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ABSTRACT
◥

Homologous recombination (HR)-deficient cancers are sen-
sitive to poly-ADP ribose polymerase inhibitors (PARPi), which
have shown clinical efficacy in the treatment of high-grade serous
cancers (HGSC). However, the majority of patients will relapse,
and acquired PARPi resistance is emerging as a pressing clinical
problem. Here we generated seven single-cell clones with
acquired PARPi resistance derived from a PARPi-sensitive
TP53�/� and BRCA1�/� epithelial cell line generated using
CRISPR/Cas9. These clones showed diverse resistance mechan-
isms, and some clones presented with multiple mechanisms of
resistance at the same time. Genomic analysis of the clones
revealed unique transcriptional and mutational profiles and
increased genomic instability in comparison with a PARPi-
sensitive cell line. Clonal evolutionary analyses suggested that
acquired PARPi resistance arose via clonal selection from an
intrinsically unstable and heterogenous cell population in the

sensitive cell line, which contained preexisting drug-tolerant
cells. Similarly, clonal and spatial heterogeneity in tumor biopsies
from a clinical patient with BRCA1-mutant HGSC with acquired
PARPi resistance was observed. In an imaging-based drug
screening, the clones showed heterogenous responses to targeted
therapeutic agents, indicating that not all PARPi-resistant clones
can be targeted with just one therapy. Furthermore, PARPi-
resistant clones showed mechanism-dependent vulnerabilities to
the selected agents, demonstrating that a deeper understanding
on the mechanisms of resistance could lead to improved targeting
and biomarkers for HGSC with acquired PARPi resistance.

Significance: This study shows that BRCA1-deficient cells can
give rise to multiple genomically and functionally heterogenous
PARPi-resistant clones, which are associated with various vulner-
abilities that can be targeted in a mechanism-specific manner.

Introduction
PARP inhibitors (PARPi) are synthetically lethal in tumors that are

deficient in homologous recombination (HR) DNA repair (1, 2). More
than 50% of high-grade serous ovarian (HGSC), fallopian tube, or
peritoneal cancers are deficient in HR most commonly via mutations
inBRCA1orBRCA2, or other genes of theFanconi anemiapathway (1).
PARPis have been shown to improve progression-free survival as first-
line maintenance therapy (3, 4) and in the treatment of relapsed
ovarian cancer (5–7). However, as PARPis are entering wide clinical
use, patients with acquired PARPi resistance are becoming a predom-
inant clinical challenge.

Extensive in vivo and in vitro preclinical studies have identified
several resistance mechanisms to PARPis. These mechanisms can be
classified into four main categories including those that (i) lead to HR
restoration, (ii) influence replication fork protection, (iii) directly
impact on the abundance and activity of PAR chains, and (iv) influence
cellular availability of the inhibitor (reviewed in ref. 8). Importantly,
resistance to platinum-based chemotherapies is a strong predictor of
PARPi resistance, suggesting that they probably share common
mechanisms (9). Restoration of BRCA1/2 protein expression is the
best characterized mechanism of platinum agent resistance mediated
by HR in HGSC, which can be caused either by a reversion of the
original deleterious mutation in the gene (10, 11), or by gaining the
expression of a hypomorphic protein (12). Downregulation of non-
homologous end joining (NHEJ) factors, such as 53BP1 (13), and
REV7 (14) and proteins of the SHIELDIN complex (15) has been
shown to restore HR via promoting end resection at the DNA double-
strand breaks, and thus contributing to PARPi resistance. Recently,
emerging preclinical evidence has demonstrated that PARPi resistance
can result from enhanced replication fork protection (16–19).

Previous studies on the mechanisms of PARPi resistance have been
mostly performed in cell lines, derived from already drug-resistant
patients’ samples (20, 21), and only individual mechanisms of PARPi
resistance have been described using these cell lines. On the other
hand, patient-derived samples have led to the detection of only
reversionmutations in HR genes as mechanisms of resistance (11, 22).
Detailed features of PARPi resistance, such as functional heterogene-
ity, genomic patterns, and the evolutionary trajectories of PARPi
resistance are unknown.

In an effort to further dissect theDNA repairmechanisms leading to
PARPi resistance, we generated a TP53-deficient, BRCA1-deficient
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epithelial cell line model system. We herein show that BRCA1 defi-
ciency gives rise to a chromosomally unstable cell population with
intrinsic clonal heterogeneity, which can contain preexisting drug
tolerant cells. Via clonal selection, these drug tolerant cells can give rise
to multiple genomically and functionally heterogenous PARPi-
resistant clones. The clonal evolutionary patterns are conserved in a
clinical patient with HGSC with germline BRCA1� mutation and
acquired PARPi resistance. Importantly, we show that PARPi resis-
tance is associated with cell-cycle–related vulnerabilities, that can be
targeted in a mechanism-dependent manner.

Materials and Methods
Cell lines

We generated TP53- and BRCA1-deficient cells fromRPE-1 hTERT
cells purchased from ATCC as described previously (23). The cells
were cultured usingDMEM/F12medium supplementedwith 10%FBS
and 1% penicillin-streptomycin. The cells were regularly tested neg-
ative forMycoplasma and authenticated using whole-exome sequenc-
ing (WES). The cells were treated cyclically with increasing concen-
trations of PARPi during 3 months (Supplementary Fig. S1A). After
the generation of a resistant pool, single-cell clones were isolated and
propagated for the characterization assays for maximum of 3 months
or 10 passages (Supplementary Fig. S1B). Details of the in vitro
methods including cell viability and clonogenic assays, Western
blotting, immunofluorescence (IF), flow cytometry, and cytogenetics,
are shown in Supplementary Materials and Methods and Supplemen-
tary Table S1.

DNA and RNA isolation and sequencing
The schematics and timelines of the sequencing is shown in

Supplementary Fig. S1, and methods in Supplementary Materials and
Methods. The RNA sequencing (RNA-seq) andWES data are publicly
available in Synapse at doi:10.7303/syn22240938.

Differential gene expression analysis and pathway analysis
Details of the RNA-seq data analysis are shown in Supplementary

Materials and Methods. Briefly, the multidimensional scaling (MDS)
plots were generated using the plotMDS function of the limma R
package (24). Differential gene expression analysis was performed
using the edgeR package (25).Multiple testing correction to control the
FDR was performed using the Benjamini–Hochberg procedure on the
P values. Differentially expressed genes (DEG) were determined using
an FDR of 2.5%. The gene set enrichment analysis (GSEA; ref. 26) was
performed using the GSEAPreranked module of the GSEA Java
application (gsea-v3.0.jar).

