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Poly (ADP-ribose) glycohydrolase (PARG) is a dePARylating enzyme which pro-
motes DNA repair by removal of poly (ADP-ribose) (PAR) from PARylated proteins.
Loss or inhibition of PARG results in replication stress and sensitizes cancer cells to
DNA-damaging agents. PARG inhibitors are now undergoing clinical development
for patients having tumors with homologous recombination deficiency (HRD), such
as cancer patients with germline or somatic BRCA/2-mutations. PARP inhibitors kill
BRCA-deficient cancer cells by increasing single-stranded DNA gaps (ssGAPs) during
replication. Here, we report that, like PARP inhibitor (PARPi), PARG inhibitor (PARGI)
treatment also causes an accumulation of ssGAPs in sensitive cells. PARGi exposure
increased accumulation of S-phase-specific PAR, a marker for Okazaki fragment pro-
cessing (OFP) defects on lagging strands and induced ssGAPs, in sensitive cells but not
in resistant cells. PARGI also caused accumulation of PAR at the replication forks and at
the ssDNA sites in sensitive cells. Additionally, PARGi exhibited monotherapy activity
in specific HR-deficient, as well as HR-proficient, patient-derived, or patient-derived
xenograft (PDX)-derived organoids of ovarian cancer, and drug sensitivity directly cor-
related with the accumulation of ssGAPs. Taken together, PARGi treatment results in
toxic accumulation of PAR at replication forks resulting in ssGAPs due to OFP defects
during replication. Regardless of the BRCA/HRD-status, the induction of ssGAPs in pre-
clinical models of ovarian cancer cells correlates with PARGi sensitivity. Patient-derived
organoids (PDOs) may be a useful model system for testing PARGi sensitivity and
functional biomarkers.

PARG inhibitor | PARylation | single-stranded DNA (ssDNA) gaps | functional
biomarkers | organoid models

PARylation (Poly-ADP-Ribosylation), a reversible post-translational modification of pro-
teins, is one of the earliest waves of signaling at DNA lesions and a critical event in DNA
damage response (DDR) and repair process (1, 2). Upon DNA damage, the majority of
the cellular PARylation events are carried out by Poly(ADP-ribose) polymerase 1 (PARP1)
using NAD+ as an ADP-ribose donor. PARP1 is rapidly recruited to single-stranded DNA
(ssDNA) break sites, initiating auto-PARylation as well as modifications of histones and
other proteins through mono(ADP-ribosylation) and PARylation. These modifications
facilitate recruitment of various DNA repair proteins to the DNA damage sites and promote
chromatin relaxation (3). Following PARylation, dePARylation is a crucial step to ensure
the DDR repair factors are released from the DNA lesion for repair to occur (4, 5). Most
cellular PARylation is degraded by PARG. Inefficient dePARylation results in trapping of
proteins in the vicinity of the DNA lesion and impairment of DNA repair (6-8). Indeed,
loss or inhibition of PARG sensitizes cancer cells to DNA-damaging agents (9, 10).
Furthermore, hyperaccumulation of PAR chains can cause significant alteration in NAD+
levels, potentially hindering with NAD+-dependent processes such as ATP synthesis result-
ing in metabolic catastrophe (11).

Inhibition of PARP1 results in synthetic lethality in tumors with defects in homolo-
gous recombination (HR)-mediated DNA repair (12, 13). PARP inhibitors have been
FDA-approved for maintenance therapies in the management of patients with high-grade
serous ovarian cancer (HGSOC) in both relapsed and first-line settings (14, 15).
However, de novo or acquired PARP inhibitor (PARPI) resistance is a pressing problem
in the clinic and new targeted therapies are needed for the treatment of ovarian cancer
patients. Recent studies have demonstrated that PARPI sensitivity stems, at least in part,
from single-stranded DNA gap (ssGAP) formation and Okazaki fragment processing
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As Poly (ADP-ribose)
glycohydrolase (PARG) inhibitors
are now in clinical trials, we
evaluated the mechanism of
replication defects resulting in
tumor cell killing from PARG
inhibition. We determined that
PARG inhibitor treatment causes
accumulation of ssGAPs in ovarian
cancer preclinical models,
including patient-derived organoid
(PDO) models, and this phenotype
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sensitivity. The detection of ssGAPs
in PDOs may provide a functional
biomarker for predicting the
response to PARG inhibitors in
clinical trials.
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(OFP) deficiency during replication (16). PARP inhibitors
increase ssGAPs in BRCAI-deficient cancer cells, and these
ssGAPs are suppressed in resistant tumors (16, 17).

ssGADs are the stretches of single-stranded DNA structures on
the replication forks which arise during replication stress (18).
These gaps build up on both the leading and lagging strand of
newly synthesized DNA after treatment with many DNA-damaging
agents (19-23). ssGAPs arise from OFP defects on lagging strands
or from PRIMPOL-mediated repriming on leading strands in
BRCA1/2-deficient cells (19, 24-27). For maintenance of genomic
stability, the ssGAPs left behind advancing replication forks must
be properly repaired by gap filling or post-replicative repair mech-
anisms, such as Translesion DNA Synthesis (TLS) repair (20, 21,
23) or by POLQ-mediated gap filling (28-30). Accordingly, TLS
inhibitors and POLQ inhibitors also enhance ssGAPs in
BRCA1-deficient cells (19, 20, 23, 29, 30). Recently USP1 inhi-
bition has been shown to increase ssGAPs resulting from enhanced
ubiquitination of PCNA and RAD18 trapping at the replication
fork (22). Furthermore BRCA1-deficient cells are sensitive to OFP
inhibition (16, 31, 32). These data suggest that ssGAPs may serve
as a key determinant for various DDR inhibitor-mediated syn-
thetic lethality.

