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Abstract 

The clinical success of PARP1 / 2 inhibitors (PARPi) prompts the expansion of their applicability be y ond homologous recombination deficiency. 
Here, we demonstrate that the loss of the accessory subunits of DNA polymerase epsilon, POLE3 and POLE4, sensitizes cells to PARPi. We 
show that the sensitivity of POLE4 knockouts is not due to compromised response to DNA damage or homologous recombination deficiency. 
Instead, POLE4 loss affects replication speed leading to the accumulation of single-stranded DNA gaps behind replication forks upon PARPi 
treatment, due to impaired post-replicative repair. POLE4 knockouts elicit elevated replication stress signaling involving ATR and DNA-PK. We find 
POLE4 to act parallel to BRCA1 in inducing sensitivity to PARPi and counteracts acquired resistance associated with restoration of homologous 
recombination. Altogether, our findings establish POLE4 as a promising target to impro v e PARPi driv en therapies and hamper acquired PARPi 
resistance. 
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are pivotal for DNA double strand break (DSB) repair via the
high-fidelity homologous recombination (HR) pathway. Mu-
tations in the BRCA1 / 2 genes force the cells to rely on the
error-prone non-homologous end joining (NHEJ) DSB repair,
which leads to genomic instability ( 3 ). 

PARP1 is the main writer of the posttranslational modi-
fication, ADP-ribosylation in response to DNA damage ( 4 ).
PARP1 has a crucial role in the DNA damage response as it
is recruited rapidly to the DNA lesions modifying itself and
nearby targets by adding ADP-ribose moieties on specific pro-
tein residues. The poly (ADP-ribose) (PAR) chains generated
by PARP1 trigger the recruitment of chromatin remodelers
and DNA repair factors involved in early steps of the DNA
damage response ( 5 ,6 ). 

PARPi not only inhibit ADP-ribosylation signaling but also
increase PARP1 retention on sites of DNA damage causing a
so-called ‘PARP trapping’ phenomenon, which primarily un-
derlies PARPi sensitivity ( 7 ). These PARP-bound DNA lesions
are thought to be converted into DSBs during replication ( 8 ),
leading to genomic instability and increased cell death in the
case of HR deficiencies observed in cells displaying BRCA1 / 2
deficiency or a BRCAness phenotype ( 9 ). It is this Achilles’
heel that is exploited in the treatment of BRCA-deficient tu-
mors with PARPi. 

Since the approval of PARPi in the clinic, extensive work
has been done to expand their therapeutic spectrum beyond
the BRCAness phenotype. For example, synthetic lethality
with PARPi has been reported upon loss of Histone PARyla-
tion Factor 1 (HPF1) ( 10 ), defects in the ribonucleotide exci-
sion repair pathway ( 11 ), impairments of resolving trapped
PARP1 ( 12–15 ) and loss of factors of the Fanconi ane-
mia pathway ( 16 ). More recently, PARPi sensitivity has been
linked to the induction of single-stranded DNA (ssDNA) gaps
either from unprocessed Okazaki fragments or unrestrained
fork progression ultimately causing the cells to experience
replication stress ( 17–19 ). 

Unbiased knockout screens to identify genes underlying
PARPi resistance suggested the loss of POLE3 and POLE4 to
be synthetic lethal with PARPi ( 12 , 20 , 21 ). POLE3 and POLE4
are subunits of DNA polymerase epsilon (POL ε ). POL ε is a
protein complex mainly responsible for replicating the DNA
leading strand during S phase ( 22 ). It consists of four subunits,
the catalytic core composed of POLE1 along with POLE2
and the aforementioned accessory factors POLE3 and POLE4.
Pol2 and Dpb2, the yeast orthologues of POLE1 and POLE2,
respectively, are essential for viability but not Dpb3 (POLE4
in mammals) or Dpb4 (POLE3 in mammals) ( 23 ). Deletion of
Dpb3 and Dpb4 does not stall replication but instead, reduces
the processivity of the Pol2-Dpb2 subcomplex due to unstable
binding to DNA leading to its frequent dissociation from the
template which leaves gaps on the leading strand ( 24 ). This
role in stabilizing the POL ε complex becomes critical upon
replication stress as shown by increased sensitivity to hydrox-
yurea (HU) upon loss of Dpb4 ( 25 ). In addition, while Dpb3
is important for normal cell-cycle progression ( 26 ), Dpb4 was
reported to promote activation of the checkpoint kinase Mec1
(ATR in humans) upon replication stress ( 25 ). Importantly,
similar sensitivity can be observed in mice fibroblasts lacking
POLE4 ( 27 ). 