WES analysis
Details of the WES analysis are presented in Supplementary Mate-

rials and Methods. In brief, the sequences were aligned to hg38 using
Burrows-Wheeler Aligner.Mutations were called usingMuTect2 from
GATK4.0.11 and copy-number variations (CNV) using ASCAT and
GATK4.1.2. Evolutionary analysis was performed frommutations and
CNVs using PyClone0.13 and ClonEvol (27). Only subclones whose
frequency was above 1% and at least five mutations after filtering were
included in the analysis. TheWES, mutational calls, and CNVs from a
BRCA1-mutated patient was accessed fromHill and colleagues dbGap
phs001685.v1.p1. Loss of heterozygosity (LOH) score was calculated
as described in ref. 28. Mutational signature 3 (Sig 3) analysis was
performed using SigMA R package (29) in which counts of different
types of single-nucleotide variants (SNV) were used to identify known

patterns of mutational processes (30) and to determine the exposure
of Sig 3.

Image-based drug-sensitivity testing
Details of the drug-sensitivity testing are shown in Supplementary

Materials and Methods. The growth rate–adjusted viabilities were
calculated for each drug concentration as described previously (31).
The GR50 values were calculated, normalized with respect to the B40
cell line, and visualized using hierarchical clustering heatmap with
column normalization. The growth rate over 72 hours was calculated
using a formula Gr ¼ LN(N(72 h)/N(0))/72 h.

Statistical analysis
All statistical analyses were performed by comparing aminimum of

three independent measurements. The continuous variables were
evaluated for normal distribution and analyzed with nonparametric
tests upon non-normal distribution. Groups were compared using
Student t test or Mann–Whitney U test. Categorical variables were
compared using Fisher exact test. Linear regression was performed
using Pearson or Spearman correlation. Multiple comparisons were
analyzed using Dunett or Sidak multiple comparison test.

Results
TP53- and BRCA1-deficient cells acquire resistance to multiple
PARPis and are cross-resistant to cisplatin

To generate a model system to understand PARPi resistance
mechanisms in BRCA1-deficient cells, and as immortalized human
fallopian tube epithelial cells are not readily available for extensive
genetic perturbations, we used the CRISPR/Cas9 system to delete the
TP53 and BRCA1 genes in the retinal pigment epithelial (RPE) cell
line (17), thus generating the RPETP53�/�BRCA1�/� cell line, hereafter
referred as B40, which showed in vitro hypersensitivity to PARPi
(Supplementary Fig. S1C and D).

The B40 cell line was cyclically exposed to increasing concentrations
of niraparib or olaparib, and subjected along with six niraparib-
resistant cell clones and one olaparib-resistant cell clone to functional
and genomic profiling (Fig. 1A). The selected cellular clones were
resistant to multiple PARPi, including niraparib (Fig. 1B), olaparib
(Fig. 1C), and talazoparib (Fig. 1D). Long-term clonogenic assay
confirmed resistance to niraparib (Fig. 1E and F). Furthermore, 7-day
survival assays demonstrated that most of the clones were also cross-
resistant to cisplatin, except for two clones NA4 and NB1 (Supple-
mentary Fig. S1E and F).

Heterogenous mechanisms of resistance emerge from TP53-
and BRCA1-deficient cells exposed to niraparib

Using CRISPR/Cas9, we introduced a deleterious mutation in
BRCA1 with the potential of reversion; therefore, we first excluded
restoration of BRCA1 protein expression as a mechanism of resis-
tance in the PARPi-resistant clones (Supplementary Fig. S2A and
S2B). Next, we tested the cells for (i) RAD51 foci formation, as an
intermediate readout for HR-mediated DNA repair (32) and (ii)
DNA replication fork stabilization (reviewed in ref. 33). As expected,
the B40 cell line lacked RAD51 foci formation both after irradiation
(Fig. 2A) and after niraparib treatment (Fig. 2B). In contrast, most
of the PARPi-resistant clones, except for one (NB1), had restored
RAD51 foci formation after irradiation (Fig. 2A; Supplementary
Fig. S2C). We next investigated the sensitivity of the cells to
hydroxyurea–induced S-phase arrest and DNA replication fork
destabilization as a mechanism of resistance. Interestingly, all of
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the PARPi-resistant clones exhibited stabilized DNA replication
forks when compared with the B40 cell line as quantified using the
DNA fiber assay (Fig. 2C).

We next tested the cells for the presence of the other previously
described mechanisms of PARPi resistance. First, we profiled the
expression levels of NHEJ factors known to suppress HR. Decreased
53BP1 protein levels were observed in NA2, NA3, and NA5 clones
(Fig. 2D, top), consistent with reduced number of 53BP1 foci
(Fig. 2E; Supplementary Fig. S2D). Furthermore, we observed a
decreased REV7 protein level in clone NA1 (Fig. 2D, middle)
consistent with reduced REV7/MAD2L2 gene expression levels
(Fig. 2F). Because both 53BP1 and REV7 are mediators of NHEJ,

their downregulation is expected to improve HR via promoting
RAD51 foci formation (13, 14), thus providing a mechanism of
PARPi resistance in these clones.

The NB1 clone, which had not restored RAD51 foci, exhibited
increased levels of phosphorylated Chk1 protein (pChk1; Fig. 2G) and
increased pCHK1 foci (Fig. 2H and I), a kinase that protects the
replication fork and promotes PARPi resistance (18). This clone also
had lower levels of pRPA foci, compared with B40, suggesting
decreased levels of replication stress (Supplementary Fig. S3F). We
next determined whether decreased PARP1 protein could account for
the acquired PARPi resistance in the clones. We observed increased
baseline levels of PARP1 in the B40 cells, compared with RPETP53�/�

Figure 1.

Niraparib-resistant RPETP53�/�BRCA1�/� cell clones are cross-resistant to olaparib and talazoparib.A,RPETP53�/� andRPETP53�/�BRCA1�/� cells (B40)were generated
using theCRISPR-Cas9 technology. A resistant cell line (NAPool)was generated by treating theB40 cell linewith increasing concentrations of thePARPis niraparib or
olaparib over 3 months. Next, we isolated single-cell clones from the niraparib- and olaparib-resistant pools for functional and genomic profiling. B, Resistance of
these cell clones to niraparib was confirmed in a 7-day CellTiter-Glo survival assay. The groups were compared using one-way ANOVA and Tukey multiple
comparison test.C andD,Cell cloneswere also resistant to olaparib (C), and talazoparib (D) in a 7-day survival assay.E,Resistance to niraparibwas further confirmed
in long-term 14-day clonogenic assays. F, Representative photographs showing the clonogenic growth of the NA3-resistant clone in presence of niraparib in
comparison with the B40-sensitive cell line. �, P < 0.05.
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Figure 2.

