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Abstract

Poly(ADP-ribose) polymerases 1 and 2 (PARP1/PARP2), and poly(ADP-ribose) glycohydrolase (PARG), modulate the level of poly(ADP-ribose)
(PAR), a post-translational protein modification, in response to DNA damage or replication stress. Here, we find that replication-dependent and
PARP1/PARP2-mediated PARYylation recruits the base excision repair (BER)/single-strand break repair (SSBR) scaffold protein XRCC1 and the
associated factors DNA polymerase  (POLB), aprataxin (APTX), and DNA ligase isoform 3 (LIG3). Further, these BER/SSBR proteins promote
resistance to inhibitors of PARP1/PARP2 and PARG, as loss of these proteins sensitizes glioblastoma and ovarian cancer cells to each. In addition,
depletion of these replication-associated BER/SSBR factors leads to enhanced PAR levels and PARG inhibitorinduced activation of the ATR/CHK1
S-phase checkpoint kinases. Both PARG inhibition and ATR inhibition lead to elevated ATM- and DNA-PK-dependent KAP1 phosphorylation. In
turn, inhibition of either ATR or CHK1 enhances the cellular response to PARG inhibitors. Finally, inhibition of the ATR regulators PRMT1 or PRMT5
synergizes with PARG inhibition, implicating replication-associated BER/SSBR and PARylation in the activation of the PRMT1/PRMT5/ATR axis.
This study highlights the role of BER/SSBR in protecting the cell during S-phase to suppress PARylation-induced checkpoint activation, which
may suggest a potential intervention strategy for PARG inhibitorresistant tumors.
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Introduction

Protein mono-ADP-ribosylation (MARylation) and poly-
ADP-ribosylation (PARylation) are post-translational modi-
fications catalyzed by the ADP-ribose polymerase family of
enzymes [1-4]. MARylation is the transfer of one ADP-ribose
unit, whereas PARylation involves the successive transfer of
multiple ADP-ribose units, poly(ADP-ribose) (PAR), to spe-
cific residues within target proteins [1, 5]. There are 17 pro-
teins in the PARP family of enzymes [1], yet only PARP1,
PARP2, PARPSa, and PARPSD catalyze the formation of PAR
chains [6, 7]. Of these, only PARP1 and PARP2 synthesize
PAR in response to DNA breaks [1], which in turn facili-
tates the regulation of the DNA damage response (DDR) and
impacts chromatin reorganization, transcription, mitosis, and
cell death [8-10].

PAR plays a critical role in DNA repair by acting as a sig-
naling platform to promote the recruitment of DNA repair
factors as mediated via their PAR-binding domains (PBDs) [8,
11-15] to sites of DNA damage to promote, primarily, base
excision repair (BER) and single-strand break repair (SSBR)
[8, 13]. Other DNA repair pathway proteins shown to be reg-
ulated by PARP1/PARP2 activation include MutS« and mis-
match repair (MMR) [16], UV damage repair via DDB2/XPC
and nucleotide excision repair (NER) [17, 18], and DNA poly-
merase theta (Pol 0)-mediated end-joining (TME]) [19].

The involvement of PARP1 and PARP2 in BER and SSBR
has been well documented [13, 20-22]. As we and many
others have shown, the formation of a DNA single-strand
break, whether mediated by a bifunctional DNA glycosylase
to initiate BER, by the endonuclease APE1 during BER, or
directly from DNA damage to initiate SSBR, gives rise to
PARP1/PARP2 activation [2, 20]. The model for the canon-
ical BER mechanism suggests that APE1 binds to and hy-
drolyzes apurinic or apyrimidinic (AP) sites in DNA [23],
forming the DNA break that activates PARP1/PARP2, high-
lighting a functional relationship between APE1 and PARP1
[24, 25]. In short, canonical BER and SSBR respond to base
damage or single-strand DNA breaks (SSBs) in all phases of
the cell cycle, followed by PARP1/PARP2 activation [2, 20,
22, 26, 27]. Once activated, PARylation facilitates recruit-
ment of the scaffold protein XRCC1 and the end- and gap-
processing BER/SSBR proteins POLB, APTX, APLE, PNKP,
and LIG3 [8, 13]. The recruitment of these BER/SSBR proteins
to sites of DNA damage is PARP1- and PARP2-dependent, and
some (POLB, APTX, LIG3) are also XRCC1-dependent [8,13,
28, 29]. There is a reciprocal relationship between PARP1,
PARP2, XRCC1, and POLB since loss of either XRCC1 or
POLB delays release of PARP1 from sites of DNA damage,
whereas PARP2 release is only dependent on XRCC1 [13].
Conversely, the release of the BER proteins XRCC1, POLB,
APTX, and LIG3 from DNA damage sites is regulated by both
PAR and NAD™ levels [2, 13]. Once repair is complete, the
removal of the damage signal (PAR) is mediated by the PAR-
degrading enzymes PARG, TARG1, and ARH3 [2, 20]. Of
note, the inhibition of PARG, but not TARGI1, attenuates the
release of these BER factors from sites of DNA damage, block-
ing the completion of BER and promoting persistent PAR lev-
els and PAR signaling [30-32].

Replication stress and the activation of the DDR are hall-
marks of the cancer phenotype [33-35], highlighting numer-
ous potential cancer-specific targets that may be exploited for
selective therapy approaches. Replication stress results from

DNA lesions and unusual DNA structures (hairpins, triplexes,
G-quadruplexes) encountered by the replication fork [36, 37],
as well as from oncogene activation or tumor suppressor gene
inactivation [38]. Further, replication stress may result from
defects in the nucleotide pool or altered expression of repli-
cation machinery proteins [39], from head-on collisions with
the transcription machinery and the resulting accumulation
of R-loops [40, 41], as well as DNA single-stranded gaps due
to defects in Okazaki fragment processing [42] or BRCA1/2
expression and function [43, 44]. In this regard, activation of
PARP1/PARP2 and the resulting synthesis of PAR play a criti-
cal role in the DDR in response to stalled replication forks [31,
45-57], R-loops [58], single-stranded DNA gaps [44, 46, 59,
60], DNA damage at telomeres [61-63], and G-quadruplexes
[63-65], among other genome disturbances, such as DNA
strand breaks formed during ribonucleotide excision repair
(RER) [66] or by unligated Okazaki fragments [67].

The role of PARP1/PARP2 in protecting cells from DNA
damage at the replication fork is exploited in homologous re-
combination (HR)-deficient (BRCA1 or BRCA2) tumors, as
loss of BRCA1 or BRCA2, due to mutational inactivation,
causes a synthetic lethal interaction with PARP inhibitors
(PARPi) [68, 69]. Conversely, PARG interacts with PCNA at
the replication fork to counteract prolonged replication stress
[31, 55, 70, 71]. PARG inhibitors (PARGi) cause accumula-
tion of PAR at the replication fork [31, 67], slow down fork
progression, cause the accumulation of single-stranded DNA
gaps, suppress fork restart by perturbing RECQ1 helicase ac-
tivity, and induce the activation of the ATR/CHK1 S-phase
checkpoint [31, 46, 54,55, 72-75]. Despite demonstrated effi-
cacy in some cell lines, PARG inhibition was shown to be min-
imally responsive in numerous patient-derived ovarian cancer
cells and cell lines [74, 76], as well as in glioma cell lines,
glioma stem cells (GSCs), and head and neck cancer cells,
among others [30, 31, 75, 77]. More recently, we have shown
that defects in XRCC1, FENT1, or POLB expression or activ-
ity lead to elevated levels of PAR in replicating GSCs, glioma
cells, ovarian cancer cells, and head & neck cancer cells, lead-
ing to activation of the PAR-induced S-phase checkpoint [30,
31,75,77,78].

These earlier studies formed the basis for this study, where
we demonstrate that XRCC1, POLB, APTX, and LIG3, but
not APE1, regulate the activation of PARP1/PARP2 dur-
ing replication, in what may be called replication-associated
BER/SSBR. These BER and SSBR factors each regulate the
cellular response to PARP inhibitors, further documenting a
role for these proteins in suppressing the activation and cel-
lular dependence on PARP1/PARP2. In addition, we show
that these BER/SSBR proteins regulate the level of replication-
dependent PAR levels and, in turn, suppress the cellular re-
sponse to PARG inhibition, likely blocking the accumulation
of replication-induced single-strand DNA gaps that have been
suggested to modulate PARG inhibitor efficacy [46]. We show
that modulation of replication-stress-mediated PAR levels, in
response to PARG inhibition, leads to hyperactivation of the
S-phase checkpoint that implicates the ATR/CHK1 signaling
node [8] and ultimately replication catastrophe as revealed
by elevated KAP1 phosphorylation. Further, we find that
Protein Arginine Methyltransferase (PRMT) [79] isoforms 1
and 35, reported to catalyze asymmetric (PRMT1) and sym-
metric (PRMTS) dimethyl substitutions at arginine residues,
and targets ATR [80-82], synergize with PARG inhibitors.
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Overall, we suggest that these studies implicate replication-
associated BER/SSBR and PARylation in the activation of the
PRMT1/PRMTS/ATR axis and highlight the crucial role of
replication-associated BER/SSBR in protecting the cell during
S-phase to suppress PARylation-induced checkpoint activa-
tion and replication catastrophe.

Materials and methods

All reagents, including antibodies, inhibitors, cell lines,
oligonucleotides/gRNAs, recombinant DNA, software, and
algorithms, used in this study are listed in Supplementary
Table S1, including catalog # and source.

Chemicals and reagents

The NAD™ precursor NRH (dihydronicoti-
namide riboside; 1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl]-4H-pyridine-3-
carboxamide) was prepared as described [83]. Briefly,
powdered NRH was dissolved in molecular-grade sterile
water to prepare a stock solution of 100 mM. Thymidine
was freshly prepared as a 10 mM solution in PBS just before
use. PARG inhibitor (PDD00017273), ATR inhibitor (Cer-
alasertib, AZD6738), ATM inhibitor (KU-55933), CHK1
inhibitor (MK8776), DNA-PK inhibitor (KU-57788), PRMT1
inhibitor (GSK3368715), PRMTS inhibitor (PRT543), and
PARP1/PARP2 inhibitors BMN-673, ABT-888, AG014699,
MK-4827, and AZD2281, were kept as 10 mM DMSO
stocks. All stock solutions were stored at —80°C.

