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Abstract

Based on genomic analysis, fifty percent of high grade serous ovarian cancers (HGSC) are
predicted to have DNA repair defects. Whether this substantial subset of HGSCs actually have
functional repair defects remains unknown. Here, we devise a platform for functionally profiling
DNA repair in short-term patient-derived HGSC organoids. We tested 33 organoid cultures derived
from 22 HGSC patients for defects in homologous recombination (HR) and replication fork
protection. Regardless of DNA repair gene mutational status, a functional defect in HR in the
organoids correlated with PARP inhibitor sensitivity. A functional defect in replication fork
protection correlated with carboplatin and CHK1 and ATR inhibitor sensitivity. Our results
indicate that a combination of genomic analysis and functional testing of organoids allows for the
identification of targetable DNA damage repair defects. Larger numbers of patient-derived
organoids must be analyzed to determine whether these assays can reproducibly predict patient
response in the clinic.
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INTRODUCTION

Ovarian cancer represents the fifth leading cause of cancer death in women in the US (1).
The major epithelial subtypes are serous, mucinous, endometrioid, and clear cell (2). The
serous subtype comprises approximately 60% of ovarian tumors (3), and high-grade serous
ovarian cancers (HGSC), which include those arising in BRCAI or BRCAZ mutation
carriers (2), are the most lethal. Almost 80% of HGSC patients succumb to their disease (3).
Limited therapeutic options and a lack of biomarkers predicting treatment response
contribute to this poor survival.

Genomic, transcriptomic, methylation, and pathway analyses reveal that up to 50% of
HGSCs harbor alterations in DNA damage response genes or pathways (4), potentially
leading to a DNA repair defect. Consequently, there has been a focus on therapies targeting
repair defects in HGSC (5). The initial treatment of HGSC patients is formulaic and relies
on platinum-based agents that create DNA crosslinks, leading to replication and
transcription arrest in the tumor cells (3,6). Patients initially receive a combination of
paclitaxel and a platinum agent (either neoadjuvant, post-cytoreduction, or both), and
undergo cytoreductive surgery. However, there is currently no means of determining whether
a patient’s tumor will be platinum-sensitive (3). Most patients initially respond well to a
platinum-based regimen, although there is a subset of patients whose cancers are platinum
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refractory at the outset. These patients may benefit from different initial therapies or
combination therapies. Even for those patients who initially respond, platinum resistance can
develop with limited effective additional therapies available (3).

PARP inhibitors (PARPI) exert their cytotoxic effects through a synthetic lethal pathway,
thereby Killing tumor cells with defects in homologous recombination (HR) and/or in the
protection of stalled replication forks (7). BRCA1and BRCAZ (BRCA1/2) associated
HGSCs, and a subset of sporadic HGSCs, often respond to PARPis (7). However, there are
no reliable tests for predicting which tumors will respond to these agents and defining the
nature of the underlying functional defect that leads to the response (8,9). Patients with
tumors harboring BRCA1/2 mutations, who initially respond to PARPIs eventually develop
drug resistance through multiple mechanisms including somatic reversion mutations in
BRCA1/2, epigenetic reversion of BRCA1/2 promoter methylation, overexpression of a
BRCA1/2hypomorph, loss of PARP1 expression, initiation of drug efflux, or acquisition of
new mutations in or silencing of other DNA damage repair genes such as REV7, EZHZ, and
TP53BP1 (7,10,11). These mechanisms may lead to restoration of either HR activity or
protection of stalled replication forks (12).

New classes of drugs, including ATR and CHK1 inhibitors, may be useful for the treatment
of PARPI resistant tumors (12,13). The specific mechanism of PARPI resistance (i.e.
restoration of HR or functional correction of defects in replication fork protection) may
determine the efficacy of these agents in either BRCA1/2 mutant or sporadic HGSC. A
better understanding of the functional defects in HGSCs is needed to understand which
therapies are best suited for each molecular defect and which combinations are least likely to
select for resistance.

Functional assays dissecting the specific DNA damage repair defects in a tumor are useful
for assessing specific targets for each patient. Organoid cultures of patient-derived tumors
provide an easily manipulable and inexpensive model system for these functional assays.
Organoids are derived from human stem and/or primary tumor cells, that organize into three-
dimensional structures anatomically and functionally mimicking the tumor from which they
are derived. To date, organoids have been generated from primary prostate, colon, and
pancreatic tumors, among others (14-19).

Organoids are faster, easier, and less expensive to generate than patient-derived xenograft
(PDX) models in mice. Additionally, organoids uncover clonal heterogeneity of tumors and
can be generated without long periods of ex vivo selection. Furthermore, organoid cultures
contain immune cells representative of the tumor immune microenvironment (Hill et al.
unpublished and Jenkins et al. (20)) which, unlike PDX models, may enable the testing of
immune checkpoint blockade or other immunotherapy. Overall, organoids are potentially
faithful tumor models that allow for functional testing, prediction of therapeutic sensitivity,
and interrogation of specific biomarkers (14-21). Large scale studies of organoids, with
comparison to patient outcomes, will be required to prove the utility of this model system in
the clinic (18,19,21).
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We reasoned that patient-derived HGSC organoids would be an ideal model system for
measuring DNA repair activity and for determining which repair defects confer sensitivity to
a variety of DNA repair drugs or drug combinations. We have generated a platform of assays
to query the function of the key BRCA/Fanconi anemia DNA damage repair mechanisms,
such as HR and stalled fork protection, and have applied these assays to HGSC organoid
cultures. We used these data, along with genomic assessment of the organoids and tumors
from which they were derived, to evaluate which molecular defects confer therapeutic
sensitivities. We determined that genomic data alone cannot accurately predict the true DNA
repair capacity of HGSCs and that a rapid functional platform is needed for targeted drug
selection.

Patient-derived HGSC organoid cultures morphologically and molecularly match the
parent tumors from which they were derived.

Short-term organoid cultures were generated from twenty-two HGSC patients and one low-
grade serous carcinoma (LGSC) patient. One HGSC patient had a carcinosarcoma, with a
high-grade serous epithelial component and a spindle cell mesenchymal component.
Organoids were derived primarily from solid tumors extracted from primary, metastatic, or
recurrent tumor sites (Figure 1A and 1B). Although we achieved a nearly 100% success rate
in generating organoids from ascitic or pleural fluid, we favored the analysis of solid tumors
since cells cultured from ascitic and pleural fluid may not accurately reflect the intrinsic
biologic features of a patient’s tumor, such as drug accessibility or the local solid tumor
microenvironment (22). Cases were collected over a period of twelve months, and included
samples from 17 patients with sporadic cancer, and from 6 patients with known BRCA
pathway mutations (two BRCAI-DF-17-39 and DF-17-107; three BRCA2-DF-17-115,
DF-18-23, and DF-18-30; and one RAD51C/FANCO-DF-17-126) (Figure 1B). Fresh
tumor tissue was digested to small multicellular units, and malignant cells were plated in
Matrigel and growth factor enriched media (Figure 1A). Like other organoid cultures, our
media required R-Spondin 1, suggesting that the cultures were WNT dependent (14). p-
estradiol was not required for culture maintenance. Organoids grew from single cells/cell
clumps within seven to ten days of plating and were carried from 6 passages up to 30
passages (Figure 1A). Thirty-four organoid lines (one to four tumor sites per subject) were
generated from the twenty-three patients (Figure 1B).