PARPi-resistant RPETP53�/�BRCA1�/� clones have heterogenous mechanisms of resistance. A, The PARPi-resistant clones, except for clone NB1, showed restored
RAD51 foci formation 6 hours after 5 Gy X-ray irradiation (IR). RAD51 foci were quantified asmean RAD51 foci per cyclin A-positive, S-phase cells in 5–10 40� images.
Data are represented asmean anderror bars represent the SD. Treatment groupwas comparedwith control usingMann–WhitneyU test for each cell line.B, Increased
RAD51 foci formation in cyclin A-positive cells after treatment with 1 mmol/L niraparib for 24 hours in all PARPi-resistant clones except for the NB1. C, Unstable DNA
replication forks in the B40 cell line, denoted by decreased IdU incorporation after HU treatment, were stabilized in all the PARPi-resistant clones as demonstrated in
DNA fiber assays. Thick red line, median; thin lines, 95%CI.D,Western blot analysis showing decreased 53BP1 protein levels in PARPi-resistant clones NA2, NA3, and
NA5, and reduced MAD2L2/REV7 protein levels in clone NA1. E, Decreased 53BP1 foci formation was validated in clones NA2, NA3, and in NA5 by quantification of
nuclear 53BP1 foci using IF after inducingDNAdouble-strand breakswith 5 Gy irradiation. The data are plotted asmean 53BP1 foci per nucleus per image in 7–15 40�
images. F,Decreased mRNA levels ofMAD2L2/REV7 in clone NA1 with respect to the B40 cell line quantified using log2 TPM data frommRNA sequencing.G, PARPi-
resistant clone NB1 had increased baseline pChk1 protein expression inWestern blot analysis.H,Quantified pChk1 foci using IF staining after 5 Gy irradiation. The data
were plotted as mean pChk1 foci per nucleus per image in 10–20 40� images. PARPi-resistant clone NB1 had a significantly increased number of pChk1 foci after
irradiation. pChk1 foci were increased in the B40 cells as comparedwith the RPETP53�/� cells and decreased in NA2, NA4, NA5, and OA5 clones as comparedwith the
B40 cells. I, Representative IF images of DNA double-strand breaks visualized using gH2AX staining and increased pChk1 foci in the sensitive cell line B40 and the
resistant cloneNB1. J,Westernblot analysis showing decreasedPARP1 protein levels in the PARPi-resistant cloneNA4. PARP1 levels are also significantly higher in the
B40 cells as compared with the RPETP53�/� cells. K,Quantification of baseline nuclear PARP1 nuclear staining in IF showed significantly reduced levels in the PARPi-
resistant clone NA4 compared with the B40 cell line. PARP1 levels were increased in B40 cells compared with RPETP53�/� cells and in NA1–3, NB1, and NAPool when
compared with the B40 cells. L, Decreased levels of PARylation after H2O2 treatment were observed using IF in clones NA4, NA5, and OA5, as well as the NAPool in
comparison with the B40 cell line. PARylation levels were increased in the B40 cells compared with the RPETP53�/� cells. Data in E, F, H, J, and K are plotted vertical
line as themeanwithwhiskers representing SD. InC,E,F,H, J, andK the groupswere compared using one-wayANOVA followedbyDunet test. � ,P<0.05; �� ,P<0.01;
��� , P < 0.001; ���� , P < 0.0001.
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Figure 3.

PARPi-resistant clones have unique gene expression profiles. A, Hierarchical clustering dendrogram of RNA expression profiles using the highest variable genes of
the parental RPETP53�/�, B40 cells, NAPool, and the resistant clones in triplicates. RPETP53�/� and B40 cells, as well as the OA5 olaparib-resistant cells form distinct
clusters, whereas the niraparib-resistant clones separate later in the dendrogram. B, MDS plots of the mRNA expression profiles of the cells in triplicates. Over
dimensions 1 and 2 (left), the RPETP53�/�, B40, and OA5 separate from the niraparib-resistant clones. Over dimensions 2 and 3 (right), the resistant clones further
present with distinct transcriptomic profiles. The distances in theMDS plots represent the leading log-fold-change between each pair of samples.C, Summary plot of
thepositively enrichedgenesof theHallmarkpathways inGSEA inB40 comparedwith theRPETP53�/�and in the resistant clones comparedwith the sensitiveB40 cell
line. Positive enrichment of epithelial to mesenchymal transition was observed in the B40 cells as compared with the RPETP53�/� cells and in six of the seven PARPi-
resistant clones (top black rectangle). In addition, NA5 showed enrichment of G2–M checkpoint and E2F target gene sets (bottom black rectangle). The size of the
dots represents the positive normalized enrichment score (NES) and red color intensity indicates the�log10 FDR with <0.01 as the cutoff. D, Summary plots of the
negative NES (�NES) of the Hallmark pathways in GSEA in B40 compared with the RPETP53�/� and in the resistant clones compared with the sensitive B40 cell line.
Overall, a larger number of significant negatively enriched pathways were seen in the resistant clones compared with B40. Common downregulated pathways
includedMYC targets (blue rectangles) and p53 (top black rectangle) pathways. NA5 clone had the largest number of significantly negatively enriched pathways and
in contrast toNA5, G2–Mcheckpoint and E2F target pathwayswere negatively enriched in the NB1 clone (bottomblack rectangle). The size of the dots represents the
�NES and blue color intensity indicates the�log10 FDRwith <0.01 as the cutoff. E, Enrichment plot of NA5 clone showed upregulation of HR DNA repair genes (left)
and chromatin regulatory genes (right) as compared with the B40 cell line. F, Enrichment plot of NB1 clone showed downregulation of G2–M checkpoint genes (left)
and E2F target genes (right) as compared with the B40 cell line.
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Figure 4.

PARPi-resistant clones have uniquemutational profiles and are characterized by increased ploidy and LOH.A,Heatmap ofmutational clusters by cell line. Mutational
clustering revealed an a priori highly heterogenous mutational profile in the B40 cell line (three different regions sampled from the same tissue culture plate: B40_I,
B40_II, and B40_III), whereas the resistant NAPool showed more similar mutational clusters across regions (NAPool-I, NAPool-II, and NAPool_III). Each single cell–
derived resistant clone had unique mutational clusters. VAF, variant allele frequency. B, The PARPi-resistant clones had more mutations in comparison with the
RPETP53�/� cell line, but less mutations in comparison with the B40 cell line. Bar graph of numbers of called mutations by cell line. Error bars, SD. Groups of triplicate
measurements (B40 andNAPool) were compared usingMann–WhitneyU test. � , P <0.05.C, The fraction ofmutational Sig3was enriched in the B40 cell line. Two of
seven PARPi-resistant clones had decreased fractions of Sig3, however, there was no significant difference between the B40 cells and the NAPool. Error bars, SD.
Groups of triplicate measurements (B40 and NAPool) were compared using Mann–Whitney U test. � , P < 0.05; ns, nonsignificant. D, WES predicted ploidy
(black rectangle) was consistent with the cytogenetic analysis of ploidy using chromosome counting in metaphase spreads of the cells. The cytogenetic ploidy is
shown as bar plots of proportion of cellswith average ploidy (2n, 3n 4n, or >5n). Error bars, SD. E,Bar plot of LOH scores showing higher scores in the PARPi-resistant
clones compared with the sensitive B40 cells. Error bars, SD. Groups of triplicate measurements (B40 and NAPool) were compared using Mann–Whitney U test.
���� , P < 0.0001. F, Oncoprint figure summarizing the functional and genomic findings of the cell lines.
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Figure 5.