Cell lines

The LN428 cell line is a human glioblastoma-derived cell line
with mutations in the TP53 gene and deletions in the p14ARF
and p16 genes, as previously described [84]. PEO1 and C4-2
cell lines were generous gifts from Dr Sharon Cantor (Uni-
versity of Massachusetts, USA) and Dr Toshiyasu Taniguchi
(Tokai University School of Medicine, Japan), respectively [835,
86]. The BRCA2-deficient PEO1 cell line was derived from an
ovarian cancer patient. The BRCA2-proficient “revertant” C4-
2 cell line was derived from PEO1 and acquired resistance to
both cisplatin and PARPi due to a secondary mutation restor-
ing BRCA2 function [85, 86]. ES-2 is an ovarian clear-cell car-
cinoma cell line. 293-FT cells were derived from human em-
bryonic kidney cells transformed with the SV40 large T anti-
gen. RPE-1 cells are hTERT-immortalized retinal pigment ep-
ithelial cells [87]. Cell lines were routinely validated by Genet-
ica Cell Line Testing. Mycoplasma contamination was mon-
itored bimonthly using Lonza MycoAlert®. Cells at passage
number 15 or lower were used for all experiments.

LN428, LN428/PARP2-KO, LN428/PARP1-KO/PARP2-
KO, LN428/POLB-KO, LN428/APTX-KO, LN428/LIG3-
KO, LN428/LivePAR, and LN428/XRCC1-KO/LivePAR
cells were cultured in MEM Alpha supplemented with
10% heat-inactivated (HI) fetal bovine serum (FBS), r-
glutamine, and Antibiotic-Antimycotic. LN428/PARP1-KO
and LN428/XRCC1-KO cells were additionally supplemented
with puromycin (1 pg/ml). LN428/PARP1-XRCC1/Split-
TurboID cells were supplemented with both hygromycin
(200 pg/ml) and puromycin (1 pg/ml). During experi-
ments, hygromycin and/or puromycin were omitted. ES-2,
ES-2/XRCC1-KO, ES-2/POLB-KO, ES-2/APTX-KO, ES-
2/LIG3-KO, PEO1, C4-2, C4-2/XRCC1-KO, C4-2/POLB-KO,
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C4-2/APTX-KO, and C4-2/LIG3-KO cells were cultured in
RPMI supplemented with 10% HI FBS, r-glutamine, and
penicillin-streptomycin. ES-2/PARP1-XRCC1/Split-TurbolD
cells were additionally supplemented with puromycin (1
ug/ml). RPE-1, RPE-1/APE1-KO, and RPE-1/XRCC1-KO
cells were cultivated in DMEM/F12 supplemented with
GlutaMAX and 10% HI FBS. All cells were cultured in a
humidified incubator at 37°C with 5% CO,.

Transfection, lentivirus production, and cell
transduction

Transfection

ES-2/PARP1-XRCC1/Split-TurboID cells were created by
transfecting the pLV-Puro-EF1A-HA-PARP1-3xGS-TurboC-
T2A-XRCC1-myc-3xGS-TurboN construct into ES-2 cells
using polyethylenimine hydrochloride (PEI) (#24765; Poly-
sciences), and stable clones were selected using puromycin.
Plasmid DNA (1 pg) was mixed with 4 ug PEl in 1 ml serum
and antibiotic-free media. Following 30 min incubation, the
DNA/PEI complex was added to 80% confluent ES-2 cells in
a 60 mm Petri dish, dropwise. Following 8 h of incubation, the
medium was changed, and selection for stable clones started
48 h later in media supplemented with puromycin (1 pg/ml).

Virus production

293-FT cells were used to generate lentivirus expressing
Cas9/sgRNA, LivePAR, or the Split-TurbolID expression vec-
tors. Cells (1 x 10° cells/dish) were seeded onto a 60 mm
petri dish and allowed to grow overnight. Packaging vec-
tors pMDLg/pRRE, pRSV-Rev, and pMD2.G, and the shut-
tle/transfer vector were co-transfected into 293-FT cells using
the TransIT-X2 Dynamic Delivery System. The supernatant
containing the lentivirus was collected 48 h later and filtered
using 0.45 pm filters to remove cell debris and isolate the viral
particles, as described previously [13, 31].

Transduction

Target cells (2 x 10° cells/well) were seeded onto a six-well
plate and incubated for 24 h. The media was replaced with
1 ml of media containing polybrene (2 pg/ml), followed by
dropwise addition of the lentiviral particle solution (1 ml).
After overnight incubation at 32°C, the lentivirus-containing
media was replaced with fresh media, and the cells were al-
lowed to grow for 48 h before adding selection media.

Lentiviral-mediated knockout of PARPT and XRCC1
by CRISPR/Cas9 in LN428 cells

A lentiviral vector derived from pLentiCRISPRv2, express-
ing Cas9 and either a PARP1 guide RNA (gRNA) targeting
exon 1 or an XRCC1 gRNA targeting exon 3, was gener-
ously provided by Dr Wim Vermeulen (Erasmus MC, Nether-
lands) [13, 88]. Lentiviruses were prepared, and LN428 cells
were transduced as previously described [13, 31]. Following
overnight transduction with either the PARP1-KO or XRCC1-
KO gRNA virus, the media were replaced with fresh media,
and cells were allowed to propagate to confluence. Cells were
then subjected to puromycin selection (1 pg/ml) for 2 weeks.
Knockout validation was performed by immunoblotting, us-
ing a PARP1 antibody for PARP1-KO cells and an XRCC1
antibody for XRCC1-KO cells. H3 protein expression served
as the loading control.
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Non-viral-mediated knockout of PARP2, XRCC1,
POLB, APTX, or LIG3in LN428, ES-2, or C4-2 cells

PARP2 was knocked out in LN428 and LN428/PARP1-KO
cells; XRCC1 in ES-2 and C4-2 cells; POLB in LN428, ES-2,
and C4-2 cells; APTX in LN428, ES-2, and C4-2 cells; and
LIG3 in LN428, ES-2, and C4-2 cells. Cells were seeded at a
density of 2 x 10° cells/well in a six-well plate and incubated
for 24 h. The non-viral ribonucleoprotein (RNP) transfection
complex, purchased from Synthego Corporation, was pre-
pared by combining three single guide RNAs (sgRNAs) target-
ing an early exon of each respective gene—PARP2, XRCCI,
POLB, APTX, or LIG3—with purified Cas9 protein and the
CRISPRMAX-Cas9 transfection reagent in serum-free Opti-
MEM. Transfection complexes were incubated for 30 min be-
fore dropwise addition to the cells. Two to three days later, the
medium containing the transfection reagent was replaced with
fresh medium, and the cells were allowed to propagate to con-
fluence. Knockout validation was confirmed by immunoblot
analysis of whole-cell lysates, compared to a non-targeted con-
trol. The following antibodies were used: anti-PARP2, anti-
XRCC1, anti-POLB, anti-APTX, and anti-LIG3. H3 was used
as a loading control.

Cell protein lysate preparation

Protein extracts were prepared from parental and genetically
modified human cancer cells using 2x clear Laemmli buffer
(2% SDS, 20% glycerol, 62.5 mM Tris-HCI, pH 6.8) as pre-
viously described [13, 31, 89]. Generally, an equal number of
cells (2-3 x 10°) were seeded in six-well plates and allowed to
reach 60%-80% confluency after 24 h of culture. Following
treatment with varying times and concentrations (as indicated
in the figures), the treatment medium was removed, and the
cells were washed twice with PBS. Subsequently, 100-200 ul
of 2x clear Laemmli buffer was added, the cells were scraped
using a cell scraper, and the lysate was transferred to a 1.5
ml Eppendorf tube, followed by heating to 95°C for 5 min.
Protein concentrations were determined using a NanoDrop
2000c¢ Spectrophotometer [90].

Immunoblot

Equal amounts of whole-cell lysate (30-50 pg protein) were
loaded into each well of Novex 4%-12% Bis-Tris gels and
subjected to electrophoresis at 100-120 V for 1.5 h. Proteins
were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to mini-
nitrocellulose membranes (0.2 wm) using the Trans-Blot
Turbo transfer system (Bio-Rad) for 18 min. Membranes were
blocked with 5% blotting-grade non-fat milk powder in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h
at room temperature. Following blocking, membranes were
probed overnight with primary antibodies (as indicated in the
figure legends), followed by three 10-min washes in TBST.
Subsequently, membranes were probed with a secondary anti-
body (goat anti-mouse/rabbit-HRP conjugated). The protein
bands were then detected using Clarity Western ECL Sub-
strate. To determine the induction factors (L.E) of pCHK1
(8345) and pCHKT1 (S317) upon PARG and/or ATR, ATM,
and DNA-PK inhibition (as shown in Fig. 6A), a densitome-
try analysis of the immunoblots was performed using Image].
First, the relative amounts of H3 were determined to account
for differences in loading. Then, taking into account these dif-
ferences, the relative amounts of pCHK1 (S345) and pCHK1

(S317) in the treated samples were expressed as a factor com-
pared to the control.

Cell cycle synchronization
Double thymidine block

To synchronize ES-2 cells at the G1/S-phase border, the double
thymidine block approach was used [91]. Briefly, cells were
seeded at a density of 1 x 10¢ cells in a 100 mm dish and
incubated for 24 h. Cells were then treated with 2 mM thymi-
dine for 24 h, followed by release into fresh medium for 8 h.
Subsequently, cells were re-treated with 2 mM thymidine for
an additional 24 h. The arrested/synchronized cells (with no
DNA replication) were then released into fresh medium for 0
(no replication), 2, 4, 6, or 8 h. Cell cycle analysis was per-
formed on both the thymidine-arrested and released groups
to confirm the degree of synchronization. Following confir-
mation of proper synchronization in the G1-phase of the cell
cycle (non-replicating) or release into the S-phase of the cell
cycle (replicating), a PAR assay was performed for each condi-
tion to determine the level of PAR in resting versus replicating
cells.