Organoids were a morphologic and cytologic match for the parent tumors, based on
hematoxylin and eosin (H&E) staining (Figure 1C, 1E). Parent tumors and organoids
displayed extensive nuclear pleomorphism, prominent nucleoli, and dense chromatin,
thereby recapitulating all features of HGSCs.

Immunohistochemical analysis of the organoids and parent tumors also matched. Most
tumor-organoid pairs stained positive for the Millerian marker PAX8, which is usually
positive in HGSCs and LGSCs. The HGSC organoids examined exhibited a mutant staining
pattern for the tumor suppressor TP53, as routinely present in HGSCs (Figure 1C, 1E). The
TP53 mutant pattern ranged from pervasive dark staining, indicating overexpression of a
mutant protein, to total loss of expression. Overall, the success rate for organoid generation
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was 80-90% in previously untreated HGSC cases, as well as in neoadjuvantly-treated cases,
providing there was grossly visible tumor at the time of debulking. Success rates in
neoadjuvant cases declined if a patient had an extreme response to chemotherapy. Success
rates in core biopsies varied, based on the percentage of viable tumor present.

We also analyzed one LGSC case which exhibited nuclear atypia and the characteristic
wildtype TP53 staining pattern in both the parent tumor and organoids (Figure S1A). We
also successfully generated organoids from endometrioid and clear cell ovarian carcinoma,
benign fallopian tube which cultures demonstrated characteristic ciliated cells of the parent
tissue (Figure S1B), and borderline serous and gastrointestinal type borderline mucinous
tumors (Figure S1C).

For the 34 organoid cultures, the genomes of the organoids and corresponding tumors were
also analyzed by whole-exome sequencing (WES). Somatic mutations were identified by
comparing these sequences to the WES of the germline of each patient. Somatic mutations
discovered in early passages (passage 1-2) of each organoid were compared to the
corresponding tumor sample. Germline mutations were found in tumors and organoids from
each of the five patients with known germline mutations in HR genes and in one patient who
had not undergone germline testing (Figure 1B). A median of 98.2% of mutations identified
in the tumors were also found in the matched organoid line (Figure S2, Table S1, Table S2).
Similarly, 98.8% of mutations found in the organoids were also present in the parent tumor
(Figure S2, Table S2). The overall copy humber and allelic imbalance across the genome
were also similar between organoids and parent tumors (Figure S3). The organoids were
therefore a close representation of the somatic genetic composition of the parent tumor and
did not acquire new somatic mutations during the short (7-10 day) ex vivo growth period. In
all cases, the previously-defined driver mutations of the parent tumors were retained in the
organoids. Minor genetic differences between tumors and organoids likely represented
sampling errors incurred during collection of tissue for DNA for sequencing or during
organoid production. Furthermore, the relative abundance of somatic mutations (mutant
allele fraction) was similar between tumor and organoids. Representative mutant allele
fraction concordance plots are shown in Figures 1D and 1F, illustrating a high level of
similarity for two tumor-organoid pairs. The concordance plots (Figure S2), genome-wide
copy number status (Figure S3), and somatic variants (Table S3) for all tumor-organoid pairs
are shown. Taken together, the high level of multidimensional concordance between tumor
and organoid culture indicates that short-term HGSC organoid cultures are a representative
model of the parent tumors for assessing DNA damage repair defects.

Most HGSCs exhibit functional HR repair.

The HR capacity of the organoid cultures was assessed using multiple surrogate markers.
First, all organoid cultures were tested for sensitivity to the PARPI olaparib (Figure 2, Table
1), since olaparib sensitivity is a useful surrogate marker for an HR defect (7). They were
also tested for sensitivity to replication fork stalling agents, including carboplatin, as well as
the CHK1 inhibitor prexasertib and ATR inhibitor VE-822. These latter agents are known to
induce replicative stress. A subset of organoid cultures were also tested for sensitivity to the
replication stress inducing nucleoside analog gemcitabine, and to the conventional HGSC
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agents doxorubicin and paclitaxel. To ensure that the drug concentrations applied to the
organoids could Kill ovarian cancer cells, these agents were initially tested in the OVCARS
cell line transfected with a control or BRCA1-specific siRNA, and shown to cause the
expected dose-dependent cytotoxicity (Figure S4A, S4C). Sensitivity standards were
established for each drug (Figure S5-S8), and the sensitivity results for all 34 lines are
reported in Table 1.

Second, the ability of organoid tumor cells to assemble RAD51 foci, either pre- or post-
irradiation (IR), was tested. In the process of HR, RAD51 is loaded onto the ends of a
double-strand break (DSB), allowing the resected DSB to invade the sister chromatid (6).
The assembly of RAD51 foci is a surrogate marker for the ability of a cell to perform HR,
up to the stage of RAD51 loading (6). This assay does not measure HR steps downstream of
RAD51 loading. Organoid cultures were treated with 0 or 10 Gy, prior to assaying for
RAD51 foci (23). Organoids were co-stained for yH2AX to mark DNA damage and for
geminin to mark cells in S phase (Figure 2) (23). Stained slides were examined first for
geminin positivity and subsequently for RAD51 foci. The detection of 1-3 cells over
multiple high-power fields with RAD51 foci was scored as positive, and the corresponding
tumor was scored as HR competent (Figure 2, Table 1) (23). For RAD51 positive organoids,
RADS51 foci and extensive yH2AX nuclear positivity were detected both pre- and post-IR in
most cases.

Organoids from two patients illustrate the utility of the HR functional assays (Figure 2).
Organoids were established from four tumor sites from a BRCAI mutation carrier whose
tumor had acquired PARPI resistance (Patient DF-17-39, Figure 2A and 2B, Table 1). All
organoids were olaparib resistant, but sensitive to carboplatin, prexasertib, VE-822, and
gemcitabine (Figure 2A, Table 1). Interestingly, the functional results for this patient
matched the clinical response. The patient was later treated with prexasertib and exhibited
stable disease at sites from which organoids had been derived. Subsequent treatment with
carboplatin and gemcitabine resulted in a decrease in disease burden for several months
(Table S4). The patient subsequently recurred and succumbed to her disease, suggesting
acquired resistance to these agents. The organoids from all four sites exhibited RAD51 foci
(Figure 2B, Table 1), indicating HR competence, consistent with olaparib resistance. Despite
PARPI resistance in the organoids and in the patient’s tumor, these organoids remained
carboplatin sensitive, a surrogate marker for a defect in stalled replication fork protection.
These results confirmed that the HR and fork repair functions of BRCAL are independent
(24,25) and that the molecular mechanism of PARPI resistance restored HR but not stalled
fork protection.

In contrast to patient DF-17-39, organoids generated from a patient carrying a RAD51C/
FANCO germline mutation (DF-17-126), were sensitive to olaparib, suggesting an HR
defect, and were also sensitive to carboplatin, prexasertib, VE-822, and gemcitabine (Figure
2C). Consistent with this olaparib sensitivity, these organoids exhibited no RAD51 focus
formation, demonstrating that the tumor was indeed HR deficient (Figure 2D, Table 1).