Acquired PARPi resistance is characterized by clonal heterogeneity and selection of preexisting drug-tolerant cells. A, Fish plot of the clonal evolution of acquired
PARPi resistance from theB40-sensitive cell line to the resistant cell line (NAPool) and to the resistant single-cell clones. Colors indicatemutational clustersmodeled
in pseudotime using PyClone. Vertical lines, sampling timepoints. Evolutionary modeling of the cells showed increased heterogeneity associated with PARPi
resistance and the enrichment of a subclone (cluster 5), already present in the sensitive B40 cell line, in the resistant pool (NAPool) that then gave rise to most of
the PARPi-resistant subclones, except for NA4 that was derived directly from subclone 1. B, Fish plot of the clonal evolution of acquired PARPi resistance in
tumor samples from a patient with BRCA1–mutated HGSC originating from the sensitive ovarian biopsy toward the resistant tumor clones. Similar to the cellular
model, evolutionary tracing indicated increased heterogeneity and the emergence of the PARPi-resistant clusters from a common precursor in the Recto-sigmoid
sample (R-Sigm, cluster 3). (Continued on the following page.)
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cells, and reduced expression in clone NA4 (Fig. 2J), a finding that was
confirmed by IF (Fig. 2K), indicating NA4 could avoid PARPi action
by downregulating PARP1 enzyme.

Consistently, an IF-based PARylation assay, which measures H2O2

stimulation of PAR chains (34), verified significantly reduced PAR-
ylation levels in clone NA4 in comparison with the B40 cells (Fig. 2L),
suggesting that downregulation of PARP1, and avoidance of PARP
trapping,may be themechanismof resistance of this clone. In addition,
clones NA5, OA5, and NAPool, had significantly reduced PARylation
levels after H2O2, indicating that avoidance of PARP trapping could
enhance PARPi resistance in these clones also (35). Niraparib effec-
tively abolished PARylation in all clones, thus ruling out an efflux
pump mechanism of PARPi resistance (Supplementary Fig. S2E).
Consistently, the B40 cells showed enhanced PARylation after expo-
sure to H2O2, in comparison to the RPETP53�/� (Fig. 2J andK), in line
with the known dependency that HR deficient cells have on PARP1-
mediated DNA repair (36).

Taken together, our cellular model recapitulates several of the
known mechanisms described for PARPi resistance. Importantly, our
results indicate that diverse resistance mechanisms can emerge from a
BRCA1-deficient sensitive cell line, and that single clones, such asNA5,
can simultaneously exhibit several resistance mechanisms.

PARPi-resistant clones have unique gene expression profiles
and are characterized by increased epithelial-to-mesenchymal
transition

The PARPi-resistant clones exhibited noticeable heterogeneity on
resistancemechanisms; therefore, we hypothesized that they also differ
in their gene expression profiles and performed RNA sequencing
comparing the clones (Supplementary Fig. S1F). Hierarchical cluster-
ing showed that the RPETP53�/� and the B40 cells had the most similar
gene expression profiles (Fig. 3A); however, after exposure to PARPi,
the gene expression profiles of the niraparib-resistant clones formed
unique clusters. Of note, the olaparib resistant clone (OA5) clustered
separately from the niraparib-resistant clones, suggesting that distinc-
tive gene expression profiles can emerge from cells exposed to com-
pounds with similar mechanisms of action (Fig. 3A). A MDS plot of
the total transcriptomes revealed that themost pronounced differences
were among the RPETP53�/�, B40 and OA5 clones in the first two
dimensions (Fig. 3B, left). Furthermore, distinct transcriptomic pro-
files for the NA1, NA3, and NA4 clones were observed in the third and
fourth dimensions (Fig. 3B, right).

Analysis of DEGs andGSEA (Supplementary Table S2) showed that
most of the clones had unique DEGs in comparison with the resistant
pool, thus highlighting the transcriptional diversification across the
resistant clones (Supplementary Fig. S3A). GSEA showed that the B40
cells had a significantly higher enrichment score for epithelial-to-
mesenchymal transition (EMT) compared with the RPETP53�/� cell
line (Fig. 3C). Furthermore, the EMT pathway was significantly
enriched in five of the seven PARPi-resistant clones (Fig. 3C). This
EMT phenotype was confirmed morphologically (Supplementary
Fig. S3B) and by IF for the canonical EMT markers Vimentin
(Supplementary Fig. S3C and S3D) and ZEB1 (Supplementary Fig. S3E).

Overall, the clones showed more downregulated than upregulated
gene sets (Fig. 3D), indicating that gene downregulation may be a
more common mechanism of acquired PARPi resistance. Common
findings included downregulation of the mTORC, MYC, and TNFa
pathways, which were also downregulated in the B40 cells compared
with the RPETP53�/�. Interestingly, the NA5 clone exhibited a signif-
icant upregulation of HR and chromatin regulatory pathways (Sup-
plementary Table S2; Fig. 3E), suggesting that restoration of HR may
result from changes in chromatin regulation and gene expression. On
the other hand, the NB1 clone exhibited downregulation of E2F targets
and G2–M cell-cycle pathway genes (Fig. 3F), indicating unique
resistance mechanisms potentially related to cell-cycle regulation. In
summary, although EMT was common among all PARPi-resistant
clones, the individual clones exhibited unique gene expression pro-
grams, mainly resulting from downregulation of gene expression.