PARG is recruited to DNA damage sites by PAR-dependent
and PCNA-dependent mechanisms, suggesting that PARG has a
S phase-specific function during replication (33, 34). Indeed,
PARG is involved in multiple functions at the replication fork (6,
8, 35-38). During DDR, PARG promotes fork restart and cell
cycle progression (6, 36). Moreover, S phase PARylation has been
shown to be a sensor of defects in the OFP at the lagging strand
during normal DNA replication (39). Furthermore, when OFP
is inhibited by a FENI inhibitor, elevated levels of S phase
PARylation are observed, resulting in increased sensitivity to
PARP1/2 loss (39).

PARG is a potential therapeutic target for cancer therapy.
Accordingly, there are two ongoing clinical trials with PARG
inhibitors mainly targeting HR-deficient solid tumors
(NCT05787587, NCT06395519) and biomarkers of response
to these inhibitors are needed. Some reports have shown that
BRCA and HR status predict PARGI sensitivity, whereas other
reports suggest that it is not BRCAness but replication gene
expression that predicts the sensitivity of PARGI (9, 36, 40).
PARG inhibitors can cause excessive accumulation of PAR chains
and exacerbate replication stress and DNA damage in ovarian
cancer cells (9, 35, 36, 40). Specifically, PARG inhibition results
in impairment of replication fork dynamics such as reduced
replication fork progression, increased reversed forks, and
increased fork stalling and reduced capacity of replication restart
(6, 36, 38, 41). Importantly, PARG loss also causes accumulation
of ssDNA, ultimately leading to replication catastrophe and
DSBs (36, 41). However, the mechanism by which PARG inhi-
bition promotes these replication errors and DNA damage in
cancer cells remains elusive. The exact DNA replication vulner-
ability that renders ovarian cancer cells sensitive to PARGI
remains unknown.

Here, we investigated the molecular mechanisms underlying
PARGI sensitivity and resistance in ovarian cancer models and
identified predictive biomarkers for PARGI response. We deter-
mined that PARG inhibitors promote the formation of ssGAPs
in preclinical ovarian cancer models. PARGI treatment increased
the levels of toxic S phase PAR resulting from OFP defects.
Regardless of the BRCA/HRD-status, the induction of ssGAPs
correlated with PARGI sensitivity in preclinical ovarian cancer
models, including the patient-derived organoid (PDO) models of
ovarian cancer. ssGAP accumulation in PDOs may therefore be
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a functional biomarker for predicting the response of ovarian can-
cer patients to PARG inhibitors.

Results

PARG Inhibition Causes Accumulation of Toxic S Phase PAR and
Replication Stress in Sensitive Ovarian Cancer Cells. To dissect
the molecular mechanism of PARGI sensitivity in ovarian cancer,
we used PDD00017273 (referred to as PARGi hereafter) (36,
42) and identified sensitive and resistant ovarian cancer cell lines
(SI Appendix, Fig. S1A). Consistent with the PARG dependency
project Achilles (DepMap Public 22Q1) (43) data, both the
RMUGS (BRCA1/2-wild-type) and KURAMOCHI (BRCA2-
mutated) ovarian cancer cell lines were highly dependent on PARG
for survival, compared to the OVCAR3 and COV362 (BRCAI-
mutated) ovarian cancer cell lines (S7 Appendix, Fig. S1 Aand B).
BRCA1-deficient RPE TP53”~ BRCA1™'~ cells and UWB1.289
ovarian cancer cells, as well as the BRCA2-deficient DLD1 cells,
were also sensitive to a PARGI (S Appendix, Fig. S1C). Like PARG
inhibition, silencing of PARG by siRNA also resulted in reduced
growth of PARGi-sensitive cells but not of PARGi-resistant cells
(SI Appendix, Fig. S1 D and E).

To determine the mechanism of sensitivity and resistance with
PARGI, we next generated an isogenic cell line pair. RMUGS, the
most PARGi-sensitive cell line, was exposed to a gradually
increasing concentrations of PARGi until the cells grew in the
presence of PARGI at a similar rate as the parental line without
the drug (Fig. 1A4). The cells with acquired resistance to PARGi,
namely RMUGS-R cells, exhibited an approximately 10-fold
higher ICy, for growth inhibition by PARGi compared to the
sensitive parental cells (Fig. 1B8). PARGI treatment resulted in
similar levels of total PARylation in both sensitive and resistant
cells, demonstrating similar target engagement between the sen-
sitive and resistant cells (S7 Appendix, Fig. S1 Fand G). A high
baseline level of PARP1 autoPARylation was observed in
RMUGS, and this level was further increased after PARGI expo-
sure (SI Appendix, Fig. S1H). The signal of autoPARylated
PARP1 decreased after PARPi treatment, indicating that the
high molecular weight protein smear above PARP1 corresponds
to auto-PARylated PARP1. Interestingly, the level of auto-PARylated
PARP1 was diminished in the RMUGS-R cells, suggesting reduced
PARP1 activation (SI Appendix, Fig. S1H).

Unprocessed Okazaki fragments during replication can lead to
genomic instability and replication defects (16, 41, 44, 45). PAR
synthesis or PARP activity is detected in normal unperturbed cells
during S phase due to OFP defects (39). PARGI treatment results
in S-phase-specific PARylation (46). We therefore determined
whether there is an S-phase-specific difference in PARylation levels
between the sensitive and resistant cells. PARGi increased the level
of S-phase-specific PAR more significantly in RMUGS than in
RMUGS-R cells (Fig. 1C). PARGi-induced S phase PAR levels
were significantly higher in the PARGi-sensitive RPE TP537"
BRCA1™" cells compared to RPE TP537 cells (Fig. 1D). These
results were also confirmed in ovarian cancer cell lines with de novo
sensitivity or resistance in the presence of PARGi or PARG knock-
down with siRNA (S7 Appendix, Fig. S1 I-L).