Only two of thirty-four (6%) of the organoid cultures tested were olaparib sensitive (Figure
2, Table 1) suggesting that organoids derived from most HGSCs do not have functional HR
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defects, despite their genetic findings, and predicting that the corresponding tumors will be
insensitive to PARP inhibition. The overall rate of carboplatin, prexasertib, VE-822 and
gemcitabine sensitivity was much higher (41%, 47%, 44%, and 82%, respectively), and did
not correlate with PARPI sensitivity, indicating that a functional HR defect may not be
required for response to these agents. A recent study suggests that replication stress defects
may be a better predictive biomarker of CHK1 inhibitor response (13). For doxorubicin and
paclitaxel, the overall sensitivities were 45% and 82%, respectively and also did not
correlate with an HR defect. Overall, these data suggest that most organoids derived from
sporadic HGSC tumors are HR proficient and PARPI-resistant.

Correlation of tumor mutational status with organoid functional testing.

The low percentage of organoids responding to PARPI (2/23 patients, 9% of patients tested)
is surprising, given the high number of patients (up to 50%) hypothesized to have HR
defective tumors by genomic analysis (4,10). However, when WES data from tumor-
organoid pairs were further evaluated, reasons underlying the low response rate were
clarified. We queried multiple aspects of genomic HR markers including somatic mutations,
copy number variation, allelic imbalance, and mutational signatures (Figure 3, Table S3,
Table S5).

First, we assessed the parent tumor and organoid WES data for a homologous recombination
defect (HRD) mutational signature (26), which is defined by somatic single nucleotide
variants (SNVs), as well as insertion-deletion (indel) mutations. This signature is comprised
of an elevated rate of both SNVs and deletions, as well as context-specific depletion of C>T
substitutions and increased long deletions. This mutational signature was readily detected
and quantified in tumors and organoids from five of the six patients with germline HR gene
mutations (DF-17-39, DF-17-115, DF-17-126, DF-18-23, and DF-18-30), weakly detected
in a patient with a germline variant of unknown significance in BRCA1 (DF-18-8), and not
detected in sporadic patients (Figure 3A, Table S5). Components of the signature were
detected in some sporadic tumors such as DF-18-7 which showed increased long deletions
only, or DF-17-123 which weakly demonstrated the signature for SNVs only. Both of these
cases with only parts of the HRD signature also lacked PARPI response, suggesting that
residual or restored HR was present, that the signature components were only associated
with impaired protection of stalled replication forks, or that the observed mutations were due
to some other, non-HR, mutational mechanism. We were able to clarify these possibilities
with an assay for replication fork stability (see below) (Table 1).

The HRD mutational signature was strongest in patient DF-17-126, the patient with a
germline mutation in RAD51C/FANCO, an ovarian cancer susceptibility gene required for
HR repair (27,28). The DF-17-126 parent tumor and organoid culture had a high number of
long deletions and SNVs, consistent with the HRD signature (Figure 3A, Table S5).
Examination of the copy number status of the RAD51C/FANCO locus at the site of the
patient’s known mutation revealed two copies and increased allelic imbalance, in favor of
the mutant allele (Figure S9A), revealing copy neutral loss of heterozygosity (LOH) of the
wildtype allele in both the parent tumor and organoid culture (Figure 3B). These genomic
data correlated with the olaparib sensitivity and lack of RAD51 foci in the DF-17-126
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organoid culture (Figure 2C and 2D, Figure 3B, Figure S9A). Taken together, the genomic
HR data combined with the functional data of the organoids strongly predict a functional HR
defect in the tumor.

The HRD mutational signature was also strong in DF-18-30, a patient with a germline
BRCAZ mutation who developed a carcinosarcoma (Figure 3A, Table S5). Examination of
the copy number status of the BRCAZ locus indicated single copy loss and increased allelic
imbalance in favor of the mutant allele (Figure S9B), thus revealing LOH of the wildtype
allele (Figure 3C). Again, the genomic data correlated with the olaparib sensitivity and lack
of post-IR RAD51 foci in the DF-18-30 organoid culture (Figure 3C, Table 1). This patient
is currently responding to standard of care carboplatin/paclitaxel treatment with an ongoing
drop in her CA125 (Table S4).

In contrast, patient DF-17-107 was a germline carrier of the p.C61G founder mutation in
BRCAI. A logical prediction is that this patient’s tumor arose from LOH of the wildtype
BRCA1 allele and would be olaparib sensitive. However, the tumor-derived organoids
formed RADS51 foci and were olaparib resistant (Table 1), indicating that the tumor was HR
proficient. Tumor-organoid pairs from this patient did not exhibit an HRD signature (Figure
3A, Table S5). Copy number interpretation of this patient’s samples was impaired by low
tumor purity. Re-examination of the germline variant at the BRCA1 locus in the tumor and
organoid lines revealed that only the left ovarian tumor site had mild allelic imbalance and
two copies, suggesting at least clonal or subclonal copy neutral LOH in favor of the mutant
allele, whereas the right ovary mass and omental metastasis did not exhibit loss of the
wildtype allele (Figure S3 and Figure S9C). Taken together, these results suggest that all
tumor sites likely express some wildtype BRCAL (Figure 3D). These findings are consistent
with the functional assay results and absent HRD signature (Table 1). BRCAI mutation
carriers without loss of the wildtype allele and with intact HR, based on genomic analysis,
have been observed previously (29). In addition, the p.C61G mutation has been shown to be
sufficient for tumorigenesis but not for platinum or PARPI sensitivity, suggesting that even
in the absence of wildtype protein expression, this hypomorph may have functional DNA
repair activity (30).

The PARPi-resistant BRCAI mutation carrier (DF-17-39) profiled in Figure 2A and 2B,
exhibited the HRD signature, but the magnitude was lower than that observed for DF-17-
126 (Figure 3A, Table S5). Each of the tumors and organoids from this patient demonstrated
a single copy loss and increased allelic imbalance in favor of the mutant variant of BRCA1
(Figure S9D), consistent with LOH and rendering the tumor BRCA1-deficient (Figure 3E).
However, at the time of organoid generation, the patient was clinically resistant to olaparib
(Table S4), and the organoid cultures were olaparib-resistant and competent for RAD51
focus formation (Figure 2A and 2B, Table 1). No genetic cause for the evolution of the
PARPI resistance was discovered. Thus, while genetic analysis suggested that the tumor was
HR defective, the organoid functional assays and clinical response revealed that the tumor
was PARPi-resistant.

The BRCAZ germline mutation carrier (DF-17-115) also exhibited the HRD signature
(Figure 3A, Table 1, Table S5). The parent tumor and organoid cultures showed single copy
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loss and increased allelic imbalance in favor of the mutant germline variant in the BRCAZ2
locus (Figure S9E), consistent with LOH of the wildtype allele (Figure 3F). Current
treatment selection protocols assume that this would result in an HR-defective, PARPI-
sensitive tumor. However, these organoids were PARPI resistant but carboplatin, prexasertib,
and VE-822-sensitive, suggesting that the mechanistic defect conferred by this BRCA2
mutation was a stalled fork protection defect and not an HR defect. These results further
support the need for a combined genetic and functional assay approach to targeted therapy
selection.