Serum starvation

To synchronize LN428 or the LN428/PARP1-XRCC1/Split-
TurbolD cells at the G1/S-phase border, serum starvation [92]
was employed, followed by release into the S-phase of the
cell cycle. Serum-free media was used to seed 1-1.5 x 10°
cells onto 100 mm or 150 mm dishes and incubated for 24
h. One group of cells (released from serum starvation, repli-
cating) was then released into serum-enriched fresh media for
the times indicated in the figure legends (replicating). Another
group of cells (continuously serum-starved, non-replicating)
was maintained in serum-free media for up to 24 h. Cell cycle
analysis was performed on both groups using either Hoechst
staining with the Nexcelom Celigo Imaging Cytometer (Perkin
Elmer) or PI staining by flow cytometry. Following confirma-
tion of proper synchronization into the G1-phase of the cell
cycle (non-replicating) or S-phase of the cell cycle (replicat-
ing), the PAR assay and Split-TurboID experiments were per-
formed.

CDK4/6 inhibition

To synchronize ES-2/PARP1-XRCC1/Split-TurbolID cells in
G1, the CDK4/6 inhibitor (CDK4/6i) ribociclib was used [93].
Cells were exposed to 2 uM CDK4/6i for 48 h. Cells were then
released from the G1 arrest and allowed to enter S-phase by
media change, or not, for 6 h. During these 6 h, cells were ex-
posed to 10 uM PARGi and 100 uM NRH. One hour before
the end of the 6 h, 100 uM biotin was added to the cells.

PAR analysis by immunoblot

To analyze replication-dependent PAR synthesis, parental and
BER/SSBR-modified cells were treated with vehicle (DMSO),
the NAD" precursor NRH (100 uM), the PARG inhibitor
PDD00017273 (10 uM), or the combination of NRH and
PARGI (same doses) for the times indicated in the figures.
Following treatment, cells were washed twice with PBS,
trypsinized, and equal numbers of cells (3 x 10°) from each
treatment condition were processed for lysate preparation us-
ing 2x clear Laemmli buffer (2% SDS, 20% glycerol, 62.5
mM Tris-HCI, pH 6.8), a buffer optimal for preparing cell
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lysates for PAR analysis. The immunoblot was then performed
as described.

Immunofluorescence

Colocalization of PAR and pRPA(S4/S8) foci was quantified
by confocal microscopy, as previously described [94]. Shortly,
LN428/LivePAR and LN428/XRCC1-KO/LivePAR cells were
plated onto microscope coverslips in 60 mm Petri dishes. Be-
fore use, the coverslips were prepared by first washing them
in diethyl ether, then in decreasing concentrations of ethanol,
then in 1N HCI, and finally in ddH,O. Two days after plat-
ing, the cells were exposed to 10 uM PARGi and 100 uM
NRH for 8 h. Following exposure, the cells were first pre-
fixed in 4% formaldehyde in PBS (15 min, room temperature)
and then in methanol:acetone (7:3, 9 min, —20°C). The first
antibody [anti-pRPA(S4/5S8)] was added overnight (4°C), and
the second antibody was added for 2-3 h at room tempera-
ture. The coverslips were mounted onto glass slides in Vec-
tashield (H-1000) containing DAPI. The fluorescence signals
for EGFP (LivePAR), Alexa Fluor® 568 [pRPA(S4/S8)], and
DAPI (DNA) were detected, imaged, and quantified using a
Nikon Ti2-E inverted confocal microscope at a 63x (N. A.
1.42) magnification. The microscope is equipped with Ax-R
and Ax-R 2k Resonant + Galvo Scan Head. Foci were scored
in the Image]J software.

Caspase-3/7 activity assay

To measure Caspase-3/7 activity in response to PARGI treat-
ment, LN428 and the corresponding BER/SSBR-KO cells were
seeded in a 96-well plate (5000 cells/well) and incubated
overnight. Both WT and BER/SSBR-KO cells were treated
with PARGi (10 uM) for 24, 48, and 72 h. For Caspase-3/7
activation analysis, a mixture of ViaStain Live Caspase-3/7
substrate (2 uM) and Hoechst 33342 (2 uM) was added to
both control and treated wells without removing precondi-
tioned media. The plates were then incubated at 37°C for 1 h.
Caspase-3/7 activity was determined using a Celigo S Image
Cytometer (Nexcelom Bioscience, Perkin Elmer) by captur-
ing the Caspase-3/7 signal (green, excitation/emission wave-
length: 490 nm/520 nm) merged with the nuclear signal (blue,
excitation/emission wavelength: 377 nm/470 nm). The total
number of cells exhibiting Caspase-3/7 positivity was quanti-
fied on 2D scatter plots (green intensity versus blue intensity)
using the built-in gating interface of the Celigo S Image Cy-
tometer, as described [95].

Cell cycle analysis

Cell synchronization in the G1 phase of the cell cycle and
release into the S phase of the cell cycle were determined
by flow cytometric analysis. Both serum-starved/thymidine-
arrested and released cells were trypsinized, centrifuged, and
washed twice with ice-cold PBS. An equal number of cells (1
x 106) from each condition were fixed overnight with 70%
ethanol at —30°C. The cells were then washed twice with PBS
and resuspended in 0.5 ml FxCycle™ PI/RNase staining solu-
tion and incubated for 30 min at room temperature. Flow cy-
tometry was used to determine DNA content (FACS Canto II,
BD Biosciences, San Jose, CA). Modfit LT Software V4.1 was
used to generate a cell cycle distribution model. Alternatively,
cell cycle analysis was performed using Hoechst staining with
the Nexcelom Celigo Imaging Cytometer (Perkin Elmer).

BER/SSBR regulation of PARP- and PARG-inhibitor response 5

Cell viability assay

Cell viability in response to drug treatment (PARPi, PARGI,
ATRi, ATRi + PARGi, CHKi, CHKi + PARGi, PRMTIi,
PRMTS5i, PRMT1i + PARGI, and PRMTSi + PARGI) was
determined as described [75]. Shortly, cells were seeded onto
a 96-well plate (800 cells/well). After 24 h of incubation, cells
were treated with a single or combined dose (multiple dilu-
tions as indicated in the figures) without removing precon-
ditioned media. After 120 h (5 days), total and dead cells
were stained with Hoechst 33342 (2 uM) and Propidium Io-
dide (1.5 uM), respectively, followed by 15 min of incubation
at 37°C. Total and dead cells were counted using a Celigo
S Image Cytometer (Nexcelom Bioscience, Perkin Elmer) by
capturing the Hoechst dye signal (excitation/emission wave-
length for the blue channel: 377 nm/470 nm) and the PI sig-
nal (excitation/emission wavelength for the red channel: 531
nm/629 nm).

Split-TurbolD experiments for determining
PARP1/XRCC1 interacting partners

To label transient and stable interacting proteins in proxim-
ity of the PARP1/XRCC1 complex that forms in response to
DNA damage, we employed a Split-TurboID approach [31,
96]. For this approach, the biotinylation protein TurboID
was split into an N-terminal domain (N-TurboID) and a C-
terminal domain (C-TurboID) [96]. The N-TurboID domain
was fused in-frame to the C-terminus of XRCC1 to create
the plasmid pLV-Puro-EF1A-XRCC1-Myc-4GS-TurboN, also
encoding the gene for puromycin selection. The C-TurbolD
domain was fused in-frame to the C-terminus of PARP1
to create the plasmid pLV-Hygro-EF1A-3xHA-PARP1-4GS-
TurboC, also encoding the gene for hygromycin selec-
tion. These plasmids were designed in-house and obtained
from VectorBuilder. PARP1/Split-TurboID and XRCC1/Split-
TurbolD lentiviruses were prepared as described, and LN428
cells were transduced with each separately. Expression of both
fusion proteins was confirmed by immunoblot, and cells were
maintained with concurrent treatment with hygromycin and
puromycin.

Using this Split-TurboID method, PARP1/XRCC1 in-
teracting proteins were determined under replicating ver-
sus non-replicating conditions. LN428/PARP1-XRCC1/Split-
TurbolD cells were subjected to serum starvation as described
above to create replicating and non-replicating cell groups be-
fore biotin labeling. Cells (5 x 10°) were seeded onto a 150
mm dish, and after 24 h of incubation, the medium was sup-
plemented with DMSO (control) or biotin (100 uM) for 1 h
(two plates for each group). Biotinylation was halted by plac-
ing the cell plates on ice, followed by a wash with ice-cold
PBS. Cells were harvested with a cell scraper, then lysed with
an equal volume of lysis buffer [1% SDS, 10 mM ethylenedi-
aminetetraacetic acid (EDTA), pH 8.0, 50 mM Tris—=HCI, pH
8.0, protease inhibitors]. Protein lysates were quantified us-
ing the NanoDrop 2000c Spectrophotometer [90]. An equal
quantity of proteins was incubated overnight with Strepta-
vidin Mag Sepharose beads (100 pl). Biotinylated proteins on
the beads were washed three times each with Wash buffer-1
(0.2% SDS in water, protease inhibitors), Wash buffer-2 (0.1%
deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA,
50 mM HEPES pH 7.5, protease inhibitors), Wash buffer-
3 (50 mM LiCl, 0.5% NP40, 0.5% deoxycholate, 1 mM
EDTA, 10 mM Tris pH 8.1, protease inhibitors), Wash buffer-
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4 (50 mM Tris pH 7.4, 50 mM NaCl, protease inhibitors), and
eluted from the beads with elution buffer (2% SDS, 20% glyc-
erol, 62.5 mM Tris—HCI, pH 6.8, 0.01% bromophenol blue,
2 mM biotin) and heating to 95°C for 5 min. Eluted proteins
were then probed by immunoblot for BER/SSBR proteins and
replication marker proteins.

