (C and D) WO-2-1 PDXs were randomized into the following groups: vehicle control; PARPi (AZD2281) 100 
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HGSOCs (5). Further, there are limitations to the different types of  in vivo HGSOC models. Subcutane-
ous xenografts, while preserving mutational heterogeneity and oncogene expression profiles (40), are not 
positioned in the right anatomic location or microenvironment and do not model the natural progression of  
ovarian cancer, as they do not typically metastasize (8). Intraperitoneal xenografts, while they may mimic 
aspects of  tumor metastasis, may miss early transforming events in metastasis (8, 41). Practically, there 
may be a low engraftment rate (40) and failure of  discrete mass formation (12, 40), making assessing treat-
ment response and passaging in mice difficult. Subrenal capsule xenografts involve an invasive, meticulous 
engrafting procedure (42). Finally, there is the complex nature and heterogeneity of  ovarian cancer itself  
(43). Different metastatic sites in a single patient may demonstrate differences in genomic profiles and 
copy number variations. Over the course of  different treatment regimens and recurrences, as is common in 
ovarian cancer, there may be shifts in the clonal subpopulations and selection and emergence of  resistant 
clones (43, 44). Finally, the stroma, extracellular matrix, and immune cells likely also play a role in both the 
progression and response to different treatment modalities (45, 46).

In this study we have demonstrated that our orthotopic PDX model is a feasible and more clinically 
relevant approach to the development of  a preclinical platform for the study of  BRCA1/2MUT HGSOC 
when compared with historic cell line models. Our model allows the study of  intertumoral and interpa-
tient heterogeneity by creating PDX models for different regions of  disease from one patient and different 
patients, respectively. Fresh tumor tissue is obtained directly from patients and subsequently implanted into 
immunodeficient mice. Thus, unlike cell lines and cell suspension made from patients’ tumors, using undi-
gested tumor chunks will preserve some of  these non–cell-autonomous factors, especially when assessed 
in low passage in vivo (12, 47). These non–cell-autonomous factors, like human stroma, which our model 
demonstrates at least in early passages, can be drivers of  disease progression, thereby representing potential 
therapeutic targets (41, 47). Furthermore, unlike the initial in vivo studies with PARPi that showed com-
plete inhibition in BRCAMUT models, our model correlated with what is typically seen in the clinical setting; 
that is, we observed partial responses and rare complete responses with PARPi treatment. In fact, with 
prolonged treatment, resistance to PARPi developed by week 21 (data not shown).

Other strengths of  our model include our focus on a subset of  HGSOC, specifically those deficient in 
HR. We have established a repository of  PDXs with a variety of  BRCA1/2 mutations that will permit us 
to study responses to various therapies as well as characterize resistance mechanisms, depending on the 
particular mutation profile (48). In addition, the study provides evidence that our orthotopic HGSOC PDX 
model can be used for evaluation of  functional biomarkers using [18F]FTT uptake on PET/CT for PARPi 
therapy studies. Future studies evaluating the role of  PARP-1 expression as a predictive biomarker for 
PARPi therapy will employ this technology. Studies in small cell lung cancer have already suggested that 
PARP-1 levels are potent predictors for response to PARPi, independent of  BRCA1/2 mutations (49, 50).

We also demonstrate that our preclinical platform can be used to investigate alternative approaches to 
modulate DNA repair activity, capitalizing on synthetic lethality in BRCAMUT HGSOC. RPPA identified 
which existing PDX models may be suitable models, based on p-CHK1 expression, for a preclinical study 
comparing PARPi with ATRi/CHK1i and standard chemotherapy. We found that ATRi and CHK1i have 
modest activity, but similar to PARPi, are inferior to standard chemotherapy as single agents in models 