Finally, the tumor from the neoadjuvantly-treated BRCAZ germline mutation carrier
(DF-18-23) also exhibited the HRD signature (Figure 3A, Table 1, Table S5). The parent
tumor and organoid cultures showed single copy loss and increased allelic imbalance in
favor of the mutant germline variant in the BRCAZ locus (Figure S9F), consistent with loss
of heterozygosity of the wildtype allele (Figure 3G). Current treatment selection protocols
predict an HR defective, PARPi-sensitive tumor. However, these organoids were resistant to
PARPI, carboplatin, prexasertib, and VE-822, although they lacked RAD51 foci. This case is
particularly interesting clinically. The patient had a protracted treatment course with
sporadic periods on and off chemotherapy (Table S4). After neoadjuvant chemotherapy, the
patient delayed surgery for seven months, at which time her tumor markers rose and imaging
revealed an expanding pelvic mass (Table S4). Organoids were established from this pelvic
mass at the time of her interval debulking. Taken together, these clinical data suggest that
this site was likely selected for therapy resistance through an unknown mechanism. These
results further support the need for a combined genetic and functional approach to targeted
therapy.

Organoids generated from the tumor from patient DF-18-8 showed a very weak HRD
signature (Figure 3). These organoids were sensitive to carboplatin, prexasertib, and VE-822
but resistant to olaparib. The patient carries a germline variant of unknown significance
(VUS) mutation in BRCA1 (c.4550T>C). Examination of the BRCAI locus at the site of the
patient’s known mutation revealed two copies and increased allelic imbalance, in favor of
the mutant allele (Figure S9G). These results reveal copy neutral LOH of the wildtype allele
in both the parent tumor and organoid culture. However, given that the HRD signature was
weak, the tumor had high baseline copy number variation, and the culture was PARPI
resistant, the VUS may be functional, highlighting the importance of the functional assays.

Taken together, these cases explain the PARPI insensitivity of ten of the thirty-two resistant
organoids in our sample set. To understand the basis of the other twenty-two resistant
organoids, we examined the WES data for somatic mutations or copy number alterations. No
obvious mutations or alterations in HR pathway genes were found (Table S3), suggesting
that these organoids would be expected to be resistant. Organoids with somatic mutations in
BRCA pathway genes (for example, the DF-17-104 tumor harboring a RAD51C somatic
mutation) were identified with a partial HRD signature (Figure 3A); however, ultimately this
line was PARPI resistant, showing that a functional assay is more predictive than a single
somatic mutation.
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Although the low rate of PARPI sensitivity is surprising, our results are more accurate than
genetic predictions alone. Clinical trials have suggested that some ‘sporadic’ HGSC cases
have PARPI response (31,32), however, the stronger responses occur mostly in BRCA or
other repair gene mutation carriers with monotherapy (8,33) or in combination with other
therapies (34,35). Even many of these patients do not respond (31,32,36). Larger ongoing
trials will determine the response rate in true sporadic patients (37). Still, the organoids in
our study functionally match their genomic status, and in the cases where clinical data are
available (DF-17-39 and DF-17-121), also match the clinical lack of response (Table S4).

WES data combined with the functional assays suggest that even if a patient harbors a
germline mutation in an HR gene and exhibits copy number loss of the wildtype allele or an
HRD mutational signature, the tumor cells may not be sensitive to therapies predicted by the
mutation (38). The magnitude of the HRD signature reflects the history of a functional
defect in a tumor. The most accurate assessment of current defects requires functional assays
combined with the germline and somatic genomic data.

Replication fork instability correlates with sensitivity to agents targeting fork protection

defects.

BRCAL1 and BRCA2 have additional roles in the protection of stalled replication forks,
discrete from their functions in HR (11,24,25,39). We next tested the organoids for their
ability to protect stalled replication forks, using the DNA fiber assay (40). Organoids were
sequentially pulsed for equal time periods with two nucleotide analogues, CldU and 1dU,
followed by exposure to the fork stalling agent hydroxyurea (HU). If the ratio of the track
lengths is one, then the fork was protected during replication stalling. If the ratio of the track
lengths is less than one, then the fiber containing the second analogue was degraded,
indicating that the tumor cell is unable to protect its stalled forks.

Each organoid culture was analyzed by the fiber assay. The organoids were also tested for
sensitivity to the fork stalling agent carboplatin, a front-line chemotherapeutic agent for
HGSC (Figure 4, Table 1) (3), as well as, for sensitivity to prexasertib and VE-822, in
parallel with olaparib. In some cases other chemotherapy agents, including gemcitabine,
paclitaxel, and doxorubicin were examined. HU and other drug treatments were validated in
the fiber assay in OVCARS cells (Figure S4B, S4C).

As an example of a tumor with a defect in stalled fork protection, we show the organoid
analysis of a sporadic HGSC patient (DF-17-116). These organoids were sensitive to all
therapeutic agents tested, except for olaparib, and had an average fiber track length ratio of
less than one over three biologic replicates (Figure 4A), consistent with unprotected
(unstable) forks. Of note, the culture demonstrated RAD51 focus formation, consistent with
the olaparib resistance. In contrast, the organoid analysis of another sporadic HGSC patient
(DF-17-132), after neoadjuvant treatment, provides an example of a tumor which is
competent for stalled fork protection. This organoid culture was resistant to all four agents
and had a fiber track length ratio averaging one (Figure 4B), consistent with fork stability
and functional fork protection. This culture was also positive for RAD51 foci.

Cancer Discov. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hill et al.

Page 11

While olaparib sensitivity correlates with the absence of RAD51 focus formation, we
hypothesized that sensitivity to the other agents correlates with impaired replication fork
protection (i.e. replication fork instability). Indeed, carboplatin sensitivity was associated
with fork instability and carboplatin resistance was associated with fork stability in our
organoid panel (Table 1). Seventeen of twenty-eight (61%) organoid cultures tested
exhibited unstable forks, suggesting that this mechanistic defect is more common regardless
of genomic status. Of the seventeen fork unstable lines tested for drug sensitivity, thirteen
were carboplatin sensitive (76%). In contrast, ten out of eleven organoids (91%) with stable
forks were carboplatin resistant.

Replication fork instability was associated with sensitivity to prexasertib, VE-822, and
possibly gemcitabine. Twelve of the seventeen (71%) fork-unstable cultures were
prexasertib-sensitive and nine of the eleven (82%) cultures with stable forks were
prexasertib-resistant. Similarly, twelve of the seventeen (71%) fork unstable cultures were
VE-822 sensitive and eight of the eleven (73%) cultures with stable forks were VE-822
resistant. Thus sensitivity to prexasertib or VE-822 may be associated with replication fork
instability as determined by the DNA fiber assay. Finally, seven of the fork unstable cultures
were tested for gemcitabine sensitivity, and all seven (100%) were sensitive while two of the
four (50%) fork stable cultures were resistant.

In contrast to the results with carboplatin, prexasertib, VE-822, and gemcitabine, for
olaparib, only two of the seventeen cultures (12%) with unstable forks were sensitive.
Although all eleven (100%) of the fork-stable cultures were olaparib-resistant, these cultures
were also positive for RAD51 focus formation. Taken together, these data suggest that
olaparib sensitivity does not associate with fork instability. Eleven lines were tested for
sensitivity to doxorubicin and twelve for paclitaxel, only seven of which had unstable forks.
For doxorubicin, three of seven (43%) fork-unstable lines were sensitive, and for paclitaxel
six of seven (86%) fork unstable lines were sensitive. Other determinants may govern
sensitivity to these agents as well.