Graphics

The Graphical Abstract was created in BioRender. Sobol,
R. (2025) https://BioRender.com/s2 x 0gaw. The graphics for
Figs 2A and B and 7G were also created in BioRender, as de-
scribed in the figure legends.

Data analysis

Data are shown as the mean + standard deviation from 2-
3 independent experiments. The Student’s #-test was used for
comparisons between the two groups. Two-way ANOVA was
used for multiple comparisons. The significance between the
control and experimental groups is indicated by P-values. P-
values are indicated by asterisks with *P < .05, **P < .01, **P
< .001, ***P < .0001. GraphPad PRISM v10.5.0 was used
for statistical analysis. Synergy calculations were made us-
ing the Bliss independence model [97], essentially as we have
described previously [75]. Briefly, an Excess Over Bliss value
above 0 indicates synergy, while a score of 0 indicates indepen-
dent additivity and a score less than zero indicates antagonism
between the two drugs, as described in [97].

Results

PAR is synthesized in a PARP1, PARP2, and
replication-dependent manner

Both PARP1 and PARP2 contribute to DNA damage-induced
PAR synthesis [13, 98]. In GSCs, we have recently shown that
both DNA damage-induced and replication-dependent PARy-
lation are enhanced when supplemented with the NAD™ pre-
cursor NRH [30, 31]. PARG inhibitor (PARGi)-induced accu-
mulation of PAR in GSCs is primarily dependent on PARP1
[31], while in several other cancer cells, PARP2 was found to
have a minor but important role in DNA damage-induced and
replication-dependent PARylation [13, 30, 31]. We have ex-
panded on these studies here to define the involvement of both
PARP1 and PARP2 in replication-dependent PARylation. We
selected ES-2 cells, an ovarian cancer cell line reported to have
a high level of replication stress [99, 100], and the glioma cell
line LN428 that contains a mutation in TP53 and a deletion
of the p16(INK4a) (CDKN2A) gene [101-104], also giving
rise to elevated levels of replication stress [105, 106].

To reveal the level of replication-dependent PAR accumu-
lation [107], PAR levels were evaluated by immunoblot in
asynchronously cycling LN428 and ES-2 cells that were ex-
posed for 8 h to NRH (100 uM), the model PARG inhibitor
PDD00017273 (10 uM), or NRH + PARGi, with DMSO-
exposed cells used as controls. Consistent with our earlier
studies [31], PARGI treatment stabilized PAR levels that were
further elevated in the presence of the NAD"-precursor NRH
in both LN428 cells (Fig. 1A) and ES-2 cells (Fig. 1B). To
define the role of both PARP1 and PARP2 in response to
replication stress, we used CRISPR/Cas9 to create PARP1-
KO, PARP2-KO, and double PARP1/PARP2-KO in LN428
cells (Fig. 1C). Consistent with our earlier studies on laser-
induced DNA damage [13], PAR levels were significantly re-

duced in the PARP1-KO cells as compared to the levels of PAR
in the parental LN428 cells (Fig. 1D). Interestingly, the PAR
chain length appears longer in the PARP2-KO cells, which
is in line with earlier studies suggesting a role for PARP2
in PAR branching [108], while no PAR was observed in the
double knockout LN428/PARP1-KO/PARP2-KO cells (Fig.
1D). As expected from our previous reports [30, 31], com-
bining the PARGi PDD00017273 with the NAD™ precursor
molecule NRH led to an increase in PAR formation, as com-
pared to PARGI alone (Fig. 1A, B, and D). Overall, these
studies confirm that both PARP1 and PARP2 are required
for PAR synthesis in asynchronously cycling LN428 and
ES-2 cells.

To evaluate whether PARP1/PARP2-mediated PARylation
is dependent on replication, LN428 cells were synchronized
in G1 by serum starvation. Cell synchronization in G1 and re-
lease into the S phase was confirmed using flow cytometric-
based cell cycle analysis (Supplementary Fig. S1A), which
showed that releasing serum-starved cells caused them to
slowly enter S phase in a time-dependent manner. Comparing
PAR formation in replicating and non-replicating LN428 cells
showed that PAR is synthesized in a replication-dependent
manner (Fig. 1E and Supplementary Fig. S1B). Replication-
dependent PAR formation was also confirmed in ES-2 cells
by synchronizing cells with a double thymidine block (Fig. 1F
and Supplementary Fig. S1D). PAR immunoblot of both the
LN428 cells and the ES-2 cells shows excessive PAR formation
within a short time after release into S phase, as compared
to non-replicating cells (Fig. 1E and F and Supplementary
Fig. S1B).

PARP1-mediated, replication-dependent PARylation
recruits BER/SSBR factors XRCC1, POLB, APTX,
and LIG3

DNA damage-induced PARP1 activation and the synthesis of
PAR facilitate the recruitment of PAR-binding proteins such
as XRCC1 that, in turn, recruit additional DNA repair fac-
tors via heterodimerization with XRCC1 [8, 10, 13, 14]. To
identify proteins recruited to sites of replication-dependent
PARP1 activation, we developed both a two-vector and a
single-vector PARP1/XRCC1 Split-TurboID proximity label-
ing system [109], whereby proteins are biotinylated when the
PARP1-XRCC1 complex is formed following PARP1 activa-
tion (Fig. 2A) and the TurboID protein is re-formed, allowing
biotinylation of proximal proteins. Both an LN428 and an
ES-2 cell line were created that each expresses Split-TurbolD
fusions for both PARP1-TurboC and XRCC1-TurboN. In this
system, TurboID reconstitution (Turbo-N/Turbo-C) and bi-
otinylation depend on the interaction of PARP1 with XRCC1,
and in turn, biotinylated proteins can then be captured using
magnetic streptavidin beads (Fig. 2B).

To biotinylate BER/SSBR proteins that are recruited by
the PARP1/XRCC1 complex in response to replication, the
LN428/PARP1-XRCC1/Split-TurboID cells were synchro-
nized using serum starvation (Fig. 2A and B). Cell synchro-
nization was confirmed by cell cycle analysis (Supplementary
Fig. S1C). Replicating and non-replicating cells were then
supplemented with biotin (100 uM) for 1 h, followed by
streptavidin pull-down and immunoblotting to probe for key
BER/SSBR factors (Fig. 2B and C). In line with PAR levels +
replication (Fig. 1E and F and Supplementary Fig. S1B), we ob-
served an increase in biotinylation of both PARP1 and XRCC1
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Figure 1. Replication-dependent PARP1/PARP2 activation. (A) PAR immunoblot of whole cell lysates prepared from LN428 cells exposed to vehicle
(DMSO0), NRH (100 uM), PARGIi (PDD00017273, 10 uM), or NRH + PARGi for 8 h, with B3-ACTIN shown as a loading control. (B) PAR immunoblot of
whole cell lysates prepared from ES-2 cells exposed to vehicle (DMSO), NRH (100 M), PARGi (PDD00017273, 10 uM), or NRH + PARGi for 8 h, with
B-ACTIN shown as a loading control. (C) Immunoblot of PARP1, PARP2, and H3 (loading control) documenting PARP1-KO, PARP2-KO, and

PARP1 + PARP2 double-KO via CRISPR/Cas9 in LN428 cells. (D) PAR immunoblot of whole cell lysates prepared from LN428, LN428/PARP1-KO,
LN428/PARP2-KO, and LN428/PARP1-KO/PARP2-KO cells exposed to PARGI (PDD00017273) or NRH + PARGI for 8 h, with 3-ACTIN shown as a loading
control. (E) PAR immunoblot of whole-cell lysates prepared from LN428 cells (non-synchronized; Lanes 1-3), following serum starvation
(synchronized/non-replicating cells; G1 phase, Lane 4), and after release following normal media replenishment (replicating; S-phase, Lanes 5-8). (F) PAR
immunoblot of whole cell lysates prepared from ES-2 cells following double thymidine block (synchronized/non-replicating cells; G1 phase, Lane 1) and
after release following normal media replenishment (replicating; S-phase, Lanes 2-5), with 3-ACTIN shown as a loading control.
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Figure 2. |dentification of BER/SSBR factors during replication. (A) Graphic depicting the PARP1-XRCC1 Split-TurbolD system. The biotinylation protein
TurbolD was split into an N-terminal domain (Turbo-N) and a C-terminal domain (Turbo-C). The Turbo-N domain was fused in-frame to the C-terminus of
XRCC1, while the Turbo-C domain was fused in-frame to the C-terminus of PARP1. Upon the induction of DNA damage or replication stress, the
co-localization of XRCC1 and PARP1 causes the reassembly and activation of TurbolD and the initiation of proximity biotinylation [96, 109]. Created in
BioRender. Sobol, R. (2025) https://BioRender.com/p82xg0b. (B) Graphic depicting the experimental outline of proximity labeling
(PARP1-XRCC1/Split-TurbolD) to capture activated PARP1-XRCC1 complexed proteins during replication. Created in BioRender. Sobol, R. (2025)
https://BioRender.com/zoadg6m. (C) Streptavidin capture of biotinylated proteins in LN428/PARP1-XRCC1/Split-TurbolD cells. Cells were arrested by
serum starvation and then released from the block by media change. Arrested (—) and actively replicating (+) cells were exposed to biotin (100 uM, 60
min) for 1 h. Biotinylated proteins were captured with streptavidin-coated beads and probed by immunoblot. (D) Streptavidin capture of biotinylated
proteins in ES-2/PARP1-XRCC1/Split-TurbolD cells. Cells were arrested in G1 for 48 h by CDK4/6 inhibition and then released from the block by media
change. All cells were exposed to 10 uM PARGi and 100 M NRH for 6 h, and biotinylation was then performed with 100 uM biotin for 1 h. Biotinylated
proteins were captured with streptavidin-coated beads and probed by immunoblot.

in replicating cells as compared to arrested cells (Fig. 2C). It
is noted that there is a low level of PARP1 and XRCC1 bi-
otinylation in resting cells (Fig. 2C and D), suggesting there is
evidence for minimal PARP1/XRCC1 complex formation in
G1. However, consistent with the elevated levels of PAR upon
replication, we find there is elevated replication-dependent ac-
tivation/formation of the PARP1/XRCC1 complex in S-phase
that then facilitates the interaction with the BER/SSBR pro-
teins POLB, APTX, and LIG3 in LN428 cells (Fig. 2C) and
recruitment of LIG3 in ES-2 cells (Fig. 2D). This is consis-
tent with our earlier studies on the capture and identification

of PAR-complexed proteins in response to alkylation damage
[10]. However, unique to this study, we also find the replica-
tion marker RPA2 (Fig. 2C). However, consistent with a role
for the BER factor APE1 acting upstream of PARP1 [20], we
did not observe recruitment of APE1 upon PARP1 activation
and formation of the PARP1/XRCC1 complex (Fig. 2D). Sim-
ilarly, using PARP1-BiolD analysis in arrested and replicating
cells, we found enhanced biotinylation of XRCC1,PCNA, and
ORC2 in replicating cells due to proximity to PARP1 [31]. In
all, we suggest this confirms that BER and SSBR proteins are
recruited to activated PARP1 during replication, likely in re-
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sponse to replication stress-induced PARP1 activation, which
we term replication-associated BER/SSBR.