PARPi resistance correlates with a lowermutational burden and
an increased level of genomic instability

To reveal the mutational profiles and patterns of genomic CNVs of
the PARPi-resistant clones, we performed WES (Supplementary
Fig. S1D). WES confirmed lack of BRCA1 reversion mutation in the
resistant clones. Mutation analysis and clustering showed that each of
the PARPi-resistant clones had unique mutational clusters (Fig. 4A).
In addition, analysis of three replicates from the same culture plate
showed higher spontaneous heterogeneity of mutational clusters
inside the B40 cell line, when compared with the PARPi-resistant
NAPool. Consistently, the resistant clones had, on average, fewer
mutations than the B40 cell line, indicating that PARPi resistance is
not associated with increased mutational events (Fig. 4B). We next
quantified the mutational Sig3 in the B40 and in the PARPi-resistant
clones, using the SigMA algorithm. An enriched fraction of mutations

(Continued.) C, Sites of tumor sampling from a patient with germline BRCA1 mutation who developed acquired PARPi resistance. The patient had received
neoadjuvant carboplatin-paclitaxel andunderwent interval debulking surgery atwhich a tumorbiopsywasobtained from theovary, followedby adjuvant carboplatin
and paclitaxel, and maintenance treatment containing olaparib. Four tumor biopsies were obtained during a secondary debulking surgery after olaparib, from
rectosigmoid area (R-Sigm), transcolonic area (T-Col), diaphragm (Diaph), and supracolic omentum (SC-Om). S, sensitive; R, resistant. After the surgery, the patient
was successfully treated with olaparib/prexasertib (stable disease) and carboplatin gemicitabine (partial response), but eventually passed away due to the disease.
D,Anatomicmapping of genomic clusters (subclones) indicate spatial heterogeneity in acquired PARPi resistance. From the PARPi-sensitive ovarian biopsy (cluster
1), the first resistant subclone (cluster 3) emerged in the rectosigmoid area. From that subclone, subclone 7 emerged that spread to the upper abdomen giving rise to
subclones 5 on the diaphragm and 4 in the supracolic omentum. Subclone 8 and 6 evolved directly from the subclone 3, with subclone 2 emerging from subclone 8 in
the transcolonic biopsy. E, In comparison with the PARPi-sensitive subclone (1), the number of mutations was lower in the clones PARPi-resistant clusters 2–8. Bar
plot of the number of mutations detected in each cluster. S, sensitive. F, Sublones with acquired PARPi resistance differentially retain mutational Sig3 positivity. Bar
plot of Sig3 positivity risk ratio (RR) called using SigMA. Subclones 3, 5, and 8 retained similar RR as compared with the sensitive subclone 1, whereas subclones 2, 4,
and 7 showed intermediate decrease in RR, and subclone 6was negative for Sig3.G,Bar plot of estimated ploidy usingASCAT in the sensitive (S) and resistant tumor
biopsies from the patient with HGSC. The primary ovarian sample had an average ploidy of 1.75, whereas three of four resistant tumors had a triploid karyotype and
one tumor had average of 1.7 predicted ploidy.H,Bar plot of the LOH scores in the sensitive (S) and resistant tumor biopsies. One biopsy showed similar or higher LOH
scores compared with the sensitive tumor, and the score was lower in three samples. I, Differential sensitivity to niraparib in two single-cell clones from the B40-
sensitive cell line showing intermediate resistance in the B40_C9 clone and increased sensitivity in the B40_C6 clone compared the fully resistant NA3 clone. The
difference was not significant between the RPETP53�/� cells and the NA3 clone. �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001. J,Quantification of 21q loss as a genomic
marker for subclone 5 via chromosomepainting in theB40 cells, in the sensitive anddrug-tolerant singe-cell clonesB40_C6 andB40_C9, respectively, and in the fully
resistant NA3. The increasing proportions of 21q losswith resistance was consistent with our evolutionarymodel and confirmed that the drug-tolerant B40_C9 clone
could be identified as the subclone 5 genomically detected in the B40 cell line.
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Figure 6.

PARPi-resistant clones showS/G2 arrest andDNAdamage uponPARPi rechallenge and vulnerability to targeted agents.A,Cell-cycle analysis based onDNA content
and bromodeoxyuridine (BrdU) incorporation in flow cytometry indicated prolonged S-phase at baseline in the sensitive B40 cell line and three of seven
PARPi-resistant clones when compared with the RPETP53�/� cells. Black bars, SD of three independent measurements; asterisks, significant difference with P < 0.05
(Mann–Whitney U test) in comparison with the RPETP53�/�. B, Cell-cycle analysis revealed a marked G2 arrest in response to niraparib treatment (1 mmol/L for
24 hours) in the sensitive B40 and also in all of the PARPi-resistant clones. C,Quantification of pRPA (S32) foci at baseline (black bars) and after niraparib (1 mmol/L
for 24 hours, gray bars) using IF showed baseline lower levels in the RPETP53�/� cells and in all resistant clones except NA4 in comparisonwith B40 (blue asterisks). In
addition, all resistant clones showed an increase in pRPA after niraparib treatment. Data are presented as mean foci per nucleus per image in 5–10 representative
images. Error bars, SD. (Continued on the following page.)
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belonging to Sig3was evident in theB40 cell line, consistentwith itsHR
deficiency (Fig. 4C). Interestingly, although six of seven PARPi-
resistant clones had recovered the capacity for RAD51 foci formation
(Fig. 2A andB), most of the resistant clones still had a high fraction for
mutational Sig3, and only two clones (NA2 and NA4) had Sig3
fractions lower than the B40 cell line (Fig. 4C).

We next investigated the degree aneuploidy and genomic CNVs in
the cell clones. The computationally predicted ploidy showed good
concordance with the cytogenetics (Fig. 4D). The RPETP53�/� cells
were mostly diploid (2n), whereas the B40 cells showed diploid (2n)
and triploid (3n) cells in equal proportions. Interestingly, PARPi-
resistant clones were all mostly polyploid (3n, 4n, and >5n), except for
NA4, which showed a mostly diploid (2n) karyotype. Consistently,
CNV profiles revealed few CNVs in the RPETP53�/� cell line and
increased CNVs and allelic imbalances in the B40 cell line and in most
of the resistant clones (Supplementary Fig. S4). TheNA4 clone showed
lower levels of genomic instability in comparison with all other
resistant clones, consistent with its reduced levels of PARP1 expression
as a distinct mechanism of resistance.

Genomic instability and LOH events have been proposed as bio-
markers for PARPi sensitivity (7). Calculation of LOH scores showed,
however, that all the resistant clones and the NAPool had significantly
more LOH events than the B40 cells (Fig. 4E). Taken together, our
genomic analyses indicate that the genomes of these TP53–/� and
BRCA1–/� PARPi-resistant clones have unique mutational profiles,
lower overall mutational burden, mostly triploid karyotypes, and
increased genomic instability in comparison with the PARPi-
sensitive cell line. A summary of the functional and genomic findings
in the clones are shown in Fig. 4F.

PARPi resistance results from clonal selection in the cellular
model and in BRCA1-mutated high-grade serous ovarian cancer

We next investigated the clonal evolutionary patterns of acquired
PARPi resistance, using WES data in our cellular model system, and
also in tumor samples of a patient with HGSC with BRCA1 germline
mutation and acquired PARPi resistance (37).