mg/kg by oral gavage daily; CHK1i (MK8776) 50 mg/kg i.p. every 3 days; ATRi (AZD6738) 50 mg/kg daily; and carboplatin 50 mg/kg weekly. Tumor volume 
was measured by weekly ultrasound. There was a significant decrease in all treatment groups relative to control (P < 0.0001) and a significant difference 
relative to carboplatin treatment (P = 0.0001 for PARPi, P = 0.0072 for CHK1i, and P < 0.00001 for ATRi). ANOVA analysis was conducted to evaluate differ-
ences among means. Tukey’s honestly significant difference (HSD) test was used for all pairwise mean comparisons. PARPi treatment decreased average 
tumor volume by 35% over treatment duration with 68.8% (n = 11 of 16) and 31.2% (n = 5 of 16) showing partial remission (PR) and stable disease (SD), 
respectively, by RECIST 1.1 (37). CHK1i treatment resulted in a 25% (n = 2 of 8) SD rate and 75% (n = 6 of 8) with PD (progression of disease). ATRi treat-
ment resulted in a 22.2% (n = 2 of 9) SD rate, and 77.8% (n = 7 of 9) with PD in average tumor volume, respectively. Carboplatin treatment resulted in 100% 
CR. Each symbol represents mean of determinations with SEM. Control, n = 7; PARPi n = 16; carboplatin, n = 5; ATRi, n = 9; CHK1i, n = 6 (see Supplemental 
Figure 9 for individual mouse response). (E) Lysates from PDX tumors after 2 weeks of treatment were immunoblotted for the indicated proteins. (F) 
PET imaging of PARP-1 with [18F]FTT and PET/CT fused images are shown in untreated and PARPi-treated mouse. WO-2-1 (BRCA2MUT c.8945delAA) PDX 
received oral doses of PARPi (AZD2281) 50 mg/kg every day for 1 month and on the day of PET imaging prior to the imaging study. White arrows point to 
tumors. (G) Digital autoradiography (left panel) of tumor sections and PARP-1 immunofluorescence (IF; right panel) of adjacent tumor sections comparing 
control with PARPi-treated tumor sections (n = 2) is shown. Representation of 1 of 2 independent experiments is shown. (H) Correlative data shown for 
PET, autoradiography (Rad), and IF modalities for determining PARP-1 expression. Graphical representation of 3 independent experiments and associated 
results are shown. Four regions of interest were drawn in each dataset. The box-and-whisker plot shows the median, with boxes extending from the 25th 
to 75th percentile and the whiskers extending from minimum to maximum values of the dataset (n = 4).
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with high p-CHK1. PARPi, along with cell cycle checkpoint inhibitors, will likely be best applied as combi-
nation therapies. While cancer cells harboring some degree of  replicative stress upregulate ATR and CHK1 
activity to survive (26, 27, 29, 51), inhibiting either one of  these proteins alone may not be sufficient to 
cause cell death, at least when using the drugs and recommended regimens applied herein.

There is emerging evidence that ATRi may be more effective than CHK1i in killing cancer cells. ATR 
may be able to stabilize replication forks independently of  CHK1 (52), so while CHK1i may increase origin 
firing and thus replication stress, ATR is still able to stabilize replication forks and allow cell survival (53). 
Additionally, ATR can suppress origin firing and the intra-S checkpoint independently of  CHK1 (54, 55). 
In contrast, CHK1 may be activated independently of  ATR (56) and may prevent replication catastrophe 
in S-phase cells, even in the presence of  an ATRi (57). Such a network of  alternative DNA repair pathways 
may contribute to our preclinical findings and suggests that targeting more than one pathway may be neces-
sary to achieve complete tumor regression. Additional research is required to examine the optimal clinical 
benefit from ATRi and CHK1i inhibition, which may depend on the genetics of  the tumor as well as the 
drug and treatment regimen used. The PDX model described herein may be of  particular utility for these 
comparative studies.

Importantly, our model is lacking the human immune system, a major limitation. We are working to 
humanize these models to allow evaluation of  drug effects on the tumor immune microenvironment and 
vice versa. Clinical trials are both costly and time consuming. Thus, being able to better predict which 
treatment regimens will work for a select group of  patients is critical to increase the success rate and to get 
effective drugs to patients who are most likely to benefit.