Replication fork stability may therefore be a predicator of response or resistance to specific
DNA repair agents. Larger numbers of patient-derived organoids generated from patients
treated with the drugs of interest, along with fiber assay analysis, will be required to more
accurately measure the predictive power of this assay. The five tumor/organoid pairs from
patients with germline HR gene mutations and an HRD signature had unstable forks;
however, some tumors/organoid pairs from patients with no germline mutation and no HRD
signature also had unstable forks, further suggesting diverse mechanisms of fork protection
not necessarily linked to HR (Figure 3, Table 1).

Tumor samples for organoid generation were obtained from two patients who underwent
laparoscopic biopsy prior to neoadjuvant chemotherapy. For the first patient, DF-17-132, at
initial laparoscopic biopsy, the tumor was deemed unresectable, and after neoadjuvant
treatment, the patient had only a minimal response to chemotherapy (Table S4). Organoids
generated from pre- and post- neoadjuvant treatment tumor samples, exhibited RAD51 foci,
stable replication forks in the case of the post-neoadjuvant samples, and resistance to the
four agents tested, consistent with the carboplatin resistance of this patient in the clinic
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(Figure 4B, Table 1, Table S4). For a second patient who underwent laparoscopic biopsy and
neoadjuvant chemotherapy prior to organoid generation, DF-18-47, the tumor was also
deemed unresectable at the time of laparoscopic biopsy (Table S4). In contrast to patient
DF-17-132, however, the tumor-derived organoids from the pre-treatment biopsy showed
extreme sensitivity to carboplatin, prexasertib, and VE-822, but resistance to olaparib, and
demonstrated unstable forks and RAD51 foci (Table 1). At the time of her interval
debulking, the patient had minimal tumor tissue, insufficient for the generation of organoids.
Her chemotherapy response was therefore predicted by the organoid culture results (Table
S4). Taken together, these cases indicate that organoid functional and therapeutic studies
may be predictive of carboplatin resistance and could be used for window-of-opportunity
studies in clinical trials for predicting response to other neoadjuvant agents.

Combined prexasertib-mediated inhibition of CHK1 with carboplatin or gemcitabine
promotes fork instability.

Prexasertib monotherapy is effective for some patients with sporadic HGSCs, consistent
with our sporadic organoid culture results (Table 1) (13). Indeed, twelve of the seventeen
fork-unstable organoids (71%) were prexasertib-sensitive, while fork stable organoids
tended to be prexasertib resistant (Table 1). These results suggest that prexasertib
monotherapy may not be appropriate for all patients and highlight the need for assays to
understand functional defects that confer prexasertib sensitivity.

Western blot analysis of thirty-three of the organoid cultures showed that prexasertib
increases DNA damage, indicated by increased expression of yH2AX, and increased
replication stress, as indicated by increased phosphorylated RPA (pRPA). Prexasertib
activates the ATR pathway in both fork-unstable and fork-stable lines, as shown by the
increased phosphorylation of the ATR targets KAP1 (pKAP1) and CHK1 (pCHK1) (Figure
5A, Table 1) (41,42). The elevated pCHK1 level is a pharmacodynamic marker of CHK1
inhibition by prexasertib. Prexasertib primes a tumor for sensitivity to other DNA repair
agents by blocking the ATR/CHK1 pathway, thereby increasing replication stress (12,41).
We reasoned that other agents which amplify replication stress might synergize with
prexasertib and promote fork instability and tumor cell death.

To test this hypothesis, we treated fork-stable or fork-unstable organoids with a combination
of prexasertib plus a replication stress (RS)-inducing drug, such as carboplatin or
gemcitabine. By western analysis of the RS-biomarkers pRPA and pKAP1, prexasertib alone
induced significant replication stress, whereas carboplatin and gemcitabine alone induced
minimal replication stress (Figure 5A). The prexasertib+carboplatin combination led to
similar levels of replication stress in both fork stable and unstable lines, compared to
prexasertib alone. Interestingly, the prexasertib+gemcitabine combination led to increased
replication stress and ATR activation, compared to either agent alone, in both the fork-stable
and unstable lines (Figure 5A).

In organoids with stable forks, such as the DF-17-134 left ovary cultures, prexasertib,
carboplatin, and gemcitabine alone did not destabilize replication forks, as shown by the
DNA fiber assay (Figure 5B, Table 1), however, the combination of prexasertib+carboplatin
or prexasertib+gemcitabine enhanced fork instability in these organoids (Figure 5B). The
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enhanced destabilization of the replication fork by these drug combinations was also evident
in other fork-stable organoids (DF-17-134 right ovary and DF-17-121) and in fork-unstable
organoids (DF-17-116) (Table 1). In contrast, for fork unstable organoids that had acquired
PARPI resistance (DF-17-39), prexasertib+gemcitabine combination induced fork instability
while prexasertib+carboplatin combination did not (Table 1).

These results provide a rationale for treating HGSC with prexasertib in combination with
other conventional RS-enhancing agents like carboplatin and gemcitabine. The fact that the
prexasertib+carboplatin combination does not work well for all fork stable tumors highlights
the importance of functional assays in deciphering targetable functional defects. Taken
together, these data suggest that proper DNA damage repair drug combinations can be
effective in tumors without underlying DNA repair defects. Short-term organoids are a
useful model for rapidly testing these combinations.

DNA repair mutation and gene copy number analysis correlates with organoid functional

profiling.

Genetic alterations in tumors and organoid cultures may lead to fork instability and to varied
therapeutic sensitivity patterns. To search for such alterations, we queried the WES data
from the parent tumors and corresponding organoids for somatic mutations or copy number
alterations in DNA repair genes and in other candidate genes derived from the TCGA
ovarian cancer data set. We compared the tumor genome to the germline genome by
subtracting out germline mutations and copy number alterations.

Not surprisingly, 91% of the tumors and organoids from HGSC patients (30/33 patients) had
a mutation in 7P53, which is almost identical to the 96% observed in the TCGA ovarian
cancer dataset (Figure 6) (4). The slightly decreased number of 7P53 mutations detected in
our data set could be explained by the fact that we did not test for epigenetic silencing of
TP53 (4). Apart from TP53and known germline mutations already described, we did not
detect functionally relevant somatic mutations in specific DNA repair genes, such as
BRCA1/2, in any of the 34 parent tumors or organoids that could account for the observed
fork protection defects (Figure 6, Table S3). These results are consistent with the low
somatic mutation burden previously documented in this tumor type (4).

Significant copy number alterations were evident, consistent with the known high copy
number variation in this disease (4). Indeed, there were deletions observed in many DNA
repair genes involved in both HR and stalled fork repair, including A7TR, FANCDZ, and
RADS51C (Figure 6). Given the lack of a functional DNA repair defects in the organoids
(Figures 1-5, Table 1), it is likely that these alterations do not impact HR or fork protection
functions.