Toxic accumulation of S phase PAR after PARG inhibition can
lead to replication defects. We therefore assessed DNA damage
and replication stress in PARGi-sensitive and resistant models.
Consistent with previous findings (36) inhibition or knock-down
of PARG led to elevated replication stress and DNA damage mark-
ers, including increased levels of p-CHK1, p-RPA, p-KAP1, and
YH2AX, in the sensitive ovarian cancer cells. However, this effect
was not observed in cells with de novo or acquired resistance to
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Fig. 1. PARG inhibition leads to toxic S phase PAR accumulation in sensitive cells. (A) Schematic of the method for generating ovarian cancer cells with acquired
resistance to PARGi (PDD00017273). PARGiI-sensitive cell line, RMUGS was exposed to increasing dose of PARGi over 4 mo and resistant cells were derived
(RMUGS-R). (B) Clonogenic survival of RMUGS and RMUGS-R cells in the presence of increasing concentration of PARGi. Left: Graphical quantitation of the colonies
from cells treated with PARGi compared to control cells treated with DMSO (IC50 RMUGS—0.07 pM and RMUGS-R—0.61 pM). Right: Representative images of
the colonies. (C) Left: Representative images of EdU and PAR staining showing S phase PARylation after DMSO or PARGI (10 pM) treatment for 2 h in RMUGS and
RMUGS-R cells. Scale 10 um. Right: Quantification of S phase PARylation in RMUGS and RMUGS-R cells. Whiskers represent the minimum and maximum (****p
< 0.0001; Mann-Whitney test). (D) Left: Representative images of EdU and PAR staining showing S phase PARylation after DMSO or PARGi (10 uM) treatment for
2hinRPE TP53™ and RPE TP53™” BRCA1™ cells. Scale 10 um. Right: Quantification of S phase PARylation in RPE TP53™ and RPE TP53™~ BRCA1™ cells. Whiskers
represent the minimum and maximum (****P < 0.0001; **P = 0.0044; Mann-Whitney test). (F) Western blot showing replication stress and DNA damage markers
after PARGiI treatment (10 pM) in RMUGS and RMUGS-R cells.
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PARGi (Fig. 1Eand SI Appendix, Fig. S1 M and N). Additionally,
RNA  sequencing analysis performed with RMUGS and
RMUGS-R cells revealed upregulation of DNA replication gene
expression in the PARGI resistant RMUGS-R cells, accounting,
at least in part, for the reduced replication stress (S Appendix,
Fig. S10).

Collectively, these results demonstrate that PARGi-sensitive
ovarian cancer cells, but not drug-resistant cells, exhibit higher
levels of S-phase-specific PAR and replication stress, accounting
at least in part for the cell death upon PARG inhibition.

PARG Inhibition or PARG Loss Leads to Increased ssGAP
Formation in Sensitive Cells. Recent studies have identified
ssGADPs as a key determinant of the sensitivity of BRCA1-deficient
cells to PARP inhibition (16), or to other DNA repair inhibitors
(22, 30). BRCA1-deficient cells have an increased basal level
of S phase PAR, due to OFP defects, which ultimately leads to
the formation of ssGAPs on lagging strands (16). Since PARGI
exposure also increases S phase PAR and replication stress in
sensitive cells, we hypothesized that the cytotoxicity of the drug
might result from the enhancement of ssGAPs originating from
OFP defects on lagging strands.

We therefore employed DNA fiber assays, followed by S1 nucle-
ase treatment, to detect ssGAPs (47). Interestingly, PARG inhibi-
tion increased the number of ssGAPs in RMUGS cells; however,
the gaps were suppressed in RMUGS-R cells (Fig. 2 4 and B and
SI Appendix, Fig. S2A). As expected, PARPI increased ssGAPs in
RPE TP53” BRCA1™" cells. PARG inhibition also increased
ssGAPs in PARGi-sensitive BRCA1-deficient cells but not in
PARGi resistant parental RPE TP537 cells (Fig. 2 C and D).
Similarly, PARGi exposure resulted in ssGAP accumulation in
KURAMOCHI cells, but not in COV362 cells, correlating with
their relative drug sensitivity versus resistance (SI Appendix, Fig. S2
Band (). These results suggested that, regardless of the BRCA/HRD
status, the induction of ssGAPs in ovarian cancer cells correlates
with PARGI sensitivity.

To confirm that PARG suppresses ssGADPs, we generated a
CRISPR knockout of PARG in RPE TP537 cells. These RPE
TP53”" PARG™" cells did not accumulate ssGADPs. Following a
BRCAL1 depletion, there was a si}gniﬁcant increase in the accumu-
lation of ssGAPs in RPE TP53”~ PARG ™" cells, while this accu-
mulation was not observed in the parental RPE TP537 cells
(Fig. 2 Eand Fand SI Appendix, Fig. S2 D and E). To investigate
whether ssGAP suppression is associated with the catalytic activity
of PARG, we reconstituted RPE TP53”~ PARG ™" cells with the
c¢DNA encoding either the wildtype PARG enzyme (PARG-WT)
oracatalytically inactive mutant (PARG-MUT). Complementation
with PARG-WT not only reduced PARylation but also suppressed
the ssGAPs in RPE TP53”~ PARG™" cells with BRCA1 knock-
down (Fig. 2 G and H and SI Appendix, Fig. S2 F and G). In
contrast, the expression of the PARG-MUT failed to suppress
ssGAPs and failed to reduce PAR levels (Fig. 2 G and H and
SI Appendix, Fig. S2 F and G). Consistent with this increase in
ssGAP accumulation, BRCA1 depletion reduced the survival of
RPE TP53" PARG™ cells but not of the RPE TP53" cells
(SI Appendix, Fig. S2H).