XRCC1, POLB, APTX, and LIG3 suppress
replication-dependent PARylation

In GSCs, loss of the BER/SSBR factor XRCC1 or inhibition
of the BER enzyme FEN-1 significantly enhanced the level of
replication-dependent PAR [31], consistent with the accumu-
lation of BER intermediates [110, 111], unprocessed Okazaki
fragments [67], and/or the accumulation of single-stranded
DNA gaps [46], each shown to enhance PARP1 activation.
Further, loss of XRCC1 or POLB enhances binding of PARP1
and PARP2 to sites of DNA damage, promoting continued
PARylation [13]. We therefore hypothesized that the loss of
these BER/SSBR factors would impact the level of PARylation
in replicating cells.

To test this, XRCC1, POLB, APTX, and LIG3 were knocked
out in LN428 cells, and PAR levels in LN428/XRCC1-
KO (Fig. 3A), LN428/POLB-KO (Fig. 3B), LN428/APTX-
KO (Fig. 3C), and LN428/LIG3-KO (Fig. 3D) cells were
analyzed upon NRH, PARGi, or NRH + PARGi exposure
by immunoblot, as compared to a DMSO control and to
the parental LN428 cells. Consistent with studies from us
and others, endogenous PAR levels are drastically enhanced
upon PARGi or NRH + PARGi treatment in the BER/SSBR-
depleted cells, as compared to the parental LN428 cells. To
validate this finding and to demonstrate the cell line indepen-
dence of PARylation suppression by XRCC1, POLB, APTX,
and LIG3, these BER/SSBR factors were also knocked out
in the ES-2 cell line. Similarly, ES-2/XRCC1-KO (Fig. 3E),
ES-2/POLB-KO (Fig. 3F), ES-2/APTX-KO (Fig. 3G), and ES-
2/LIG3-KO (Fig. 3H) cells exposed to PARGi or NRH +
PARGi showed enhanced PARylation compared with the
parental ES-2 cells. Conversely, no increase in PAR is observed
in APE1-KO cells exposed to NRH + PARGi (Supplementary
Fig. S2). Overall, these studies validate that XRCC1, POLB,
APTX, and LIG3 each contribute to the suppression of en-
dogenous PARylation in response to replication stress, re-
vealed by PARG inhibition.

Depletion of XRCC1, POLB, APTX, and LIG3
overcomes PARP inhibitor resistance

The elevated level of PARP1/PARP2 activation in the LN428
and ES-2 cells depleted of the BER/SSBR scaffold protein
XRCC1, and of the BER/SSBR factors POLB, APTX, and
LIG3, suggests the accumulation of PARP1/PARP2 substrates
such as single-stranded DNA gaps [46] that may arise from
Okazaki fragment processing defects [67]. As single-stranded
DNA gaps are suggested to be a major indicator of PARP-
inhibitor responsiveness [44, 112], we next evaluated if loss
of these BER factors increased cellular sensitivity to a panel
of PARP1/PARP2 inhibitors.

The cell-killing efficacy of PARP inhibitors was found to be
associated with the ability of the inhibitor to trap the enzymes
(PARP1/PARP2) at the site of DNA damage [113]. It was then
determined that homologous recombination enzymes, as well
as numerous additional DNA repair enzymes, are involved in
the repair of the trapped PARP1/PARP2-DNA complex, in-
cluding POLB and FENT1, among other DDR pathway pro-
teins [113]. We therefore tested a panel of PARP1/PARP2 in-
hibitors (Supplementary Fig. S3A), with varying degrees of ef-
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ficacy and specificity. Based on the mechanism of action and
repair of these PARP-trappers [113, 114], we evaluated the re-
sponse of each compound following exposure to the LN428
and ES-2 parental cells and the corresponding XRCC1-KO
cells (Fig. 4A-D and Supplementary Fig. S3B-D). Of these,
BMN-673 showed the strongest effect in the XRCC1-KO cells
(Fig. 4B and D), considered to be the strongest or most effec-
tive of the PARP-trappers [114].

To expand our analysis, we selected PARP inhibitor-
sensitive (BRCA2 mutated) PEO1 cells and PARP inhibitor-
resistant (BRCA2 proficient) C4-2 cells. We treated both with
the PARP inhibitor BMN-673 for 120 h (5 days) and con-
firmed that the PEO1 cells are sensitive to PARP inhibitors
while the BRCA2-proficient C4-2 cells are resistant [85], as
expected (Fig. 4F). To determine if loss of BER can over-
come the resistance of C4-2 cells to PARP inhibition, XRCC1,
POLB, APTX, and LIG3 were each knocked out via Cas9 gene
editing. As shown, C4-2/XRCC1-KO (Fig. 4E), C4-2/POLB-
KO (Fig. 4G), C4-2/APTX-KO (Fig. 4I), and C4-2/LIG3-KO
(Fig. 4K) cells were exposed to the PARPi for 120 h (5 days).
Like the enhanced sensitivity seen in the LN428/XRCC1-
KO and ES-2/XRCC1-KO cells (Fig. 4B and D), loss of
XRCC1, POLB, APTX, or LIG3 each leads to an increase
in PARPi sensitivity (Fig. 4F, H, J, and L), albeit to varying
degrees.

Depletion of XRCC1, POLB, APTX, or LIG3
overcomes PARGI resistance

In our previous studies, head and neck cancer cells, as well
as GSCs, were resistant to PARGi-induced cell killing [31,
75]. However, each showed enhanced PARGi-induced PAR
levels and increased PARGi-induced apoptotic cell death
when POLB or XRCC1 was depleted. We therefore hy-
pothesized that PARG inhibitor-resistant cell lines utilize the
BER/SSBR proteins XRCC1, POLB, APTX, and LIG3 to sup-
press PARP1/PARP2-mediated PAR in response to replication
stress, and therefore, depletion of BER/SSBR proteins should
overcome PARGIi resistance in the glioma and ovarian cell
lines under study herein. To test this hypothesis, the PARGi-
resistant cell lines LN428 and ES-2, and their XRCC1, POLB,
APTX, and LIG3 knockout derivatives, were compared for
the response to PARGi treatment. Consistent with our earlier
studies, the LN428/XRCC1-KO (Fig. SA), LN428/POLB-KO
(Fig. SB), LN428/APTX-KO (Fig. 5C), and LN428/LIG3-KO
(Fig. 5D) cells showed enhanced response to increasing doses
of PARGI. Next, caspase-3/7 activity, after 48 h, was evalu-
ated in LN428 cells and the corresponding LN428/KO cells
upon PARGi (10 uM) treatment. In line with the cell-killing
analyses (Fig. SA-D), cells with a loss of these BER/SSBR
factors all showed an increase in PARGi-induced apoptosis
(Fig. SE-H).