We also observed amplifications in Cyclin E1 (CCNEI) and c-MYC, known to promote
drug resistance in many ovarian tumors (4,43-45). Four of the 23 patients had CCNE1
amplified tumors (DF-18-1, DF-18-12, DF-18-47, and DF-18-50), and six of the 23
patients had MY C amplified tumors (DF-17-123, DF-17-39, DF-17-107, DF-18-8, DF-18-
23, and DF-18-30) (Figure 6). Only two CCNE1 amplified tumors, DF-18-1 and DF-18-12,
and three of the MY C amplified tumors, DF-17-123, DF-17-107, and DF-18-23, exhibited
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resistance to all agents, as expected for these oncogene amplifications (Table 1). Clinically,
only patient DF-18-1 had the poor clinical response typical of this class of tumors (Table
S4). In contrast, CCNE1 amplified organoids from DF-18-47 and DF-18-50, along with
MYC amplified organoids from DF-17-39, DF-18-8, and DF-18-30, all showed sensitivity
to carboplatin, prexasertib, and VE-822. These patients responded to standard therapy to
some extent, suggesting that the CCNVEI or MYC amplifications did not alter therapeutic
response in these cases (Table S4). The variable responses in the organoids and patients
across these two groups highlights the importance of functional assays in interpreting the
therapeutic relevance of copy number changes.

DISCUSSION

Positive attributes of the HGSC organoid system

Our data suggest that patient derived organoids are a useful model system for rapid
assessment of DNA repair defects in HGSC, and highlight their many advantages. The most
striking benefit is the clarification of genomic results by the functional assays. Even in this
small dataset, the functional results indicate that a BRCA1/2 or Fanconi anemia pathway
mutation is neither necessary nor sufficient for conferring an HR defect and PARPI
sensitivity (4,7,10,38). This principle is highlighted by tumors from two BRCA1 (DF-17-
107 and DF-17-39) and two BRCAZ (DF-17-115 and DF-18-23) germline mutation
carriers (Figure 3, Table 1). Additionally, an HRD mutational signature in a tumor (DF-17—
39, DF-17-115, and DF-18-23) did not indicate that the tumor currently has an HR defect
(Figure 3, Table 1). These findings may be due to reasons that are mechanistically complex.
For example, patient DF-17-115 has a germline frameshift BRCAZ2 mutation, and her tumor
shows LOH for the wildtype allele. However, the frameshift occurs in an exon encoding a
central region of the protein and may disrupt specific protein interactions, perhaps with
FANCD?2 but not with PALB2. A BRCA2 hypomorph may therefore maintain some key
protein interactions, required for HR, but not other interactions required for fork protection.
This example highlights how different functional defects and sensitivities may result from
different mutational sites, further underscoring the need for functional assays in predicting
repair defects. In contrast, the patient DF-18-23 had a protracted clinical course prior to
surgery, perhaps leading to a distinct drug resistance mechanism, and accounting for the
pan-resistance of the corresponding organoid culture. This example demonstrates that
therapeutic testing may yield useful information even when the drug resistance mechanism
is incompletely understood.

The organoid data also highlight how functional assays may predict therapeutic response.
For example, regardless of genetic status, a stalled fork protection defect was present in 61%
of the organoid lines tested, and this defect was associated with carboplatin, prexasertib, and
VE-822 sensitivity (Table 1). In contrast only 6% of organoid lines tested had a functional
HR defect and PARPI sensitivity. Overall, this suggests that stalled fork protection defects
are more common than HR defects and have a larger array of specific therapies. Although
this observation requires validation in a larger set of patient-derived organoid cultures, it
suggests that a simple and rapid functional assay may be useful in predicting carboplatin or
other therapeutic sensitivity or resistance. Rapid determination of carboplatin resistance, at
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the time of initial laparoscopic tumor collection, would mandate newer combination
therapies upfront in patient treatment. Many correlations between organoid sensitivity
patterns and clinical outcome are clearly observed in Table S4.

Human tumors derived from several tissue types exhibit clonal heterogeneity (22,46), and
functional assays in organoids can be used to address the effects of genomic tumor
heterogeneity on therapeutic response. We detected multiple examples of tumor
heterogeneity in the same patient. For example, multiple different 7253 mutations were
detected in four tumor sites from patient DF-17-39 (Figure 6, Table S3). Also, two tumor
sites from patient DF-17-123 were carboplatin resistant, and one site was carboplatin
sensitive (Table 1). Functional analyses on organoids from multiple tumor sites will uncover
tumor heterogeneity and inform the use of drug combination therapies. Moreover, organoids
may be useful in studying different mechanisms by which fork protection defects arise, how
to induce these defects, and how best to exploit them for therapeutic benefit.

Furthermore, organoids can be a useful tool in choosing rational drug combinations.
Accordingly, combining prexasertib with carboplatin or gemcitabine can enhance replication
stress and can destabilize replication forks, even in fork stable tumors (Figure 5). Organoids
may be useful in rapidly predicting the synergy or antagonism of drug combinations in
clinical trials and in identifying rational drug delivery schedules.

Overcoming pitfalls of the organoid models

Results from other tumor types have raised concerns about organoid models. First, the
variable time required for the generation of organoid lines in culture may lead to /n vitro
selection of specific tumor clones (14-16). Second, the large number of growth factors
added to the organoid media may lead to epigenetic changes and clonal selection. HGSC
organoids grew within 7-10 days of plating, and our experiments were performed within 1—
2 passages of the organoids and within 1-2 weeks of tissue collection, mitigating the issues
of selection over time. WES analysis was performed on organoid cultures during this
timeframe, and the organoids did not accumulate somatic mutations. Also, early cultures did
not lose any of the major driver somatic alterations in the tumors (Figure S2, Figure S3,
Table S2, Table S3) indicating that the cultures maintained the heterogeneity of the parent
tumors. Additionally, although ovarian organoid cultures contain a minimal stromal
component and do not faithfully mimic all components of the tumor microenvironment,
organoids do contain immune cells (20), and may be useful in studying the immune
intereaction with the tumor in real time. Therefore, these cultures may help understand how
best to utilize immuno-oncologic agents.

Clinical Implications

Overall, organoids appear to be a useful model of HGSC in which to carry out rapid
functional assessment of tumors. In many cases, the drug response of the organoid cultures
correlated well with the clinical response of the corresponding patient. The patients in our
cohort fall into three clinical groups. The first group consisted of patients presenting with
undiagnosed pelvic masses found to be HGSC. We generated organoids from these untreated
tumors and then followed how the patients responded to adjuvant therapy in most cases
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(DF-17-115, DF-17-123, DF-17-126, DF-17-134, DF-18-7, DF-18-8, and DF-18-12) in
addition to neoadjuvant therapy prior to interval debulking in two cases (DF-18-47 and
DF-17-132) (Table S4). Some patients have not completed adjuvant treatment or have just
completed it, and not enough time has passed to judge recurrence. In the two cases where
pre-neoadjuvant tissue was obtained (DF-18-47 and DF-17-132), the pre-treatment
organoids were accurate in predicting response (Table S4). In a case with fork stable
organoids (DF-17-134) with variable drug sensitivities, the tumor is already starting to recur
(Table S4). In the case of fork unstable organoid lines with platinum sensitivity (DF-17-115,
DF-17-123, and DF-17-126) the tumors have not recurred (Table S4).