In conclusion, strategies to optimize approaches capitalizing on synthetic lethality with HRD are need-
ed. Orthotopic BRCAMUT PDXs serve as excellent experimental models for therapeutic studies. Genomic 
and proteomic characterization of  PDXs can help strategize therapeutic options for evaluation in preclini-
cal PDX trials. ATRi and CHK1i are active in BRCAMUT HGSOC preclinical models and may serve as alter-
native approaches for the treatment of  this disease and warrant further investigation.

Methods
Cell lines and reagents. PEO1 and PEO4 ovarian epithelial tumor cell lines were grown in RPMI media 
with 10% FBS and penicillin/streptomycin (gift from Andrew Godwin, University of  Kansas, Lawrence, 
Kansas, USA). JHOS4 (gift from Ronny Drapkin, University of  Pennsylvania) ovarian epithelial tumor cell 
lines were grown in DMEM/F12 media with 10% FBS, and penicillin/streptomycin. Mutation profiles for 
all cell lines were confirmed with targeted sequencing of  full genes or all exons using our 157-targeted-gene 
panel. PEO1 harbors a BRCA2 (c.C4965G), TP53 (c.G731A), and CREBBP (c.G3712T) mutation. JHOS4 
has a BRCA1 (c.5278-1G>A) and TP53 (c.T440G) mutation. PEO4 was derived from the same patient as 
PEO1 and has a BRCA2 reversion mutation as well as the same TP53 mutation. Authenticity of  cell lines 
was confirmed by short tandem repeat (STR) analysis, and mycoplasma testing was negative.

Establishment of  PDXs. NOD-SCID IL2Rγ−/− (NSG) mice were purchased from the Jackson Laboratory. 
All mice were housed according to the policies of  the IACUC of  the Wistar Institute. PDXs were gener-
ated by sectioning of  fresh tumor tissue obtained from the Hospital of  the University of  Pennsylvania and 
engrafting tumor chunks (~2 mm3) pieces orthotopically to the fallopian tube fimbria/ovary of  5- to 8-week-
old female mice. Briefly, after anesthetized mice were shaved, a small 1- to 2-cm vertical incision was made 
through the skin over the left flank. The peritoneal cavity was then entered through a 1-cm vertical incision. 
The left ovarian bursa was elevated and exteriorized. Once the left ovary was identified on the anterior side 
of  the bursa, two to three 2 × 2 × 2 mm tumor chunks were sutured to the ovary/fallopian tube fimbria using 
5.0 PDS suture. The tumor transplant was then placed back inside the peritoneal cavity, and ~20 μl of  Matri-
gel was placed over the transplant. The peritoneal cavity and then the skin were closed (Supplemental Figure 
1A). Once the MP1 PDX tumor reached approximately 700–1,000 mm3, it was harvested and retransplanted 
for expansion in serial generations (MP2), which were used for in vivo drug response studies. Fresh patient 
tumor was minced and cryopreserved in 5% DMSO plus FBS for later thawing and transplantation. Samples 
were also snap frozen for DNA, RNA, and protein analysis. Authenticity of  PDX tumors was confirmed by 
STR analysis. Tumors were also digested using collagenase for development of  primary tumor cultures (58).