To validate that the loss of XRCC1, POLB, APTX, and
LIG3 can overcome PARGi resistance in a second cancer cell
line, ES-2, ES-2/XRCC1-KO, ES-2/POLB-KO, ES-2/APTX-
KO, and ES-2/LIG3-KO cells were exposed to increasing doses
of PARGI. Compared to the non-responsive ES-2 cells, the ES-
2/XRCC1-KO (Fig. 51), ES-2/POLB-KO (Fig. 5]), ES-2/APTX-
KO (Fig. 5K), and ES-2/LIG3-KO (Fig. SL) cell lines were
significantly more sensitive to PARGI treatment. In addition,
these ES-2/KO cell lines showed significantly stronger acti-
vation of caspase-3/7 upon PARGI exposure (Fig. SM-P),
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Figure 3. BER/SSBR factors XRCC1, POLB, APTX, and LIG3 regulate PARylation in response to replication stress. Immunoblot of (A) LN428 and
LN428/XRCC1-KO, (B) LN428 and LN428/POLB-KO, (C) LN428 and LN428/APTX-KO, (D) LN428 and LN428/LIG3-KO, (E) ES-2 and ES-2/XRCC1-KO, (F)
ES-2 and ES-2/POLB-KO, (G) ES-2 and ES-2/APTX-KO, and (H) ES-2 and ES-2/LIG3-KO whole cell lysates. Blots on the left show the respective knockout
of XRCC1, POLB, APTX, or LIG3. The blots on the right show the comparative analysis of replication-dependent PAR formation following 8 h exposure of
cells to vehicle (DMSO), NRH (100 uM), PARGi (PDD00017273, 10 uM), or NRH + PARGi. 3-ACTIN or H3 was used as a loading control.
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Figure 4. BER/SSBR depletion overcomes PARPI resistance in glioblastoma and ovarian cancer cells. (A) Immunoblot for XRCC1 in LN428 and
LN428/XRCC1-KO cells, with H3 used as a loading control. (B) Viable LN428 and LN428/XRCC1-KO cells (%) exposed to either ABT-888 or BMN-673. (C)
Immunoblot for XRCC1 in ES-2 and ES-2/XRCC1-KO cells, with H3 used as a loading control. (D) Viable ES-2 and ES-2/XRCC1-KO cells (%) exposed to
either ABT-888 or BMN-673. (E) Immunoblot for XRCC1 in PARP inhibitorresistant C4-2 and C4-2/XRCC1-KO cells, with H3 used as a loading control. (F)
Viable cells (%) in response to BMN-673 exposure: PEO1, C4-2, and C4-2/XRCC1-KO cells. (G) Immunoblot for POLB in C4-2 and C4-2/POLB-KO cells,
with H3 used as a loading control. (H) Viable cells (%) in response to BMN-673 exposure: PEO1, C4-2, and C4-2/POLB-KO cells. (I) Immunoblot for APTX
in C4-2 and C4-2/APTX-KO cells, with H3 used as a loading control. (J) Viable cells (%) in response to BMN-673 exposure: PEO1, C4-2, and
C4-2/APTX-KO cells. (K) Immunoblot for LIG3 in C4-2 and C4-2/LIG-KO cells, with H3 used as a loading control. (L) Viable cells (%) in response to
BMN-673 exposure: PEO1, C4-2, and C4-2/LIG3-KO cells. For panels (H), (J), and (L), the dotted lines were taken from panel (F) to simplify comparison
between the knockouts and C4-2 and PEO1 cells. For panels (B), (D), (F), (H), (J), and (L), viability was assayed after 120 h of exposure to the indicated
compounds.
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Figure 5. BER/SSBR depletion overcomes PARGI resistance in glioblastoma and ovarian cancer cells. Viable cells (%) in response to PARGI
(PDD00017273) in (A) LN428 and LN428/XRCC1-KO cells, (B) LN428 and LN428/POLB-KO cells, (C) LN428 and LN428/APTX-KO cells, or (D) LN428 and
LN428/LIG3-KO cells. Cells (%) showing caspase-3/7+ activity in response to PARGi (PDD00017273) in (E) LN428 and LN428/XRCC1-KO cells, (F) LN428
and LN428/POLB-KO cells, (G) LN428 and LN428/APTX-KO cells, or (H) LN428 and LN428/LIG3-KO cells. Viable cells (%) in response to PARGI
(PDD00017273) in (I) ES-2 and ES-2/XRCC1-KO cells, (J) ES-2 and ES-2/POLB-KO cells, (K) ES-2 and ES-2/APTX-KO cells, or (L) ES-2 and ES-2/LIG3-KO
cells. Cells (%) showing caspase-3/7* activity in response to PARGi (PDD00017273) in (M) ES-2 and ES-2/XRCC1-KO cells, (N) ES-2 and ES-2/POLB-KO
cells, (0) ES-2 and ES-2/APTX-KO cells, or (P) ES-2 and ES-2/LIG3-KO cells. For the viability assays, viability was assayed after 120 h of exposure to the
indicated compound, and for the caspase activation assays, the activation of caspase-3/7* was assayed 48 h after drug exposure. For panels (B), (C), and
(D), the dotted line was taken from panel (A) to simplify the comparison between LN428 and the corresponding knockout cells. For panels (J), (K), and
(L), the dotted line was taken from panel (I) to simplify the comparison between ES-2 and the corresponding knockout cells. Where indicated, P <x

.05, P <xx .01, P <sx%x .001, P <s*x* .00071; two-way ANOVA.
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was determined by densitometry analysis and is listed under each lane. Cells were exposed to vehicle control (DMSO), ATRi (AZD6738, 10 uM), ATMi
(KU-55933, 10 uM), DNA-PKi (KU-57788, 10 pM), and/or PARGi (PDD00017273, 10 pM) as indicated, for 24 h. (B) Immunoblot of ES-2 and
ES-2/XRCC1-KO whole cell extracts for pRPA2 (S4/S8), RPA2, pCHK1 (S345), CHK1, pKAP1 (S824), and KAP1, with H3 used as a loading control. Cells

were exposed to PARGI (PDD00017273, 5 uM) for the indicated time points, with DMSO as the vehicle control. (C) Quantification of PAR (green),
pRPA(S4/S8) (red), and PAR/pRPA(S4/S8) co-localized (black) foci. Where indicated, P <x .05, P <#x .01, P<x**x.001, P < %%%%.0001; Student's t-test
(representative images in Supplementary Fig. S4C). (D) Immunoblot of ES-2/XRCC1-KO whole cell extracts for pKAP1 (S824) and KAP1, with H3 used as
a loading control. Cells were exposed to vehicle control (DMSO), ATRi (AZD6738, 10 uM), ATMi (KU-55933, 10 uM), DNA-PKi (KU-57788, 10 uM), and/or
PARGI (PDD00017273, 10 uM) as indicated for 24 h. (E) Immunoblot of ES-2/XRCC1-KO whole cell extracts for pKAP1 (S824) and KAP1, with H3 used as

a loading control. Top: Cells were exposed to vehicle control (DMSO), ATMi (KU-55933, 10 uM), DNA-PKi (KU-57788, 10 uM), or ATMi 4+ DNA-PKi, with

or without PARGI (PDD00017273, 10 uM) as indicated, for 24 h. Middle: Cells were exposed to vehicle control (DMSO), ATMi (KU-565933, 10 M),
DNA-PKi (KU-57788, 10 uM), or ATMi + DNA-PKi, with or without ATRi (AZD6738, 10 uM) as indicated, for 24 h. Botttom: Cells were exposed to vehicle

control (DMSO), ATMi (KU-55933, 10 uM), DNA-PKi (KU-57788, 10 uM), or ATMi + DNA-PKi, with or without ATRi (AZD6738, 10 uM) + PARGI
(PDD00017273, 10 uM) as indicated, for 24 h.
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Figure 7. PARGI response enhanced by co-inhibition with CHK1, ATR, and PRMT1i/PRMT5i. (A) Viable LN428 cells (%) in response to ATRi (AZD6738),
PARGI (PDD00017273), and ATRi + PARGI (10 uM) treatment. (B) Viable LN428 cells (%) in response to CHK1i (MK8776), PARGi (PDD00017273), and
CHK1i 4+ PARGI (10 uM) treatment. The dotted line was taken from panel (A) for comparison. (C) Viable C4-2 cells (%) in response to ATRi (AZD6738),
PARGI (PDD00017273), and ATRi + PARGI (10 M) treatment. (D) Viable C4-2 cells (%) in response to CHK1i (MK8776), PARGi (PDD00017273), and
CHK1i 4+ PARGI (10 uM) treatment. The dotted line was taken from panel (C) for comparison. For panels (A-D), viable cells were assayed after 120 h of
exposure to the indicated compounds. (E) Viable LN428 cells (%) in response to PARGi (PDD00017273) and PRMT1i (GSK336871) exposure at the
indicated concentrations. (F) Viable LN428 cells (%) in response to PARGi (PDD00017273) and PRMT5i (PRT543) exposure at the indicated
concentrations. The dotted line was taken from panel (E) for comparison. (G) Viable ES-2 cells (%) in response to PARGi (PDD00017273) and PRMT1i
(GSK336871) exposure at the indicated concentrations. (H) Viable ES-2 cells (%) in response to PARGi (PDD00017273) and PRMT5i (PRT543) exposure
at the indicated concentrations. The dotted line was taken from panel (G) for comparison. (I) Bliss synergy score for LN428 cells exposed to PARGi and
PRMT1i, or PARGi and PRMT5i. (J) Bliss synergy score for ES-2 cells exposed to PARGi and PRMT1i, or PARGi and PRMT5i. (K) Model for the role of
BER/SSBR in suppressing replication stress. Canonical and replication-associated BER/SSBR proteins process replication-stalling DNA lesions. Upon
inhibition of BER by PARGI, the inter-S-phase checkpoint is activated via ATR/CHK1. Simultaneous inhibition of PARG and ATR/CHK1 causes cell death,
and PRMT1/PRMT5 inhibition-induced cell death is synergistic with PARG inhibition [created in BioRender. Sobol, R. (2025)
https://BioRender.com/xkebuat].
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like what was observed in the LN428 and LN428/KO cells
(Fig. SE-H).

BER/SSBR factor depletion activates the S-phase
checkpoint and enhances PARGi-induced and
ATRi-induced replication catastrophe

PARG inhibitor sensitivity correlates with the activation of
the S-phase checkpoint [46, 73]. In that regard, we previ-
ously found that in head & neck cancer cells, POLB plays
a crucial role in modulating the cellular response to PARG
inhibition, highlighting POLB-dependent phosphorylation of
KAP1,RPA2,and CHK1 [75]. We therefore hypothesized that
depletion of the BER/SSBR factors XRCC1, POLB, APTX,
and LIG3 would further increase replication stress to ac-
tivate ATR and the S-phase checkpoint. In line with this
hypothesis, PARGi treatment showed ATR-dependent phos-
phorylation of CHK1, on S345 (Fig. 6A and Supplemen-
tary Fig. S4A), as well as on S317 (Fig. 6A), in an XRCC1-
regulated manner in ES-2 cells. Further, NRH + PARGi
treatment of LN428 cells induced ATR-dependent phos-
phorylation of CHK1 (Supplementary Fig. S4B). In all
cases, activation of pCHK1, as measured by phosphoryla-
tion on residue S345, also revealed a minor dependence on
ATM & DNA-PK (Fig. 6A and Supplementary Fig. S4A
and B).

Given the enhanced PARGi-induced cell death (Fig. 51),
apoptosis (Fig. SM), and CHK1 activation in the absence of
XRCC1 (Fig. 6A), we compared the PARGi-induced replica-
tion checkpoint activation in ES-2 versus ES-2/XRCC1-KO
cells (Fig. 6B). Consistent with the likely increase in single-
stranded DNA gaps [46] and a possible defect in Okazaki
fragment processing [67] in the absence of XRCC1, there is
an elevated level of phosphorylated RPA2 (S4/S8) in the ab-
sence of XRCC1 that is further elevated upon PARGI treat-
ment, as compared to the parental ES-2 cells (Fig. 6B). We also
found significant co-localization of PAR and pRPA(S4/6) foci
in response to PARGi + NRH treatment that is also XRCC1-
dependent (Fig. 6C and Supplementary Fig. S4C).