Collectively these data indicate that PARG inhibition or PARG
loss causes an increase in ssGAPs in drug-sensitive cells but not in
drug-resistant cells. Moreover, the catalytic activity of PARG is
required for suppressing ssGAP accumulation.

PARG Inhibition Increases the Level of PARylated Proteins at

ssDNA in Sensitive Cells. In sensitive cells, PARG inhibition causes
elevated S phase PAR and the accumulation of ssGAPs (Fig. 1 C

https://doi.org/10.1073/pnas.2413954121

and D and 2 B and D and SI Appendix, Fig. S1 I and J and S2 A
and B). We therefore reasoned that an accumulation of PARylated
proteins at the replication fork would correlate with an increase in
ssGAPs and DNA damage. To test this hypothesis, we conducted
a quantitative in situ analysis of protein interactions at DNA
replication forks (SIRF) assay (48). This assay employs proximity
ligation chemistry to identify protein interactions with nascent
DNA replication forks. In RMUGS cells, but not in RMUGS-R
cells, PAR was associated with nascent DNA replication forks in
the untreated condition, and increased PAR was observed after
PARGi treatment (Fig. 34). The accumulation of PAR at the nascent
DNA replication sites after exposure to PARGi was also confirmed
in RPE BRCAI deficient cells and PARG™™ cells after BRCA1
knockdown (87 Appendix, Fig. S3 A and B). Consistent with the
accumulation of ssGAPs in sensitive cells after PARGI exposure,
there was an increase in pRPA, a ssDNA surrogate replication stress
marker, at replication forks after PARG inhibition in RMUGS cells
(SI Appendix, Fig. S3C). p-RPA sites also colocalized with PAR, and
this colocalization was signiﬁcantl?f increased after PARGI treatment
in RMUGS cells and in PARG™ cells after BRCA1 knockdown
(Fig. 3B and ST Appendix, Fig. S3D). These results suggest that the
accumulation of PAR occurs at ssDNA sites after PARG inhibition
in sensitive cells.

Next, we identified proteins that are recruited to nascent rep-
lication forks after PARG inhibition by using a combination of
the aniPOND assay and Mass spectrometry (MS) (49). Multiple
DNA repair proteins, including XRCC1, PNKP, CHDIL, and
PARP14, were enriched at replication forks after PARGI treatment
in RMUGS cells (Fig. 3C). Interestingly, some of these proteins
are known to be PARylated or recruited via PARylation (50).
Furthermore, proteins involved in the BER or OFP pathways (e.g.,
XRCC1, PNKP, LIG3, IMPDH2) and the NAD/metabolic path-
way (e.g., GLUD1/2) were specifically enriched (51). XRCC1, a
scaffold protein, binds and recruits proteins involved in single
strand break repair at the forks (52, 53). With the aniPOND assay,
followed by western blot, we confirmed the enrichment of PAR
and XRCC1 at replication forks after PARG inhibition (Fig. 3D).
The accumulation of XRCC1 at the nascent replication forks in
RMUGS cells was further validated (Fig. 3£). PARGI treatment
also increased the recruitment of XRCCI to nascent replication
forks in RPE BRCAL deficient cells (S/ Appendix, Fig. S3E).
Interestingly, this increase in XRCCI at nascent replication forks
was not observed in RMUGS-R-resistant cells (Fig. 3£). MRE11,
a nuclease involved in DSB repair, was also detected at replication
forks and further enriched after PARG inhibition (Fig. 3D).
PARP14 has been shown to bind nascent DNA and promote
MRE11 recruitment to DNA (54). Both PARP14 and MREI11
were recruited at the replication forks in PARG-inhibited cells
(Fig. 3 Cand D), suggesting that these proteins may be recruited
as a complex. Since MRE11 is known to expand ssGAPs (55, 56)
we determined whether its recruitment promotes PARGi-induced
ssGAP accumulation. MRE11 knockdown in PARGi-sensitive
cells did not alter the ssGAP accumulation or drug sensitivity after
PARGi treatment (8] Appendix, Fig. S3 F, G, and H), suggesting
that PARGi-induced ssGAPs and cell death are not dependent
on MREI11.

Taken together, the persistent PARylation of proteins, the accu-
mulation of ssGAPs, and the toxic accumulation of XRCC1 at
the replication fork may account, at least in part, for the enhanced
cytotoxicity of PARGI in the sensitive cells.

PARG Inhibition Causes Increased PARylation at the Okazaki

Fragments. We next evaluated the mechanism of ssGAP
accumulation after PARG inhibition. Since PARGi-sensitive cells
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Fig. 2. PARG inhibition or PARG loss results in accumulation of ssGAPs in drug-sensitive but not drug-resistant cells. (4) Top: Schematic of DNA fiber assay with

CldU/IdU pulse-labeling protocol and drug treatment, followed by S1 nuclease treatment. Bottom: Representative DNA fiber images in RMUGS and RMUGS-R

cells after PARG inhibition with or without S1 nuclease treatment. (B) Quantification of IdU tracts from RMUGS and RMUGS-R cells after PARGi (10 uM) treatment
with or without S1 nuclease. Each dot represents one fiber. At least 200 fibers were analyzed per condition. Median values are represented by horizontal lines