In the evolutionary tracing of the cellular model, we observed three
subclones (clusters no. 1, no. 4, and no. 5), already present in the B40 cell
line, indicative of early clonal heterogeneity in BRCA1-deficient cells
(Fig. 5A). After exposure to PARPi, the pool of acquired resistance
(NAPool) had increased clonal heterogeneity, with five distinct sub-
clones. Remarkably, cluster no. 5, already present in the B40-sensitive
cell line, was selected for and enriched in the resistant NAPool.
Importantly, cluster no. 5 was predicted to be the origin of six of the

sevenPARPi-resistant clones via clonal selection andgenomic evolution.
The time required for clonal evolution differed across the clones, with
clones NA2 and NA3 arising earlier, and NA1, NA5, and NB1 arising
later (Fig. 5A), consistent with the varying growth rates of the cell lines
(Supplementary Fig. S5A). In contrast, the only diploid resistant clone
NA4, did not emerge from cluster no. 5, but rather directly from cluster
no. 1, which might partially explain its diploid karyotype and distinct
mechanism of PARPi resistance (i.e., PARP1 downregulation). Inter-
estingly, a smaller subclone (cluster no. 4)was also present in theB40 cell
line; however, this subclone was outselected during PARPi exposure.
Interestingly, three of seven PARPi-resistant clones showed lower risk
ratios for Sig3 in the mutations accumulated later in pseudotime in the
evolutionary model (Supplementary Fig. S5B).

We next studied tumor samples from a patient with BRCA1-
deficient HGSC and acquired resistance to PARPi (37), and explored
whether clonal evolutionary patterns existed during the acquisition of
PARPi resistance. A treatment-na€�ve sample from the primary ovarian
tumor was sequenced from an archival biopsy (Fig. 5B). However,
likely due to the sample type (archival formalin-fixed paraffin-embed-
ded–derived DNA) we only detected one genomic clone in this sample
(cluster no. 1). At the time of clinical PARPi resistance, fresh tumor
biopsies were obtained from four metastatic sites (Fig. 5B and C).
Seven unique PARPi-resistant subclones with distinct mutational
patterns were identified (Fig. 5D; Supplementary Fig. S5C). Evolu-
tionary modeling of this HGSC predicted the emergence of all seven
heterogenous PARPi-resistant subclones from subclone no. 3 that was
detected in the rectosigmoid biopsy, and had further spread inside the
abdominal cavity to different metastatic sites. Subclones no.6 and no. 7
evolved early from subclone no. 3 and followed distinct evolutionary
trajectories; subclone no. 6 remained in the rectosigmoid area without
further evolution; subclone no. 7 metastasized into the upper abdomen,
giving rise to distinct subclone no. 4 located in the supracolic omentum
and subclone no. 5 located on the diaphragm. Furthermore, emerging
from subclone no. 3, subclone no. 8 was detected in the transcolonic
biopsy, which further evolved into unique subclone no. 2 (Fig. 5D).

Consistently with our cellular model, the clinical PARPi-resistant
subclones exhibited lower numbers of mutations (Fig. 5E) and had
differentially retained mutational Sig3 (Fig. 5F). Furthermore, we
observed heterogeneity in Sig3 among the clinical samples, indicating
that HR restoration occurred in some but not all clinical PARPi-
resistant clones. Interestingly, subclones no. 2 and no. 6, showed
particularly lower risk ratios for Sig3 positivity (Fig. 5F; Supplemen-
tary Fig. S5D). Genomic prediction of ploidy also showed a predom-
inantly triploid karyotype in three of four PARPi-resistant tumor

(Continued.) D,Quantification of gH2AX foci using IF showed lower baseline DNA damage in comparison with B40 (blue asterisks) in four of seven clones, however,
gH2AX foci were significantly higher after niraparib treatment in all PARPi-resistant clones, except for clones NA3 and NA4 (black asterisks). E, All PARPi-resistant
clones displayed increased chromosomal aberrations in metaphase spreads after treatment with niraparib (1 mmol/L for 24 hours). At baseline, the resistant clones
had on average similar numbers of chromosomal aberrations, whereas RPETP53�/� cells had lower numbers of aberrations comparedwith the B40. Bar graphs,mean.
Error bars, SD. F,Schematic presentation of theworkflowused in the drug screening. Cellswere plated on 384-well plates in triplicates. Onday 1, the control plates (0)
were fixed and treated with increasing concentrations of the drugs on a randomized order using an automated drug dispenser. After 72 hours, the cells were pulsed
with EdU, fixed, and stained using live-dead stain and a pH3 antibody for viability and cell-cycle analysis. The plates were scanned, and the imaging data for growth-
rate normalized survival and cell-cycle profiles were analyzed using designed pipelines.G,Heatmap of IC50 values normalized to the RPETP53�/� cells of the selected
drugs in the cell lines and resistant clones. Resistant clones with mechanisms related to increased end resection (NA1, NA2, and NA3) showed similar drug response
profiles (black rectangle). Other clones had unique response profiles, with no single drug being as effective in all clones as in the B40 cells.H,Cell-cycle profiles were
extracted from the drug screening image analysis and presented as themean difference in the treatedwells in comparisonwith the untreatedwells (mean difference
in % of cells) for G1 (left), S- (middle), and G2- (right) phases. The data are presented as dot plots with themean difference calculated from three independent wells in
color scale and P value as the size of the dot (Sidak multiple comparison test and P < 0.1). Note the increase in G1 and decrease in S-phase as a response to CDK4/6
inhibition (yellow rectangles). ATR inhibition resulted in significant decrease in proportion of cells in S-phase (left blue rectangle) and increase in G2 (right blue
rectangle) in the sensitive cell lines. Chk1/2 inhibition caused a decrease in S-phase cells (red rectangle). I, Linear regression of themean differences in S (left) and G2

(right) phases after ATR inhibition. The sensitive cells (circles) showed a significant decrease in S and increase in G2. J, Linear regression of themean differences in S
(left) and G2 (right) phases after Chk1/2 inhibition. The sensitive cells (circles) showed a significant decrease in S but no significant correlation was observed for G2.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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samples (Fig. 5G). Interestingly, lower LOH scores were observed in
three out of four tumor samples, especially in the R-Sigmoid tumor
containing subclone 6 that also had lost Sig3 (Fig. 5H), this subclone
may have restored HR and acquired a different mechanism of resis-
tance compared with the other subclones.