Further, in addition to the observed increase in phospho-
rylated CHK1, we found that the most prominent BER/SSBR-
dependent, PARGi-induced, checkpoint signal is the phospho-
rylation of KAP1 on S824 (Fig. 6B). Given that KAP1 is re-
ported to be phosphorylated in an ATM-dependent manner,
we evaluated the impact of PARGi-induced and ATRi-induced
phosphorylation of KAP1 on S824, alone and following in-
hibition of the DDR kinases ATM and DNA-PK in the ES-
2/XRCC1-KO cells (Fig. 6D and E). Interestingly, ATRi alone,
PARGI alone, or ATRi + PARGI gave rise to a strong level of
KAP1 phosphorylation with suppression of the signal when
combined with ATMi, DNA-PKi, or both (Fig. 6D and E), sug-
gestive of BER/SSBR regulation of PARGi-induced and ATRi-
induced replication catastrophe [76, 115].

Since both PARG and ATR inhibition lead to elevated KAP1
phosphorylation, suggestive of replication catastrophe, we an-
ticipated that a combination of ATR and PARG inhibition
would lead to an enhanced cell-killing effect. As shown, in
both LN428 and C4-2 cells, there was a minor cell-killing ef-
fect upon exposure to ATRi (AZD6738), CHK1i (MK8776),
or PARGi (PDD00017273) as a single agent (Fig. 7A-D).
However, when the CHK1i or the ATRi was combined with
the PARGI, we observed a significantly enhanced response
(Fig. 7A-D, red lines).
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Enhanced PARG inhibitor cell sensitivity upon
PRMT1/PRMT?5 inhibition

Protein arginine methyltransferases (PRMTs) [79] mod-
ify arginine residues with a methyl group via asymmetric
(PRMT1) and symmetric (PRMTS) dimethyl substitutions
[79]. Primary targets of PRMTs include ATR, 53BP1, and
BRCAT1 [79], and they are suggested to impact the replica-
tion stress response [82]. Further, it has been proposed that the
major impact of PRMT1 or PRMTS inhibition is to suppress
DNA repair gene expression [116-118], likely by impacting
splicing [119]. Given the enhanced cell killing response ob-
served when combining PARG inhibitors and ATR inhibitors
(Fig. 7A and C), and the proposed impact on ATR and the
replication stress response by PRMT1 and PRMTS inhibitors
[80, 82,117, 119], we evaluated the cellular response (LN428
cells and ES-2 cells) to PRMT1 and PRMTS inhibitors alone,
and when combined with sub-lethal doses of the PARG in-
hibitor PDD00017273 (10 uM). [As shown in Fig. 5A and I,
there is <5% cell killing when LN428 or ES-2 cells are treated
with PDD00017273 at 10 uM]. Both the LN428 cells (Fig. 7E
and F) and the ES-2 cells (Fig. 7G and H) showed a synergistic
response when PRMT1 or PRMTS inhibitors were combined
with PARG inhibitors (Fig. 7I and J), with the strongest syn-
ergy observed in the ES-2 cells (Fig. 7]).

Overall, these studies suggest a model for the BER/SSBR re-
sponse to PARP1/PARP2 activation in response to replication
stress. As shown (Fig. 7K), the level of PAR induction is reg-
ulated by XRCC1 and the XRCC1-binding proteins POLB,
APTX, and LIG3, which are further regulated by PARG, all
to suppress the activation of the ATR/CHK1 S-phase check-
point. The activation of the ATR/CHK1 checkpoint promotes
survival, whereas PAR-induced cell killing is enhanced when
ATR or CHKI1 is inhibited. This might suggest a PARG/ATR
functional relationship or may be related to a role for ATR
inhibition in the induction of DNA damage, such as the re-
cent demonstration that ATR inhibition leads to elevated ge-
nomic uracil [120], known to induce replication stress [57,
121]. Further, given the regulatory control of ATR by the
methylation transferases PRMT1 and PRMTS, this also sug-
gests a synthetic lethal connectivity node between PARG and
PRMT1/PRMTS (Fig. 7K).

Discussion

The vital importance of genome maintenance and the DDR
is underscored by the multiple mechanisms that function to
repair specific types or classes of damaged DNA [122, 123].
Of these pathways, the signaling enzyme PARP1 [124], and
in some cases PARP2 [125], are involved in the regulation or
signaling for BER/SSBR [2, 13, 20], MutS«x and MMR [16],
and DDB2/XPC in NER-mediated UV damage repair [17, 18],
as well as TME] [19].

Our studies have focused on the activation of PARP1 and
PARP2 and the central role these proteins play in the cellular
response to DNA base damage to initiate canonical BER/SSBR
[2, 13, 20] (see Graphical Abstract). The resulting activation
of PARP1/PARP2 leads to the synthesis of PAR at the site of
the genomic insult, forming a scaffold for protein complex
assembly to respond to the damage [2] via protein-encoded
PAR binding domains [15]. Canonical BER/SSBR responds to
base damage or SSBs in all phases of the cell cycle, primarily
via DNA glycosylase-mediated lesion hydrolysis and/or APE1-
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induced or DNA damage-induced strand cleavage followed by
PARP1/PARP2 activation, facilitating the recruitment of the
end- and gap-processing proteins XRCC1, POLB, APTX, and
LIG3. Once repair is complete, the damage signal (PAR) is re-
moved by the PAR-degrading enzymes PARG, TARG1, and
ARH3 [2, 20, 26, 27] (see Graphical Abstract). The require-
ment for these BER/SSBR proteins is demonstrated by loss or
inhibition: BER/SSBR protein deficiency or inhibition leads to
DNA damage-induced PAR accumulation and a block to gly-
colysis [9, 10] or initiation of G2/M arrest [31], depending on
the damage type and extent.

Here, we expand our analysis to the activation of PARP1
and PARP2 in response to replication stress to initiate what
may be called replication-associated BER/SSBR [8, 30, 31].
We find that replication-dependent PARP1/PARP2 activation
and recruitment of XRCC1 and select BER/SSBR factors
are essential to suppress replication-stress-mediated PAR ac-
cumulation, CHK1 activation [56], and S-phase arrest [30,
31] (see Graphical Abstract). The replication-dependent or
replication-stress-dependent substrates of PARP1, as well as
PARP2, are varied, including BER/SSBR intermediates [110,
111, 126], Okazaki fragments [67], single-stranded DNA gaps
[46, 127], nicks from the repair of misincorporated uracil
or from abasic site repair [57, 120, 121, 128, 129], stressed
replication forks [130], and transcription-replication conflicts
and R-loops [58, 131]. In line with these findings, we find
that PAR accumulates in a replication-dependent manner that
is dependent on the expression of both PARP1 and PARP2
(Fig. 1). A role for PARP1 during replication has long been
suggested [132] as PARP1 was identified as part of a multi-
protein DNA replication complex [133] that includes DNA
polymerase alpha-primase [134]. PARP1 has also been de-
scribed as a sensor for Okazaki fragment processing [67], in-
teracts with structures mimicking the replication fork [107],
and signals to RECQ1 to suppress replication restart [135].
Further, it was recently found that PARP1 interacts with sev-
eral additional replication factors, including TIMELESS and
TIPIN, DNA translocases, ORC2, and TPX2 [31, 130, 131,
136]. Here we show that both PARP1 and PARP2 give rise
to replication-dependent PAR synthesis (Fig. 1), similar to the
combined role of both isoforms in DNA damage-induced PAR
synthesis [13, 137].

In addition, similar to our findings in GSCs [31], the
replication-dependent accumulation of PAR in these glioma
(LN428) and ovarian (ES-2) cancer cell lines is enhanced
upon supplementation with NRH, an NAD™-precursor that,
when added to cells, can promote as much as a 10-fold in-
crease in nuclear NAD™ levels, enhancing PARP1/PARP2 ac-
tivation potential [13, 83]. Consistent with our earlier report
on GSCs [31], arrested LN428 or ES-2 cells show very little
PAR accumulation (Fig. 1). In the absence of PAR, little to no
BER/SSBR factor recruitment is expected [8, 13]. Conversely,
replication-dependent PAR synthesis should facilitate the re-
cruitment of the PAR-binding protein XRCC1 and the associ-
ated BER/SSBR factors that bind to XRCC1, including POLB,
APTX, and LIG3 [8, 138].

To address whether activated PARP1 recruits BER proteins
during replication in cancer cells, we developed both a two-
vector and a single-vector PARP1/XRCC1 Split-TurboID sys-
tem, expressed in LN428 and ES-2 cells (Fig. 2). The Tur-
bolD system has the advantage of identifying interacting pro-
tein partners in cells, in a temporal manner, by proximity

biotinylation [96, 109]. Our PARP1-XRCC1/Split-TurboID

approach has the added advantage of only labeling proxi-
mal protein partners with biotin when PARP1 is bound to
XRCC1, upon formation of the PARP1-XRCC1 activated
complex [28]. Like the recruitment of key BER/SSBR factors
in response to laser-induced DNA damage [13], we find that
replication, or replication-stress-dependent PARP1 activation
promotes the recruitment of the BER/SSBR scaffold protein
XRCC1 and the XRCC1 binding proteins POLB, APTX, and
LIG3 (Fig. 2), as well as the replication factor RPA2 that may
suggest these BER factors are involved in gap repair [46, 127]
or Okazaki fragment processing [67, 139, 140, 141]. How-
ever, such activation does not recruit the upstream BER pro-
tein APE1, consistent with its role prior to PARP1 activation
[2, 20]. Interestingly, the basal level of PARP1 and XRCC1 bi-
otinylation we observed (Fig. 2) suggests there is a low level
of PARP1/XRCC1 complex formation in the fraction of rest-
ing cells isolated. However, this PARP1/XRCC1 complex for-
mation is only marginally suppressed by pretreatment with
a PARP inhibitor (not shown). The extent of PARP inhibitor
suppression of the overall levels of basal PARP1/XRCC1 bi-
otinylation and whether this is due to overall oxidative dam-
age or a low level of replication-dependent PARP1 activation
in the minor fraction of cells not in G1 remains to be deter-
mined.