(n.s., not significant; ****P < 0.0001; Mann-Whitney test). (C) Top: Schematic of DNA fiber assay with CldU/IdU pulse-labeling protocol and drug treatment,
followed by S1 nuclease treatment. Bottom: Representative DNA fiber images in RPE TP53™~ and RPE TP53”~ BRCA1™" cells after PARG inhibition with or without
S1 nuclease treatment. (D) Quantification of IdU tracts from RPE TP53”~ and RPE TP53™~ BRCA1™ cells after PARGi (10 uM) treatment. Each dot represents one
fiber. At least 200 fibers were analyzed per condition. Median values are represented by horizontal lines (n.s., not significant; ****P < 0.0001; Mann-Whitney
test). (E) Top: Schematic of DNA fiber assay with CldU/IdU pulse-labeling protocol followed by S1 nuclease treatment. Bottom: Representative DNA fiber images
in RPE TP537~ and RPE TP53”~ PARG ™" cells after BRCA1 knockdown with or without S1 nuclease treatment. (F) Quantification of IdU tracts in RPE TP53” and
RPE TP537 PARG ™ cells after BRCA1 knockdown with or without S1 nuclease. Each dot represents one fiber. At least 200 fibers were analyzed per condition.
Median values are represented by horizontal lines (n.s., not significant; ****P < 0.0001; Mann-Whitney test). (G) Top: Schematic of DNA fiber assay with CldU/
IdU pulse-labeling protocol followed by S1 nuclease treatment. Bottom: Representative DNA fiber images in RPE TP537~ PARG ™" cells after transfection with
siBRCA1 and cDNA encoding Empty vector (EV), PARG wildtype (PARG-WT), or catalytically dead PARG mutant (PARG-MUT) with or without S1 nuclease treatment.
(H) Quantification of 1dU tracts from RPE TP53™~ PARG™ cells after transfection with siBRCA1 and EV, PARG-WT, or PARG-MUT with or without S1 nuclease.
Each dot represents one fiber. At least 200 fibers were analyzed per condition. Median values are represented by horizontal lines (n.s., not significant; ****p <

0.0001; Mann-Whitney test).
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to detect PAR-EdU proximity ligation assay (PLA) foci at the replication forks after PARG inhibition in RMUGS and RMUGS-R cells. Scale 10 um. Right: Quantification
of PAR-EdU PLA foci at the replication forks after PARG inhibition (10 pM) for 2 h in RMUGS and RMUGS-R cells. PLA performed with either anti-Biotin (EdU) or
anti-PAR antibody alone as negative controls are also shown. Mean and SEM values are represented (****P < 0.0001; ***P < 0.001; *P = 0.0189; Mann-Whitney
test). (B) Left: Representative image of PAR-pRPA (pS33 RPA and pS4/S8 RPA) PLA foci after PARG inhibition in RMUGS cells. Scale 10 um. Right: Quantification of
PAR-pRPA PLA foci after PARG inhibition (10 puM) for 2 h in RMUGS cells. PLA performed with either anti-pRPA or anti-PAR antibody alone as negative controls are
also shown. Mean and SEM values are represented (****P < 0.0001; Mann-Whitney test). (C) Volcano plot from aniPOND assay coupled with mass spectrometry
(MS) showing enrichment of proteins at the replication forks after PARGi exposure in RMUGS cells. Samples treated with PARGi (10 uM) for 4 h were compared
to the samples treated with DMSO. (D) Western blot from aniPOND assay showing enrichment of PAR, XRCC1, and MRE11 at replication forks after treatment
with PARGI. (E) Left: Representative image of XRCC1-EdU PLA foci at the replication fork after PARG inhibition in RMUGS and RMUGS-R cells. Scale 10 um. Right:
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have increased S phase PARylation, we hypothesized that these
cells have increased unligated Okazaki fragments or OFP defects
on the lagging strand. To test this hypothesis, the level of S phase
PARylation in RMUGS cells was measured after incubation with
emetine (EME), an inhibitor of DNA replication that prevents
the formation of Okazaki fragments, thereby uncoupling leading
and lagging strand DNA replication (57). Although a recent
study suggests that EME is not a specific inhibitor of Okazaki
fragment formation (58), it has been used previously to study
PARylation resulting from the defects in Okazaki fragment
formation (39, 46). We also used a FEN1 inhibitor (FENTi)
which perturbs OFP (39). As expected, PARG inhibition
increased S phase PARylation; however, a combination of EME
plus PARG inhibition significantly reduced S phase PAR levels,
suggesting that EME treatment prevents PARP activation at sites
of unligated Okazaki fragments in RMUGS cells (Fig. 44). On
the other hand, treatment with FEN1i in combination with
PARGi significantly increased S phase PAR due to increased
Okazaki processing defects (Fig. 44).

We next analyzed the level of PAR at the nascent replication
forks after treatment with EME or FENIi in the presence of
PARGi. Similar to the S Phase PAR results, EME substantially
decreased PAR levels at replication forks while FENT1 inhibition
increased PAR levels at nascent replication forks post PARG inhi-
bition (Fig. 4B). Furthermore, PAR colocalization with pRPA sites
increased after FENT inhibition (Fig. 4C).

ssGAPs can also result from PRIMPOL-mediated repriming
on both the leading and lagging strands of a replication fork (19,
25, 59, 60). To determine whether the accumulation of ssGAPs
occurs mainly on lagging strands, due to OFP defects, we per-
formed DNA fiber assay with S1 nuclease in PARGi-sensitive cells
after PRIMPOL depletion. Interestingly, knockdown of
PRIMPOL did not alter the drug sensitivity or ssGAP accumu-
lation after PARG inhibition of PARGi-sensitive cells (S Appendix,
Fig. S4 A-F).