The second group of patients had interval debulking after neoadjuvant chemotherapy (Table
S4). For these patients, it is unclear whether organoid fork stability or drug sensitivity
correlates with the patient clinical courses. Since we only sample some of the tumor at a few
sites, we may be growing only specific clones that underwent selection during
chemotherapy. Other clones that we do not test may exhibit different responses to therapy. A
failure to respond to neoadjuvant therapy may reflect intrinsic tumor heterogeneity with
some clones being sensitive and some with acquired drug resistance or failure of the drug to
reach the tumor. Studying organoids from multiple locations in each tumor site will be a
critical future goal in these patients.

Finally, the third group of patients were on clinical trials (DF-17-39 and DF-17-121). For
the target lesions assessed in these patients, the organoid cultures accurately predicted
resistance to an ATR inhibitor in the case of DF-17-121, and PARPI resistance and
prexasertib, carboplatin, and gemcitabine sensitivity in the case of DF-17-39 (Table S4).

Several of these cases suggest that HGSC organoids, which grow out in only 7-10 days, may
provide a practical tool for predicting clinical responses of individual patients and for
guiding clinical decisions. Future studies with larger patient numbers and longer outcome
tracking will be required to determine whether organoid testing will be a reliable in vitro
assay for predicting drug response in the clinic.

MATERIALS AND METHODS (Please see supplementary Materials and
Methods for remaining methods).

Patient samples:

A cohort of patient samples from patients treated at Brigham and Women’s Hospital (BWH)
and Dana Farber Cancer Institute (DFCI) was collected for HGSC short term organoid
generation and subsequent analysis between April 2017 and April 2018. Written informed
consent was obtained for all subjects on DFCI IRB approved protocol 02—-051 or Partners
(BWH) IRB approved protocol 2016P002819 prior to the procedure at which the specimen
was obtained. The studies were conducted in accordance with the Belmont Report and U.S.
Common Rule and approved by the DFCI and Partners (BWH) IRBs.
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Organoid generation and culture:

Pleural effusion fluid was obtained immediately at the time of thoracentesis and was spun at
1000 RPM to create a cell pellet. The pellet was washed two to three times in Red Blood
Cell lysis buffer (Biolegend Catalog number 420301), washed once in basal culture media

[ (Advanced DMEM/F12 (Thermo Fisher 12634028), supplemented with 1% penicillin
streptomycin, 1X Glutamax (Life Technologies Catalog number 35050061), and 1% HEPES
(Life Technologies Catalog number 15630080)], and the cell pellet was allocated for WES,
histology, and organoid generation. For solid tumors, the tumor was acquired immediately
during the surgery. Some fresh tumor was snap frozen for later WES or fixed immediately in
10% formalin for later histologic analysis. Remaining tumor tissue was transported to the
laboratory in basal culture media. The tumor was diced into approximately 2 mm sections
and then crushed with the butt of a syringe. This homogenate was then poured into basal
culture media containing Type Il Collagenase (Life Technologies # 17101015) at a final
concentration of 2.5mg/mL. The homogenate was shaken at 37°C for no longer than 30
minutes. The homogenate was then diluted 1:1 with basal culture media and filtered through
a 70uM filter (Falcon Catalog number 352350). The cell suspension was then spun at
1000RPM to create a cell pellet. The pellet was washed with red blood cell lysis buffer two
to three times, and then washed once with basal culture media.

For general culture, once a pellet of either liquid or solid tumor cells was obtained, the cells
were mixed with growth factor reduced Matrigel (Corning Catalog number CB-40230C),
with the final concentration of Matrigel at 75%, and there were approximately 10,000 or
more cells/cell groups per 10uL droplet of Matrigel. The suspension was then rapidly plated
into a 48-well plate with 15uL of suspension per well. Once the Matrigel was solidified,
250uL of general culture medium was added to each well. General culture medium was
composed of Advanced DMEM/F12, supplemented with 1% penicillin streptomycin, 1X
Glutamax, 1% HEPES, 100 ng/mL R-spondin 1 (Peprotech catalog number 120-38), 100
ng/mL Noggin (Peprotech catalog number 120-10C), 50 ng/mL EGF (Peprotech catalog
number 100-15), 10 ng/mL FGF-10 (Peprotech catalog number 100-26), 10 ng/mL FGF2
(Peprotech catalog number 100-18B), 1x B27 (Life Technologies Catalog number
17504044), 10 mM Nicotinamide (Sigma Aldrich Catalog Number N0636), 1.25mM N-
acetylcysteine (Sigma Aldrich catalog number A9165), 1uM Prostaglandin E2 (Catalog
number R&D Systems Catalog humber 2296), 10uM SB202190 (Sigma Aldrich Catalog
number S7076), and 500nm A83-01 (Sigma Aldrich catalog number SML0788). Y-27632
dihydrochloride (AbMole Bioscience Catalog number M1817) was initially tested in early
passage organoid cultures at a concentration of 10uM but eventually deemed unnecessary for
culture maintenance. Overall tissue digestion and cell plating were similar to that described
in Drost, et al 2016 (14).

Whole Exome Sequencing:

Detailed methods of DNA isolation and whole exome sequencing are provided in
supplementary materials and methods. Upon sequencing completion, candidate somatic
variants were filtered using quality, depth, position, and population frequency thresholds.
Mutations were visualized with the cBioPortal OncoPrinter script (47,48). Copy humber

Cancer Discov. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hill et al. Page 18

alterations were analyzed with GISTIC2.0 (49). This study has been deposited in the
database of Genotypes and Phenotypes (dbGaP) under accession number phs001685.v1.pl.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

Patient-derived ovarian tumor organoids grow rapidly and match the tumors from which
they are derived, both genetically and functionally. These organoids can be used for DNA
repair profiling and therapeutic sensitivity testing and provide a rapid means of assessing
targetable defects in the parent tumor, offering more suitable treatment options.
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Figure 1. HGSC organoids morphologically and molecularly mimic the parent tumorsfrom

which they were derived.

A) lllustration of organoid generation from tumor, to plating in Matrigel, to organoid growth
(Brightfield image). B) Table of patient, treatment status at time of surgery where parent
tumor was obtained, histology, number of lines established, tumor sites obtained for
organoid generation, and known germline and copy number status. C and E) Histologic
comparison of two separate parent tumors (left) to the matched organoid cultures (right) by
morphology (H&E, top panel), and p53 and PAX8 expression (bottom two panels) paired
with molecular comparison D and F) by analysis of mutant allele fractions of somatic
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mutations in the organoid versus parent tumors. Panels C and D compare parent tumor and
organoids generated from a rectosigmoid colon metastasis from a recurrent HGSC. Panels E
and F compare organoids and parent tumor from an omental metastasis of an untreated
HGSC.
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Figure 2. Most HGSC organoids are HR proficient and lack ther apeutic sensitivity to agents
targeting HR defects.
A) Sensitivity dose curves of organoid cultures from one tumor site (transverse colon

mesentery) from a BRCAI mutation carrier (DF-17-39) with acquired PARPI resistance to
carboplatin, olaparib, prexasertib, and VE-822. A dashed black line marks 50% untreated
and a dashed grey line marks our sensitivity standard for this assay for all organoid cultures.
S= sensitive and R=resistant. B) RAD51 focus formation 4 hours post 10 Gy in DF-17-39
transverse colon mesentery metastasis organoids. The top left panel is an H&E stain of the
organoids, the top right panel shows cells in S phase marked by Geminin, the middle left
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panel marks DNA damage with yH2AX, the middle right panel shows the presence of
RAD51 foci, and the bottom panels are magnified areas of the RAD51 stain. C) Sensitivity
dose curves of organoid cultures generated from an omental metastasis from an untreated
HGSC patient, DF-17-126, to carboplatin, olaparib, prexasertib, and VE-822. The dose
curves are configured as described for panel A. D) RAD51 focus formation 4 hours post 10
Gy in DF-17-126. The top left panel is an H&E stain, the top right panel shows cells in S
phase marked by Geminin, the middle left panel marks DNA damage with yH2AX, the
middle right panel shows a lack of RAD51 foci, and the bottom panels are magnified areas
of the Rad51 stain.
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Figure 3. Mutational signatures and repair gene mutation statusin tumorsand organoid
cultures.