Preclinical trial and tissue preparation. For tumor transplantation, banked cryovials of  tumor chunks were 
thawed, washed twice with HBSS, and transplanted to the fallopian tube fimbria/ovary of  5- to 8-week-old 
NSG female mice. Once tumors were palpated, tumor length (l) and width (w, smaller of  2 measurements) 
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were measured by ultrasound (M-TURBO Ultrasound, SonoSite) with an HFL38x 13-6MHz linear trans-
ducer on each mouse and tumor volume (V = [l × w2]/2) was calculated. Once tumor volume reached 70–100 
mm3, animals (n = 50) were randomized using Tumor Manager (Biopticon) into 5 treatment groups: carbo-
platin (50 mg/kg i.p. injection weekly; Hospira); MK8776 (CHK1i, 50 mg/kg i.p. every 3 days; Selleckchem); 
AZD2281 (PARPi, 100 mg/kg oral gavage [OG] daily); AZD6738 (ATRi, 50 mg/kg OG daily; AstraZeneca); 
and vehicle. Tumor volume and body weight was measured every week. When tumor volume was greater 
than or equal to  1,000 mm3, animals were euthanized according to IACUC guidelines. Three animals were 
sacrificed after 2 weeks of  treatment to evaluate drug-target effects. Tumors were collected and snap frozen 
for DNA, RNA, and protein analysis. Tumors were also fixed in 10% formalin for morphological and immu-
nohistochemical analysis. Treatment response in individual mice was also assessed using RECIST 1.1 (37).

Immunohistochemistry. Samples were fixed in 10% formalin. Tissues were dehydrated in graded ethanol 
solutions, cleared in xylene, and embedded in paraffin. Paraffin blocks were cut into 4- to 6-μm sections 
and placed onto glass slides. After deparaffinization and rehydration, antigen retrieval was done via pres-
sure cooker. Slides were incubated in 1× target retrieval solution at 120°C for 4 minutes at 18 to 20 psi. 
Endogenous hydrogen peroxidase activity was blocked with hydrogen peroxide for 10 minutes followed by 
rinsing with wash buffer. Slides were individually incubated with cytokeratin 7 (1:2,000 dilution, catalog 
M7018, DAKO), PAX8 (1:800 dilution, catalog 10336-1-AP, Proteintech Group), ER (1:200 dilution, clone 
EP1, DAKO), BRCA1 N-terminal (1:500 dilution, clone MS110, Calbiochem), and BRCA1 C-terminal 
(1:10,000 dilution, catalog 07-434, EMD/Millipore) antibodies in wash buffer for 60 minutes. Alterna-
tively, slides were incubated with appropriate isotype controls and diluted similarly. Slides were washed 
and incubated with anti-rabbit horseradish peroxidase polymer for 30 minutes, followed by a further wash. 
Slides were developed using 3,3′-diaminobenzidine (DAB) chromogen for 10 minutes and then washed 
with water. After staining, slides were counterstained, dehydrated, and cleared using a Leica autostain-
er. Finally, slides were coverslipped with mounting reagent. In situ hybridization was performed using a 
human-specific Alu DNA probe (PR026-100, BioGenex) and staining was performed as described (35). 
DAPI (4′,6-diamidino-2-phenylindole) was used to label nuclear DNA.

Slides were also reviewed and SET (solid, pseudoendometriod, and transitional cell carcinoma-like 
morphology) features (34) were assessed by a gynecologic oncology pathologist (RS) in a blinded manner 
using light microscopy.

DNA sequencing and mutation analysis. Somatic mutation screening was performed using a custom 
designed targeted massively parallel sequencing protocol. For each patient tumor and PDX, 500 ng genom-
ic DNA was sheared randomly into 200-bp fragments with the Covaris LE220 Focused-UltraSonicator. 
Sheared DNA was A-tailed and ligated with adaptor-embedded indexes using the NEBNext Ultra DNA 
Library Prep Kit for Illumina (New England BioLabs). DNA quality, fragment size, and concentration of  
library preps were measured using Agilent’s DNA 1000 chips in conjunction with the 2100 Bioanalyzer 
(Agilent Technologies). High-quality samples were pooled and hybridized to a custom capture library using 
Agilent SureSelect kits. DNA quality, size, and concentration were assessed using the Qubit 2.0 fluorometer 
(Life Technologies) and the Bioanalyzer. Library captures were sequenced using on the HiSeq 2500 (Illu-
mina) at the University of  Pennsylvania Next Generation Sequencing Core.