Acquired PARPi resistance results from clonal selection of
preexisting drug-tolerant cells

Our results suggested that PARPi resistance arose from a single
clonal precursor that preexisted in the overall-sensitive BRCA1-
deficient cell population. To experimentally validate the preexistence
of this clone, we isolated 10 single-cell clones from the B40-sensitive
cell line and exposed them to niraparib. In this experiment, we
confirmed that cellular subclones with heterogeneous responses to
niraparib preexisted in the B40 cell line (Supplementary Fig. S5E). In
fact, two of these 10 subclones (B40_C9 and B40_C5) had significantly
increased IC50s in comparison with the B40 cell line, whereas subclone
(B40_C6) was highly sensitive to niraparib (Fig. 5I). Interestingly, in
functional experiments, the B40_C5 subclone showed increased
RAD51 foci formation (Supplementary Fig. S5F), and decreased pRPA
and gH2AX foci after IR (Supplementary Fig. S5G and S5H) indicative
of increased HR capacity and decreased replication stress.

On the basis of WES data, we identified chromosome 21q loss as a
genomic marker for tracking the clonal evolution trajectory and
predict the preexistence of a drug-tolerant subclone in the B40 cell
line.We predicted that 21q loss is a genomicmarker for subclone no. 5
and the emerging PARPi-resistant clones. Quantification of this
genomic marker via 21q chromosome painting showed a high pro-
portion of 21q loss in the drug tolerant subclone B40_C9, and
enrichment of this genomic marker in the fully resistant clone NA3
(Fig. 5J). These results suggest that B40_C9 functionally represents
subclone no. 5, detected in the B40 cells that was evolutionally selected
and gave rise to all of the resistant clones. Consistently, 21q loss was
underrepresented in the PARPi-hypersensitive B40_C6 subclone
(Fig. 5J), and in the PARPi-resistant clone NA4 that was not derived
from subclone no. 5 (Supplementary Fig. S5I). Cytogenetic analysis
confirmed a mostly diploid karyotype in the sensitive B40_C6 sub-
clone, an increasing amount of polyploid cells in the drug-tolerant
B40_C9 subclone, and triploid karyotype dominating the fully resis-
tant NA3 clone (Supplementary Fig. S5I). The genomic profiling and
evolutionary analyses thus suggested that BRCA1 deficiency gives rise
to a chromosomally unstable cell population with intrinsic clonal
heterogeneity that can contain preexisting drug tolerant, partially
HR-restored cells.

Heterogeneous PARPi-resistant clones have common and
unique vulnerabilities

Because of the observed genetic and functional heterogeneity, we
next sought rationale approaches for targeting PARPi-resistant clones.
On the basis of the transcriptomic analysis, cell-cycle–related pro-
grams appeared to be actionable targets. To detect these potential
vulnerabilities, we first performed flow cytometry–based cell-cycle
profiling at baseline and after niraparib rechallenge (Fig. 6A). At
baseline, we observed a significantly increased proportion of cells in
S-phase in the B40 cell line, and in three of seven PARPi-resistant
clones, as compared with the RPETP53�/�. Furthermore, the NB1
clone, which is deficient in RAD51foci, had a unique cell-cycle profile,
with increased proportion of cells in G2 and decreased proportion of
cells in G1-phase. Noticeably, upon niraparib rechallenge, the pro-
portion of cells in G2-phase was increased in all the resistant clones,
similar to the sensitive B40 cell line (Fig. 6B). In addition, a shorter

G1-phase was observed in two clones (NA5 and NB1) after niraparib.
These cell-cycle aberrations indicated activation of DNA damage
response in the PARPi-resistant cells after niraparib rechallenge, which
was investigated by profiling the formation of pRPA, gH2AX, and
pCHK1 foci before and after niraparib. Consistent with restored
replication fork stability, all clones had decreased levels of baseline
nuclear pRPA foci, indicating decreased replication stress (Fig. 6C).
However, upon rechallenge with niraparib, all resistant clones still
exhibited increased nuclear foci for pRPA (Fig. 6C) and pCHK1
(Supplementary Fig. S6A), indicative of an activated DNA damage
response. Consistently, four of seven resistant clones showeddecreased
DNA double-strand breaks measured as gH2AX foci at baseline
(Fig. 6D). However, all clones, except for clone NA4 with decreased
PARP1, exhibited increased gH2AX foci after PARPi rechallenge
(Fig. 6D).Wenext quantified the number of chromosomal aberrations
in metaphase spreads from the clones after niraparib treatment,
interestingly, all clones still showed increased numbers of chromo-
somal aberrations (Fig. 6E), indicating that homologous recombina-
tion was not fully restored even in the clones with RAD51 foci
formation.

We next selected targeted therapeutics based on potentially action-
able resistance mechanisms and gene expression programs of the
PARPi-resistant clones (Supplementary Table S2). We performed a
systematic drug-sensitivity test using an automatized platform with an
imaging-based readout that adjusts for the differential growth rate of
the various clones (Fig. 6F; ref. 38). We tested targeted agents and
correlated the sensitivity of PARPi-resistant clones to drug-induced
alterations in cell-cycle profiles. First, as the B40 cells and the PARPi-
resistant clones had different growth kinetics compared with the
RPETP53�/� cells (Supplementary Fig. S5A), we confirmed the resis-
tance to niraparib using the growth-normalized assay (Supplementary
Fig. S6B). Second, in the drug response profiles, resistant clones with
downregulation of NHEJ (NA1, NA2, andNA3) had similar profiles of
sensitivity to prexasertib (Chk1/2i), adavosertib (WEE1i), and berzo-
sertib (ATRi; Fig. 6G). Interestingly, NA1 and NA2 were more
sensitive to abemaciclib (CDK4/6i), when compared with B40. Sim-
ilarly, NA4 was sensitive to Chk1/2i, CDK4/6i, and WEE1i, but
resistant to ATRi, when compared with the B40 cells. In line with
the observed chromatin regulatory pathway rewiring in the gene
expression profile, NA5 was the most sensitive clones to belinostat
(HDACi), but showed resistant to CDK4/6i andWEE1i. NB1, the only
clone without RAD51 restoration, showed lower sensitivity to all of the
agents compared with the B40 cell line, and was resistant to the ATRi
with an almost 2-fold IC50 compared with the RPETP53�/� cells. OA5,
the Olaparib-resistant clone, was sensitive to CDK4/6i and ATRi, but
had low sensitivities to Chk1/2i, WEE1i, and HDACi.