A) WES data from parent tumors and organoid cultures were analyzed for numbers of SNVs
and long deletions to assess for HRD mutational signatures. Deletions per megabase (Mb)
compared to fraction of deletions 5-bp or longer (top panel) and fractionof Cto T
substitutions (C > T) and SNVs per Mb (bottom panel) for each parent tumor and organoid
culture are shown for all 34 patients. The organoids and parent tumors harboring
components of the HRD mutational signature have a black box enclosing them in each
panel. A color code for each patient is at the top of the panels. B-G) Germline and tumor
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allele mutation status and repair assay status for B) RAD51C/FANCO for DF-17-126. C)
BRCAZ for patient DF-18-30. D) BRCA for patient DF-17-107. E) BRCAI for patient
DF-17-39. F) BRCAZfor patient DF-17-115. G) BRCAZ for patient DF-18-23.
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Figure 4. Replication fork stability correlates with carboplatin sensitivity in HGSC organoids.
A) Sensitivity dose curves (left panel) and fiber assay results (right panel) of omental

metastasis organoid cultures from a sporadic HGSC patient (DF-17-116). Dose curves for
carboplatin, olaparib, prexasertib, and VE-822 show sensitivity compared to the untreated
control. S stands for sensitive and R stands for resistant. A dashed black line marks 50%
untreated and a dashed grey line marks the sensitivity cutoff for all organoid cultures. On the
right, the ratio of IdU to CIdU in three biologic replicates is shown for DF-17-116 organoids
treated with hydroxyurea. A black line marks a ratio of 1, and a grey line marks the average
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ratio for this line. At the top of the panel is a representative fiber from this line denoting an
unstable fork. B) Sensitivity dose curves (left panel) and fiber assay results (right panel) of
organoid cultures from a sporadic HGSC patient post-neoadjuvant chemotherapy (DF-17-
132). Dose curves for carboplatin, olaparib, prexasertib, and VE-822 show sensitivity
compared to the untreated control. The graphs are designed as described in A. On the right,
the ratio of 1dU to CldU in three biologic replicates is shown for organoids treated with
hydroxyurea. A black line marks a ratio of 1, and a grey line marks the average ratio for this
line. At the top of the panel is a representative fiber from this line denoting a stable fork.
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Figure 5. CHK 1 inhibitors cause DNA damage in both sporadic and familial HGSCs and confer
fork instability in the setting of carboplatin or gemcitabine treatment.

A) Western blots examining DNA damage in one replication fork unstable and one fork
stable organoid line. Lines were treated with control (con) media with no drug or media
containing in the top panels the CHK1 inhibitor Prexasertib (Prex) alone, Carboplatin
(Carbo) alone, or Prexasertib+Carboplatin for either 3 hours or 14 hours; or in the bottom
panels with media containing no drug (con), Prexasertib alone, Gemcitabine (Gem) alone, or
Prexasertib+Gemcitabine for either 3 hours or 14 hours and then harvested for western
analysis. DNA damage was queried by western blot for phosphorylated KAP1 (pKAP1),
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phosphorylated RPA (pRPA), and yH2AX. CHK1 expression and DNA damage induced
phosphorylation are also shown. Vinculin is used as a loading control. B) Biologic replicates
of the fiber assay for fork stability in a line with stable forks (DF-17-134 Left Ovary). In the
left panel, the first three replicates show testing of the line using standard hydroxyurea (HU)
alone. Next to the HU replicates are two replicates each of the line treated with carboplatin
(carbo) alone, prexasertib (prex) alone, and a combination of prexasertib and carboplatin. In
the panel on the right are shown two replicates each of the line treated with control media
with no drug, prexasertib (prex) alone, gemcitabine (gem) alone, or prexasertib
+gemcitabine. For the prex, carbo, prex+carbo, prex, gem, and prex+gem experiments, there
is no HU in the media at any step, meaning that any fork instability observed is the result of
the single drug or drug combination. A black line marks the average stable ratio, and a grey
line marks the average of the prexasertib+carboplatin or prexasertib+gemcitabine biologic
replicates.
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Figure 6. Comparison of somatic mutations and copy number alterationsto fork stability in

parent tumor and organoid lines.
Somatic mutations and copy number alterations were identified in parent tumors and

organoids. For driver mutations and alterations in DNA repair genes, there was high
concordance of alterations, both between parent tumor and matched organoid, as well as
between multiple tumors from the same patient. The full list of somatic alterations can be
found in Table S3. Shown here are the most relevant DNA repair genes including 7P53,
BRCAI, and BRCAZ, and the genes with numerous alterations across the dataset. The gene
is listed on the left, followed by percentage of tumors or organoids in the dataset with an
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alteration in the gene, followed by the type of alteration in each sample. The samples are
listed across the top with a sample and mutation key at the bottom of the figure. For
comparison, the fork stability status of the tumor/organoids is at the top of the figure with
the S standing for stable and the U standing for unstable overall. The exact order of the
sample pairs from left to right is as follows: DF-17-103-Omentum, DF-17-104-Omentum,
DF-17-107-Left ovary, DF-17-107-Omentum DF-17-107-Right ovary, DF-17-115-Left
ovary, DF-17-116-Omentum, DF-17-121-Pleural effusion, DF-17-123-Left ovary, DF-17-
123-Omentum, DF-17-123-Right ovary, DF-17-126-Omentum, DF-17-132-Post-
neoadjuvant cecal mesentery, DF-17-132-Post-neoadjuvant omentum, DF-17-132-
Untreated omentum, DF-17-134-Left ovary, DF-17-134-Right ovary, DF-17-39-Ovary
prior to PARPI treatment, DF-17-39-Diaphragm, DF-17-39-Rectosigmoid mesentery,
DF-17-39-Supracolic omentum, DF-17-39-Transverse colon, DF-18-1-omentum, DF-18-
12 Left Ovary, DF-18-23 Right Ovary, DF-18-30 Left Ovary, DF-18-43 Left Ovary,
DF-18-43 Omentum, DF-18-47 Omentum, DF-18-48 Omentum, DF-18-50 Omentum,
DF-18-54 Omentum, DF-18-7 Right Ovary, DF-18-8 Colonic mesentery.
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