Our custom capture panel included 157 genes, primarily tumor suppressor genes, involved in pathways 
implicated in ovarian and/or breast cancer susceptibility and tumorigenesis, such as HR, mismatch repair, 
or checkpoint inhibition (Supplemental Figure 2).

Alignment to human reference genome NCBI Build 37 was performed with the Burrows-Wheeler 
Aligner (59) and reads were analyzed using the Genome Analysis Toolkit for variant calling (60). Dis-
ambiguation of  sequencing read origin was performed by mapping reads to both the mouse and human 
genome. Reads that mapped with high accuracy to the mouse genome were removed. ANNOVAR was 
used for variant annotation (61, 62). Samples were removed due to poor sequencing quality if  more than 
10% of  targets had 0% coverage or if  at least 10× coverage was achieved in less than 50% of  targets. Variant 
identification and classification were performed using a strict filtering and analysis pipeline that has previ-
ously been described and validated (63, 64). The locus-specific databases ClinVar, dbSNP, and COSMIC 
were utilized to help identify suspected deleterious variants, and any missense variant calls that could not 
be confirmed in the literature were considered VUS and excluded from analysis. Pindel (65) was utilized to 
detect large rearrangements or indels. All PDX and parent tumors were authenticated using STR (Wistar 
Genomics Facility).
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RPPA analysis. RPPA was performed by the MD Anderson Center RPPA core facility as previously 
described (66) and data reported as Normalized Linear and Normalized Log2. Three hundred eight phos-
phorylated and total proteins were evaluated (https://www.mdanderson.org/education-and-research/
resources-for-professionals/scientific-resources/core-facilities-and-services/functional-proteomics-rppa-
core/index.html). Unsupervised hierarchical clustering was performed on RBN log2 median-centered pro-
tein values using Cluster 3.0 software (http://rana.lbl.gov/EisenSoftware.htm). Results were visualized 
using Treeview software (http://rana.lbl.gov/EisenSoftware.htm).

Western blot. Cells and tissues were harvested and lysed in RIPA buffer (33) containing a cocktail of  
protease and phosphatase inhibitors (Calbiochem). Following protein concentration determination (Bio-
Rad), cell lysates were resolved in reducing SDS-PAGE gels and immunoblotted with antisera specific 
for p-CHK1 (Ser345, catalog 2348), γH2AX (catalog 9718) (both Cell Signaling Technology), and CHK1 
(catalog sc-8408, Santa Cruz Biotechnology). The species-appropriate horseradish peroxidase–conjugated 
secondary antibody was used, followed by detection with an Odyssey Quantitative Fluorescent Imaging 
System (LI-COR Biotechnology). Anti–β-actin (catalog sc-69879, Santa Cruz Biotechnology) was used as 
an internal control.

Cytotoxicity assays. Cells (5 × 103) were seeded on 96-well plates and treated with the indicated doses 
of  PARPi (AZD2281), CHK1i (MK8776), ATRi (AZD6738), and carboplatin for 5 days. At the end 
of  the treatment period, the viable cell number was determined by MTT colorimetric assay. Cells were 
incubated with 10 μl MTT at 5 mg/ml (Sigma-Aldrich) for 2 hours at 37°C. DMSO was added and the 
absorbance was measured in a microplate reader at a wavelength of  570 nm. IC50s were calculated using 
GraphPad Prism.

Colony formation assay. Cells (5 × 103) were plated onto 12-well plates and incubated at 37°C. After seed-
ing, cells were treated with drugs for 10 to 14 days. Media and drugs were refreshed every 5 days. When 
the cells grew to visible colonies, the colonies were washed once with PBS and fixed with 4% paraformal-
dehyde for 10 minutes. The cells were then stained with 0.2% crystal violet. Images of  entire wells were 
scanned and the colony forming area was quantified using ImageJ (NIH). For each sample, the results from 
3 replicates were averaged (67).