Cells with DNA repair defects, especially defects in HR,
have elevated levels of PAR [142, 143]. Similarly, loss of some
BER factors increases spontaneous or DNA damage-induced
PAR levels [13, 30, 31]. This may be due to increased binding
of PARP1 and PARP2 at sites of DNA damage [13] and/or
persistence of PARP1/PARP2-activating repair intermediates
[110, 111, 126]. This would suggest that loss of some or all
of the BER/SSBR proteins that are recruited to the activated
PARP1/XRCC1 complex may lead to prolonged PARP activa-
tion or hyper-PARylation [138]. We tested this concept here
by CRISPR/Cas9-mediated KO of XRCC1, APTX, POLB, or
LIG3 in both the LN428 and ES-2 cells, as well as XRCC1-
KO and APE1-KO in RPE-1 cells (Fig. 3 and Supplementary
Fig. S2). Consistent with a biological role for these BER/SSBR
factors in replicating cells and in line with some earlier reports
[31, 110], cells with loss of XRCC1, APTX, POLB, or LIG3,
but not APE1, show elevated PAR levels when treated with
a PARGI that is further enhanced when co-treated with the
NAD*-precursor NRH (Fig. 3 and Supplementary Fig. S2).

The increased PAR level, seen when some BER/SSBR fac-
tors are absent, has been suggested to impact PARP-inhibitor
response since the expression of XRCC1 was shown to pre-
vent PARP1 trapping [110] at the site of the damage, and its
loss will enhance PARP1/PARP2 binding to the lesion site [13,
110]. This would imply that BER/SSBR defective cells may be
hypersensitive to PARP-trapping agents [113, 114]. To that
end, we tested a panel of PARP inhibitors (Supplementary
Fig. S2) in the LN428 and ES-2 cells and the correspond-
ing XRCC1-KO cells (Fig. 4 and Supplementary Fig. S2). In
line with a role for BER/SSBR in preventing PARP1 trapping
[110], the most effective PARP inhibitor for XRCC1-KO cells
(BMN-673) was previously shown to be the most effective of
the PARP trappers [114]. We then expanded our analysis of
BER/SSBR involvement in the cellular response to PARP inhi-
bition by developing KOs of XRCC1, APTX, POLB, and LIG3
in C4-2 cells, a PARP-inhibitor-resistant (BRCA2 proficient)
ovarian cancer cell line, and compared the response to PARP
inhibitor-sensitive (BRCA2 mutated) PEO1 cells. Consistent
with the increased PAR levels, the KO cells showed varying
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degrees of PARPI sensitivity (Fig. 4). Similarly, several earlier
PARP; screens have reported a role for some BER/SSBR pro-
teins in causing PARPI resistance, including POLB, XRCC1,
and LIG3 [144-148]. Here, we expand this to also include
the BER/SSBR factor APTX and show that each of these
BER/SSBR factors (XRCC1, APTX, POLB, and LIG3) appears
to suppress spontaneous replication-dependent PAR synthesis,
and likely suppress PARP-trapping since they show sensitivity
to the PARP-trapping agent BMN-673 (Fig. 4). Further, the
elevated PAR levels, when a PARGi is combined with NRH,
are another example of how NAD™ enhances PARP1/PARP2
activation [30, 31, 83].

Although the mechanism of PARGI sensitivity has yet
to be completely defined, the elevated levels of replication-
dependent PAR observed when BER/SSBR is defective (Fig. 4)
also suggest a role for BER/SSBR in regulating or attenu-
ating the cellular response to PARG inhibitors since unre-
strained replication-dependent PAR can impact the S-phase
replication checkpoint [31, 46, 56, 78]. Deletion of the gene
for PARG in mice leads to early embryonic lethality and en-
hanced sensitivity to DNA-damaging agents [149] and, in hu-
man cells, is required for S-phase progression [150]. Further,
PARG inhibitors have been shown to enhance the cellular
response to temozolomide [30, 151] and to induce replica-
tion fork collapse [76], with increased response in BRCA2-
defective cell lines [152]. Recently, we have suggested that the
level of replication-dependent PAR correlates with PARG in-
hibitor sensitivity, demonstrating that enhanced PARylation,
mediated by the NAD-boosting precursor NRH, significantly
impacts the PARG inhibitor response [30, 31]. One possi-
ble mechanism offered to explain cell sensitivity to PARG in-
hibitors is the accumulation of reversed forks [54] or of single-
strand DNA gaps during replication [46], the latter similar to
recent models for PARP-inhibitor sensitivity [44]. Here, we
also find that the BER/SSBR factors XRCC1, APTX, POLB,
and LIG3 provide varying degrees of resistance to the model
PARG inhibitor PDD00017273 (Fig. 5). The mechanistic ex-
planation for the varied response is forthcoming in future
studies, but may be related to possible unique roles that each
play in response to PARP1/PARP2 activation. For example,
the scaffold protein XRCC1 is expected to have the strongest
phenotype, as observed, since XRCC1 is essential to both
BER and SSBR, and is required for the recruitment of APTX,
POLB, and LIG3. Similarly, LIG3 should be involved in all
downstream processes requiring a DNA ligase and is likely
involved in suppressing single-strand DNA gaps during repli-
cation, likely during repair of Okazaki fragments [67, 139,
141]. The precise role for APTX and POLB in suppressing
PARP1/PARP2 activation during replication remains to be de-
termined. However, as suggested earlier, suppression of POLB
levels shows increased sensitivity to PARG inhibitors in head
and neck cancer cells and cells with mutant IDH1 [75,77], and
it is consistent with the apparent synthetic lethality between
PARG and the BER/SSBR factor FEN-1 [153], so it may be
feasible that POLB plays a backup role in Okazaki fragment
processing.

Cell death mediated by unrepaired, replication-induced
PAR is thought to be attenuated by ATR/CHK1 activation and
initiation of the S-phase checkpoint [31, 46, 56, 75]. Here too,
we find that PARGi-induced CHK1 phosphorylation is ATR
dependent, with only a minor impact by ATM or DNA-PK
inhibition (Fig. 6). Further, the activation of the ATR/CHK1
checkpoint is protective, since inhibitors to either ATR or
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CHK1 enhanced the cellular response to PARG inhibitors
(Fig. 7), as we found in head and neck cancer cells [75].
As mentioned earlier, the enhanced response when PARG in-
hibitors are combined with ATR inhibitors may also be the re-
sult of elevated uracil, a BER substrate. Recently, it was shown
that ATR inhibition leads to a rapid increase in genomic
DNA contamination with uracil [154]. Given that genomic
uracil induces replication stress [121] and can contribute to
PAR-induced replication catastrophe [57], the enhanced re-
sponse to PARGI, when combined with ATRi, may also be a
result of elevated repair intermediates and PARP hyperacti-
vation. However, the enhanced sensitivity of the BER/SSBR
defective cells to PARG inhibition appears to give rise to
ATM/DNA-PK-mediated phosphorylation of the transcrip-
tional regulator KAP1 [155]. While KAP1 is phosphorylated
by CHK1 on S473 [156], phosphorylation of KAP1 on S824,
as evaluated here, is ATM dependent [157]. This may suggest
that BER/SSBR impacts PARG inhibitor-induced accumula-
tion of lesions that trigger replication catastrophe, leading to
ATM and DNA-PK activation, and phosphorylation of KAP1
(Fig. 6). This would be consistent with BER/SSBR loss leading
to an increase in single-strand DNA gaps during replication
that translate to enhanced sensitivity to PARG inhibitors and
an increase in DNA double-strand breaks and collapsed repli-
cation forks.

Both PARP inhibitors and PARG inhibitors are thought
to target cells due to an accumulation of single-strand DNA
gaps during replication [44, 46, 54], among other mecha-
nisms [112]. Here, we show that cells with BER/SSBR de-
fects in XRCC1, APTX, POLB, and LIG3 are sensitive to both
the PARPi BMN-673 and the model PARGi PDD00017273
(Figs 4 and 35), supportive of a common mechanism of sen-
sitivity when BER/SSBR is defective. Further, we and others
find that PARG inhibitors are synthetically lethal with ATR
or CHKT1 inhibitors [75, 78], which is also seen with PARP
inhibitors [158, 159]. It is reasonable to suggest that defects
in BER/SSBR factors, as shown here, lead to elevated strand
breaks and the accumulation of single-strand DNA gaps dur-
ing replication.

PRMT1/PRMTS inhibitors synergize with PARP inhibitors
in HR-proficient cells [80-82, 116], and so we expanded on
the enhanced cell killing when combining PARGi and ATRi
(Fig. 7). We next evaluated the impact of PARGI response
in combination with either a PRMT1 or a PRMTS inhibitor
(Fig. 7). Inhibition of PRMT1 or PRMTS3 induces DNA dam-
age and is shown to down-regulate the expression of several
DDR genes [116], including suppressing ATR levels and sup-
pressing ATR activation [82], both of which would likely con-
tribute to an enhanced response to PARG inhibition. In sup-
port of this hypothesis, we show that there is a strong synergy
between PARG inhibitors and PRMT1/PRMTS3 inhibitors, al-
beit to a greater extent in ES-2 cells (Fig. 7).

Collectively, we suggest a model whereby BER/SSBR regu-
lates the accumulation of replication-stress-induced PAR sig-
naling that leads to activation of the S-phase checkpoint, with
both the ATR/CHK1 and PRMT1/PRMTS signaling nodes
providing a level of cellular protection. However, when PAR
degradation is blocked by PARG inhibition, cells are hyper-
sensitive to further inhibition of the PRMT1/PRMTS/ATR
axis (Fig. 7K), highlighting potential biomarkers of PARG
inhibitor response that may be explored to enhance the re-
sponse to this new class of cancer treatments that impact PAR
dynamics.
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