CDK4/6i induced a robust G1 arrest in the B40 cells and in five out of
six PARPi-resistant clones (Fig. 6H). G1 arrest was not observed in the
CDK4/6i-resistant NA5 clone. Furthermore, CDK4/6i induced a
decrease in the proportion of cells in S-phase in all clones, except the
RPETP53�/�. Interestingly, responses to ATRi significantly correlated
with the drug-induced cell-cycle aberrations; the PARPi-resistant
clones that responded (n ¼ 4/7) to ATRi, showed a significantly
decreased proportions of cells in S-phase and increased proportions
of cells in G2 (Fig. 6I). Similarly, PARPi-resistant clones that were
sensitive to Chk1/2i Prexacertib (n ¼ 4/7) showed a significant
decrease of cells in S-phase, but there was no significant correlation
to increase in G2 (Fig. 6J). This correlation of responses and cell-cycle
profiles is consistent with the mechanisms of action of ATRi and
Chk1/2i in disrupting the DNA damage response, and indicates
dependency of these clones to that checkpoint (18). HDACi and
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WEE1i did not cause cell-cycle aberrations that were significantly
associated with drug sensitivities. In summary, the PARPi-resistant
clones showed mechanism-dependent vulnerabilities to the selected
agents, that for certain drugs associated with cell-cycle aberrations.
However the heterogeneity of the PARPi-resistant clones led to
heterogeneous responses to our targeted screening and shows that
clones could not be targeted with a single drug.

Discussion
As PARPis are entering wide clinical use, acquired PARPi resistance

is an emerging clinical problem in the treatment of multiple cancer
types, including HGSC. We engineered BRCA1-deficient cells that are
resistant to PARPi and showed that clones derived from these cells, via
evolutionary selection, have significant functional and genomic het-
erogeneity. Similar genomic features and evolutionary patterns were
observed in a clinical BRCA1-mutated tumor with acquired PARPi
resistance. Importantly, we show that these heterogenous PARPi-
resistant clones are vulnerable to mechanism-specific targeting.

The best-documented mechanism of resistance to PARPi or plat-
inum agents in human tumors involves the restoration of HR via
somatic reversion of the original mutation conferring HR deficiency.
Multiple reports have confirmed the relevance of these somatic
reversions in therapy-resistant ovarian cancers (10, 11, 22). However,
the prevalence of secondary mutations restoring BRCA1/2 function
has varied from 0% to 21% (39, 40) in ovarian cancer to as high as
40%–50% in breast cancer (40, 41). In our study, we did not observe
BRCA1 reversion mutations in the PARPi-resistant clones or in
biopsy samples from a patient with BRCA1� germline HGSC with
acquired PARPi resistance. Accordingly, PARPi resistance mechan-
isms other than reversion mutations are likely to exist also in the
clinical setting.

Genomic cancer studies support amodel in which drug resistance is
driven by evolutionary selection of a preexisting clone rather than
acquisition of new mutational events (refs. 42–45 and reviewed in
ref. 46). Consistently, we show that a PARPi-tolerant subclone pre-
existed within a heterogenous BRCA1-deficient cell population and
was clonally selected during the evolutionary pressure imposed by the
PARPi treatment. In our study, PARPi-resistant clones displayed
increased chromosomal instability, modifying the cellular karyotype,
the cellular system of inheritance, affecting the topology of the genome
and the transcriptomes (47). Here, we propose that the chromosomal
instability in the BRCA1-deficient cells, amplified by the effects of
PARPi on further disrupting genome integrity (48), provides an
avenue for improved fitness, increased clonal heterogeneity, and
selection of preexisting drug-resistant cells leading to PARPi resis-
tance. As HGSC is among the tumors with highest levels of clonal
heterogeneity (49), the existence of intrinsically PARPi-resistant cells
at tumor presentation is likely also in the clinical setting.

Previous studies on PARPi resistance have been performed in
commercially available BRCA1-deficient cell lines derived from
drug-resistant tumors (20, 21) and have focused on single mechanism
of resistance (13, 14). In contrast, our genetically engineered model
system suggested that acquired PARPi resistance involves the adoption
of several distinct, potentially simultaneous resistance mechanisms.
Consistently, the PARPi-resistant clones showed molecular heteroge-
neity with unique transcriptomic and mutational profiles. This het-
erogeneity was recapitulated at the clonal level in a BRCA1-mutated
tumor with acquired PARPi resistance, further supporting the roles of
clonal and functional heterogeneity as molecular underpinnings of
acquired PARPi resistance.

Measurements of genomic instability, such as LOH and mutational
Sig3 resulting from error-prone DNA repair processes, have been
suggested as biomarkers for PARPi sensitivity (50). Regardless of the
fact that the majority of the PARPi-resistant clones had restored
RAD51foci formation, most of the resistant clones still retained
mutational Sig3, DNA damage, and chromosomal aberrations after
retreatmentwithniraparib. In linewith previous observations fromcell
lines and mouse models (13), these findings suggest that restoration of
HR in the clones via the mechanisms described herein is only partial.

Despite their highly heterogeneous nature, the PARPi-resistant
clones shared vulnerabilities to targeted agents. Most of the clones
exhibited cell-cycle abnormalities upon reexposure to niraparib, indi-
cating residual vulnerability to PARPis. However, the clones showed
heterogenous responses for targeted chemotherapeutic agents, and a
single drug was not able to efficiently target all PARPi-resistant clones.
Some clones (NA1, NA2, and NA3) with a resistance mechanism
involving suppression of the NHEJ pathway had a similar drug-
sensitivity profile, whereas other clones (NA4, NA5, and NB1) with
distinctmechanisms of resistance were overall less drug sensitive. NA4
and NB1, with distinct mechanisms were the only two clones with
persistent cisplatin sensitivity. Taken together, the PARPi-resistant
clones exhibit mechanism-dependent vulnerabilities that can poten-
tially be exploited in combination therapies. The optimal way of
targeting the heterogenous PARPi-resistant clones in combinations
or sequentially, should be addressed in future in vitro and in vivo
experiments or via for example, mathematical modeling.

We acknowledge certain limitations of this study. First, we used an
epithelial cell line not originating from fallopian tube and generated a
deleterious BRCA1 mutation not easily reversible to explore some of
the previously described mechanisms for PARPi resistance. Thus, it is
possible that additional mechanisms for PARPi resistance, including
reversion mutations could exist in the clones if different approaches
were taken. Second, we only had access to sequencing data from one
patient with HGSCwith acquired PARPi resistance. In this sample set,
the original PARPi-sensitive ovarian tumor was sequenced from
formalin-fixed tissue, compared with the PARPi-resistant samples,
which were analyzed from fresh frozen tissue. We did not observe
multiple clones in the PARPi-sensitive sample, potentially due to the
lower sequencing quality and resolution in variant calling (50). More-
over, we did not have access to additional fresh clinical patient samples,
which could be analyzed with similar functional studies as in the
cellular model. Therefore, we were not able to verify the preexisting
resistant subclones in the PARPi-sensitive patient sample, that were in
fact verified to preexist in the cellular model. Therefore, future studies
should focus on fresh tumor biopsies taken before and after PARPi
treatment. These studies will be critical for revealing the mechanisms,
development of biomarkers, and clinical targeting of HGSC with
acquired PARPi resistance.
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