PET imaging of  PARP-1 with [18F]FTT in ovarian cancer PDX model. PET imaging was performed 
in 2 BRCA2MUT PDXs. Mice were previously enrolled in PARPi (AZD2281) therapy experiments and 
at the end of  the study a control and an PARPi-treated mouse underwent PET imaging. The PARPi-
treated mouse received oral doses of  50 mg/kg PARPi (AZD2281) every day for 1 month and on 
the day of  PET imaging prior to the imaging study. Mice were anesthetized via nose cone at 2% to 
3% isoflurane, 1 l/min oxygen, and body temperature was maintained by heating pad. Intravenous 
tail vein injections of  [18F]FTT (200 microcuries) were administered immediately before the start 
of  imaging and mice were scanned for 60 minutes on a Phillips Mosaic small animal PET scanner. 
Regions of  interest were drawn manually over the tumors as well as a muscle region (background) to 
produce tumor to muscle ratios for each animal. CT was performed for each mouse on a Phillips mini 
CT scanner for anatomical reference. At the conclusion of  the study the mice were sacrificed and 
tumors were harvested for correlative assays.

PARP-1 autoradiography with [125I]KX1. Digital autoradiography was performed on tumor sections 
derived from each mouse used in PET imaging studies. Briefly, tumors were flash frozen in liquid nitrogen 
and embedded in OCT. Tumors were mounted in a Leica CM1950 cryostat and were sectioned at 5 μm. 
Tissue sections were placed on slides and stored at –80°C. On the day of  autoradiography experiments, 
slides were removed from storage and allowed to equilibrate to room temperature for 30 minutes. Slides 
were then washed in PBS for 3 minutes. Next, 200 μl PBS containing [125I]KX1 was added to the slide 
and allowed to equilibrate for 30 minutes. Sections were then washed 3 times in PBS and exposed for 30 
minutes to reusable phosphor films. Lastly, the film was read on a GE Typhoon FLA 7000 digital imager. 
Regions of  interest were drawn around tissue sections and average intensity was calculated using GE image 
analysis software.

PARP-1 immunofluorescence. Tumor sections were fixed in cold acetone chilled on dry ice for 10 minutes. 
Next, sections were washed with PBS 3 times for 5 minutes each. Sections were then blocked with 5% BSA in 
PBS for 1 hour. A hydrophobic ring was drawn around the tumor section. Primary PARP-1 antibody (clone 
46D11, Cell Signaling Technology) was diluted in PBS (1:200) and incubated overnight at 4°C. Sections 
were washed 3 times with PBS, 5 minutes per wash. Fluorescent secondary antibody diluted in PBS (1:500) 
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was added to the section and incubated at room temperature in a dark box for 1 hour. Finally, sections were 
imaged on a LiCor OdYSSEY XL (LI-COR Biotechnology). Five regions of  interest were drawn in each 
tumor section and used to quantify relative PARP-1 expression in the control and PARPi-treated tumor.

Statistics. MTT, colony formation assays, and Western blot assays were done at least thrice and mean 
± SEM displayed in bar graphs. One- or two-way ANOVA was conducted to assess differences among 
means. Following a significant ANOVA result (P ≤ 0.05) rejecting the null hypothesis that means are the 
same across the treatment groups, the Tukey’s honestly significant difference (HSD) test was used for all 
pairwise mean comparisons. This multiple comparison procedure ensures actual family-wise error rates 
no greater than prespecified 5%. A linear mixed-effects model was used to estimate growth rate over 
time. All statistical analyses were completed using Stata MP Version 14.0 (StataCorp).

Study approval. Animals utilized in these studies were housed and cared for by the University Labora-
tory Animal Resources under the direction of  a veterinarian. Ordering, housing, and caring for mice is 
centralized and carried out according to NIH and USDA standards for animal care. This facility is fully 
accredited by AAALAC, demonstrating compliance with NIH guidelines. The protocol for animal use 
was approved by the University IUCUC (approval number 112635). Written consent was obtained from all 
human participants who provided samples for PDXs. An IRB approved protocol was obtained to collect 
patient samples for research (number 702679).
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