Collectively, these results suggest that majority of the PARylation
at replication forks resulting from PARG inhibition occurs in the
close proximity to unligated Okazaki fragments. Excessive
PARylation appears to impede the OFP, resulting in an accumu-
lation of ssGAPs and eventual cell killing (Fig. 4D).

PARGi Sensitivity Correlates with ssGAP Accumulation in
Ovarian Cancer PDOs. PDOs provide a useful model system for
rapid functional testing and prediction of drug sensitivity (61-63).
Organoid models are excellent preclinical models due to their
ability to recapitulate the true characteristics of a tumor from
which they were derived. Ovarian tumor organoids also grow
quickly, and little genetic drift occurs in this short time frame (61).

PDOs were generated from fresh tumor resections, ascites, or
pleural effusion samples derived from ovarian cancer patients
(81 Appendix, Table S7). Among the five PDOs, two were from
patients with germline BRCAI mutation (DF3602 and DF3888).
One of the models (DF4195), was BRCA1/2-wild-type but the
patient’s tumor was HRD+ according to the Myriad myChoice
assay (64). The remaining two PDOs were BRCA1/2-wild-type.
Organoids from BRCAI-mutated patients (DF3602 and DF3888)
displayed morphologic and histological features of HGSOC
(Fig. 54). These organoids stained positive for the PAX8, WT1,
and mutant p53, the hallmark markers of ovarian cancer tumors
(Fig. 5B). Interestingly, DF3602 was sensitive to both PARPi and
PARGI, however, DF3888 was sensitive to PARPi but not to PARGi
(Fig. 5Cand SI Appendix, Fig. S6A). The BRCAI/2-wildtype PDO
(DF4649) was sensitive to both PARPi and PARGi. However,
another model DF4195 which is BRCA1/2 wildtype HRD+ was

PNAS 2024 Vol. 121 No.47 2413954121

PARPi-sensitive but PARGi-resistant. The BRCA1/2 wildtype
model (DF4733) was resistant to both PARPi and PARGi (Fig. 5C
and ST Appendix, Fig. S6A).

We also assessed the drug sensitivity of organoids derived from
PARPi sensitive or resistant PDX-derived organoids (PDXOs) of
HGSOC (65) (SI Appendix, Fig. S5 A and B). Interestingly,
PARGi exhibited monotherapy activity in a specific HR-deficient
PARPi-sensitive PDXO model DF83 with RAD51C hypermeth-
ylation and in a HR-proficient PDXO model DF106. However,
the BRCAI-mutated PARPi resistant PDXO models (DF59,
DF86, and DF101) were resistant to PARGI (S/Appendix,
Fig. S5C and S6B). These results demonstrate that PARGI sensi-
tivity is distinct from PARP sensitivity and that PARGi are even
effective in some HR-proficient organoid models of ovarian cancer.

In ovarian cancer cell lines, PARGi induced the accumulation
of ssGAPs in drug-sensitive cells but not in drug-resistant cells.
Importantly, PARGI also induced ssGAPs in primary tumor cells
derived from patients whose cells were sensitive to PARGI.
Specifically, PARGi induced ssGAPs in the PARGi-sensitive
DF3602 PDO model but not in the PARGi-resistant DF3888
PDO model (Fig. 5 D—F). Similarly, PARGi increased ssGAPs in
a sensitive DF83 PDXO model but not in the drug-resistant DF59
or DF101 PDXO models (S Appendix, Fig. S5 D-F). These data
are summarized in ST Appendix, Fig. S6 Cand D.

Collectively, PARGI exposure resulted in the accumulation of
ssGAPs in PDOs or PDXOs of ovarian cancer and this phenotype
directly correlated with drug sensitivity.

Inhibitors of ATR/CHK1/WEE1 Axis can Overcome PARGi
Resistance. Replication stress can trigger cell cycle checkpoints
via the ATR/CHKI1 signaling pathway. Depletion of PARG or
PARGi activates the ATR/CHKI pathway and combining PARGi
with CHK1 or WEE1 inhibitor enhances killing of ovarian cancer
cells (6, 36, 66, 67). ATR inhibition also causes accumulation of
ssGAPs by fork uncoupling, thus providing an entry point for
nucleases to degrade nascent DNA structures (68). We therefore
reasoned that the inhibitors of the ATR/CHK1 pathway might
resensitize the PARGi-resistant ovarian cancer cells (RMUGS-R)
by inducing replication stress. As predicted, the combination of a
PARG:i with either an ATR inhibitor (ATRi), a CHKI1 inhibitor,
or a WEEI inhibitor resulted in synergistic cytotoxicity in
RMUGS-R compared to the RMUGS cells (87 Appendix, Fig. S7
A-C). The combination of PARGi and ATRi also enhanced the
drug sensitivity of PDO models (S/ Appendix, Fig. S7D).

Taken together, these results provide a rationale for using a
combination of PARGi with inhibitors of the ATR/CHK1/WEE1
axis for enhancing the cytotoxicity in ovarian cancer models and
for overcoming drug resistance.

Discussion

Protein PARylation and dePARylation processes are vital for pre-
serving genome stability and DNA damage response. Accordingly,
both protein modification processes have been therapeutically tar-
geted. PARP inhibitors are used in the clinic for the treatment of
ovarian cancers (15, 69-71). To identify the biomarkers of
response to the PARG inhibitors, we dissected the mechanism by
which these agents kill ovarian cancer cells. PARGI increased toxic
S-phase PARylation resulting from elevated unligated Okazaki
fragments. An accumulation of PARylated proteins at replication
forks was observed in sensitive but not in resistant ovarian cancer
cells. A recent study also showed that PARGi cytotoxicity occurs
due to excessive S-phase PAR resulting from unligated Okazaki
fragments (46). Importantly, we found that PARG inhibition or
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PARG knockout results in accumulation of ssGAPs. The cellular this functional biomarker can predict the PARGI response of ovar-
sensitivity to PARGI correlated with the formation of ssGAPs in  ian cancer models, regardless of their BRCA/HRD status.

preclinical ovarian cancer models, thereby providing a predictive Our study demonstrates that PARG activity is required to sup-
biomarker for sensitivity to this treatment. We demonstrate that  press ssGAPs in HR-deficient as well as in specific HR-proficient
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ovarian cancer cells that have inherent lagging strand defects. It
remains unclear whether the drug-induced cytotoxicity arises from
ssGAPs themselves, from their conversion into DSBs during rep-
lication, or from their collision with incoming replication forks.

During replication, discontinuous lagging strand synthesis gen-
erates ssGAPs between the Okazaki fragments (27). Accordingly,
unligated Okazaki fragments are a source of ssGAPs (19, 27).
Unligated Okazaki fragments that escape canonical processing by

PNAS 2024 Vol. 121 No.47 2413954121

FENI and LIG1 are detected by PARylation specifically during
S phase (39). PARylation by PARP1 further recruits XRCC1, a
scaffold protein which interacts with LIG3 and DNA polymerase
B (POLP), leading to the processing of unligated Okazaki frag-
ments and repair of the ssGAPs. This backup mechanism of OFP
is important for completion of lagging strand synthesis in unper-
turbed cells. Notably, BRCA1-deficient cells have elevated S phase
PARylation and defective recruitment of backup OFP pathway
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(16). PARPi kills BRCAL1 deficient cells, at least in part, by further
increasing ssGAPs. These cells have reduced efficiency of the
XRCC1-LIG3-dependent backup pathway of OFP (16). Similarly,
POLQ inhibitors increase ssGAPs by interfering with the refilling
of inter-Okazaki fragment gaps (72).

Ovarian cancer cells which are sensitive to PARG inhibition
exhibit inherent defects in lagging strand replication and have
excessive unligated Okazaki fragments. These cells require PARG
activity to eliminate toxic PAR chains that build up near the
Okazaki fragments and to prevent accumulation of ssGAPs. The
reduction in PAR leads to more efficient refilling of these ssGADs.
Consistent with our observations, recent studies have identified
synthetic lethality between components of OFP and PARG inhi-
bition (41, 46). Consequently, cells sensitive to PARGi are reliant
not only on PARG but also on factors related to OFP. Distinct
from PARP inhibitors, where the ssGAPs may also arise from
PRIMPOL-mediated repriming, the majority of ssGAPs caused
by PARG inhibitors result from defects in OFP on the lag-
ging strand.

By AniPOND/Mass spectrometry analysis, we demonstrated
that PARGI increases the recruitment of various PARylated or
PAR interacting DNA repair proteins at replication forks. For
example, XRCC1, PNKP, and CHD1L (ALC1) are components
of the Single-Stranded Break Repair (SSBR) and Base Excision
Repair (BER) pathways and have been identified as PAR modu-
lators (50). PAR accumulation appears to be regulated by
replication-associated BER as previously described (53).

In PARGi-sensitive cell lines, XRCCI, a PAR interacting pro-
tein was among the most enriched proteins at replication forks
after PARGI exposure. Our results suggest that XRCC1 is trapped
at replication forks and its presence may prevent the otherwise
efficient refill of the ssGAPs. The persistence of these XRCC1
lesions may hinder the recruitment of polymerases (e.g., POLp)
and the downstream ligation of Okazaki fragments. Excessive
loading of XRCC1 or other PARylated proteins may interfere with
canonical or backup pathways of OFP leading to the accumulation
of ssGAPs after PARG inhibition in sensitive cells. These ssGAPs
can lead to cell death either directly or following their conver-
sion into DSBs by nucleases or DNA replication fork collapse.
(Fig. 4D). Prolonged exposure of PARylated proteins can also
reduce the free pool of PAR moieties, ultimately depleting cellular
NAD-+ levels. Such depletion has wide-ranging implications for
cellular function (46, 53). Interestingly increasing NAD+ bio-
availability can also enhance PARGI cytotoxicity due to hyperac-
cumulation of PAR chains (53).

Inhibition or depletion of PARG can also cause an elevation of
reversed forks (6). Processing these reversed forks can impede rep-
lication fork progression and increase unanticipated recruitment
of DNA repair factors, leading to the formation of aberrant DNA
structures. Subsequently these abnormalities at DNA replication
forks may disrupt DNA replication, activate cell cycle checkpoint,
and contribute to genome instability (6, 73). Our data show that
PARGi-sensitive cells have increased replications stress, increased
DNA damage, and activation of cell cycle checkpoints. Compromised
replication, as evidenced by decreased transcription of genes con-
trolling DNA replication, is associated with sensitivity to PARGi
(40). Consistent with this study, our RNA sequencing data revealed
increased expression of DNA replication genes in PARGI resistant
(RMUGS-R) cells compared to PARGi-sensitive (RMUGS) cells.
Ovarian cancer cells with acquired resistance may have therefore
adapted to high doses of PARGI by selection and increased expres-
sion of DNA replication gene products. Furthermore, we also
show that combining DDR inhibitors that induce replication
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stress can effectively overcome acquired resistance to PARGI in
these ovarian cancer cells.

Last, our findings have clinical implications. Ovarian cancer
PDOs provide a model system for rapid functional testing of
anticancer drugs and for predicting their therapeutic activity (63).
Drug sensitivity of HGSOC organoids often correlates with the
clinical responses in patients (61). HGSOC organoids, which
grow rapidly in only 7 to 10 d, provide a practical tool for pre-
dicting clinical responses of individual patients and for guiding
clinical decisions. In our study, we have evaluated tumor organoids
derived from ovarian cancer patients who were undergoing chemo-
therapy such as carboplatin and paclitaxel. Additionally, we inves-
tigated the efficacy of PARGI in ovarian cancer PDXOs where we
have a comprehensive mutational profiling done. Specific organoid
models were responsive to PARGI regardless of the BRCA/HRD
status. Organoids responsive to the PARGi also exhibited an accu-
mulation of ssGAPs, further validating ssGAP generation as a
functional biomarker for measuring the PARGI response.

Materials and Methods

Drugs. Following drugs were purchased from SelleckChem: PDD00017273 (Cat
$8862), Olaparib (Cat# S1060), M1774 (Cat# E1411),AZD1775 (Cat# $1525),and
Prexasertib (Cat# 57178).

Cell Culture. COV362, COV318, ES2, JHOS4, KURAMOCHI, V90, PA1, OVCARS3,
OVSAHO, RMUGS, RMUGS-R, DLD1, and DLD1-BRCA2 ™" cell lines were grown
in RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (100U/mL). UWB1.289 and UWB1.289 + BRCA1 cells were grown
in 50% RPMI 1640 and 50% MEBM (Lonza) supplemented with MEGM single-
quots supplements (Lonza) containing bovine pituitary extract, human epidermal
growth factor, insulin, hydrocortisone, gentamicin sulfate-amphotericin, 3% FBS,
and 1% penicillin-streptomycin (100 U/mL). RPETPS3™~, RPETPS3™""BRCA1 ™",
RPE TP537 PARG™"" cells were grown in DMEM/F12-containing GlutaMAX
(Gibco) and supplemented with 10% FBS and 1% penicillin-streptomycin. All
cells were cultured in an incubator maintained at 37°C, 5% CO2, and a relative
humidity of 95%.

Antibodies. All the antibodies used in this study are listed in S/ Appendix,
Table S5.

PDO and PDXO Generation and Growth Conditions. Written informed
consent was obtained from all patients involved in the study. PDOs and PDXOs
were grown according to the protocol described previously (22). The assembly of
patient data, ovarian cancer tissues, ascites, and the pleural effusion fluids was
implemented at the Dana-Farber Brigham Cancer Center under an Institutional
Review Board (IRB)-approved protocol (02-051) under the Dana-Farber/Harvard
Cancer Center IRB in conformity with the Declaration of Helsinki and Belmont
Report. Detailed protocol for tissue and Ascites Processing for Patient Derived
Organoids is described in Sl appendix.

Survival Assays.

Clonogenic assay. Cells were counted and plated in triplicates in 6-well plates for
colony formation assays. After 24 h, PARGi (PDD00017273) was added at various
concentrations and the cells were incubated for 10 to 15 d. Further, cells were
fixed with methanol for 10 min at room temperature, and then stained with crystal
violet. Cell growth area quantification and imaging of the plates were performed
with GelCount (Oxford Optronix).

3D cell viability assay for ovarian cancer PDOs and PDXOs. Cell Titer-Glo® 3D
Cell Viability Assay was performed for drug sensitivity in isolated patient cells,
ascites cells or PDX tumor cells. Detailed protocol for 3D Viability assay is described
in Sl appendix.

DNA fiber assay with S1 nuclease. To detect post replicative ssDNA gaps, we use a
modified DNAfiber assay with ssDNA-specific enzyme S1 nuclease (22, 30,47).In
the presence of ssGAPs, ST nuclease will nick the ssDNA opposite to the gap, thereby
converting the ssDNA gap into a double-strand break which is then measured by the
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shortening of IdU(5-lodo-2'-Deoxyuridine) tracts. Briefly, cells were labeled with
CldU (5-Chloro-2'-deoxyuridine) (Sigma Cat# C6891) for 30 min followed by IdU
(Sigma Cat#17125)for 2 h. PARGi was concomitantly added to the IdU labeling. Cells
were further washed with PBS and permeabilized with CSK buffer( NaCl 100mM,
MOPS 10mM, MgCl, 3mM, Sucrose 300mM, Triton X-100 0.5%) for 10 min. CSK
bufferwas washed away and S nuclease buffer added with or without ST nuclease
for 30 mins at 37 °C. Fiber assay was performed as per FiberPrep DNA extraction
protocol (Genomic Vision, cat# EXTO0TA). Detailed protocol for the DNA fiber assay
is described in Sl appendix.

Immunofluorescence: S Phase PAR Assay. Cells were cultured on coverslips
and treated with indicated drug or DMSO for 2 h. Cells were labeled with EdU for
the last 15 min of treatment time. Cells were pre-extracted with 0.5% Triton X-100
for 5 mins, after which they were fixed with 4% paraformaldehyde for 10 min atRT.
Cells were subsequently permeabilized in ice-cold methanol solution for 5 min.
Further, cells were washed with PBS (3 x 5 min)and blocked with 3% BSAin 0.1%
Triton X-100. EdU detection was performed using Click-iT EdU Alexa Fluor 488
Imaging Kit (Invitrogen Cat# C10337) according to the manufacturer's instructions.
After click reaction, coverslips were washed with PBS (3 x 5 min) and stained for
PAR/pADPr. Detailed protocol forimmunofluorescence is described in Slappendix.

Quantification and Statistical Analysis. Quantitative data were analyzed and
graphed using GraphPad Prism 9 or 10 software. All data are represented as
median or mean with SEM. Significance was tested using the Mann-Whitney
test. Assessment of synergy was calculated based on the Bliss model of synergy
using Combenefit software (74).
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