Both POLE3 and POLE4 have histone-fold domains and
form a H2A–H2B-like heterodimer ( 28 ) which displays H3–
H4 histone chaperone activity in vitro ( 29 ). More specifically,
mice and yeast orthologs of POLE3 and POLE4 were shown
to facilitate parental H3–H4 histone deposition on the lead- 
ing strand keeping symmetrical segregation of histones be- 
tween the two DNA strands ( 30 ,31 ). Consistent with their 
role in chromatin assembly, these accessory subunits were 
also shown to regulate heterochromatin silencing in budding 
and fission yeasts ( 32 ,33 ). Interestingly, the yeast ortholog of 
POLE3 (Dpb4) plays a dual role in this process depending on 

the complex it is part of (Figure 1 A). On the one hand, as part 
of the POL ε complex, the Dpb4-Dpb3 subcomplex ensures 
heterochromatin inheritance. On the other hand, within the 
yeast ortholog of the chromatin remodeling and chromatin- 
accessibility complex (CHRAC), the subcomplex Dpb4-Dls1 

(CHRAC15 in humans) is important for the inheritance of an 

expressed state ( 32 ). As part of the CHRAC complex, Dpb4 

also promotes histone removal at the vicinity of DSBs to fa- 
cilitate DNA end resection ( 34 ), while through its interaction 

with Dpb3 in the POL ε complex, it regulates the activation of 
the yeast checkpoint kinase Rad53 (CHK2 in humans), which 

is the effector kinase of Mec1 / ATR in yeast ( 34 ,35 ). 
PARP activity has been implicated in most of the POL ε 

associated functions including DNA repair, replication, and 

chromatin regulation. In the present work, we provide in- 
sight into the mechanisms underlying the synthetic lethality 
observed upon loss of POLE4 and PARP inhibition. 

Materials and methods 

Cell lines and cell culture 

Cell lines used in this study were cultured in DMEM (Biosera) 
supplemented with 10% FBS, 100 μg / ml penicillin, 100 U / ml 
streptomycin and 1% NEAA and maintained at 37 

◦C in a 5% 

CO 2 incubator unless otherwise stated. RPE-1 p53 KO and 

RPE-1 p53 / BRCA1 double KO cells were kindly gifted from 

Alan D. D’Andrea lab ( 36 ) and were grown using DMEM-F12 

(Biosera) supplemented with 10% FBS, 100 μg / ml penicillin,
100 U / ml streptomycin. 

POLE3 KO and POLE4 KO cell lines were generated in 

this study from either wild-type HeLa cells or wild-type 
U2OS-FlpIn cells (kindly provided by Ivan Ahel’s lab) using 
CRISPR / Cas9 technology. The HeLa cell line was authenti- 
cated by STR profiling (Eurofins Genomics) and had 100% 

match with HeLa (amelogenin + 12 loci) using the Cellosaurus 
cell line database ( 37 ). 

The sgRNA sequences targeting either POLE3 or POLE4 

are: 
sgPOLE3: 5 

′ -GTA CA GCA CGAA GA CGCTGG-3 

′ 

sgPOLE4: 5 

′ -GTCGGGATCTGCCTTC ACC A-3 

′ 

RNA interference and plasmid transfection 

pSpCas9 (BB)-2A-Puro (PX459) V2.0 used to generate the 
knockouts of this study was a gift from Feng Zhang lab (Ad- 
dgene, plasmid #62988) ( 38 ). Plasmid transfections were per- 
formed using Xfect (Takara) according to the manufacturer’s 
protocol. 

RNA interference experiments with siRNA (sequences in 

Supplementary Table S1 ) were conducted using Dharma- 
fect (Dharmacon) or RNAiMAX (Lipofectamine) transfection 

reagents according to the manufacturers’ instructions. Down- 
regulation was verified by western blotting using specific an- 
tibodies (detailed in Supplementary Table S2 ). 

For rescue experiments the HeLa POLE4 KO cells were 
transfected with pmEGFP-C1 and either pcDNA5-FRT-TO or 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
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Figure 1. Loss of POLE3 or POLE4 induces PARPi sensitivity. ( A ) Schematic representation of the accessory subunits POLE3 and POLE4 within POL ε 
and CHRAC comple x es. ( B ) Western blot showing the levels of POLE3, POLE4 and CHRAC15 in HeLa wild-type, POLE4 KO and POLE3 KO cells. 
GAPDH is used as a loading control. ( C–E ) Cell survival assays demonstrating sensitivity of POLE3 KO and POLE4 KO to different PARPi compared to 
their parental HeLa wild-type. The curves are normalized to the untreated condition corresponding to each genotype. PARPi treatment was refreshed 
once during the 7-day long experiment. The graphs are derived from three independent experiments. Mean ± SEM ( n = 3). Asterisks indicate P -values 
obtained by tw o-w a y ANO V A (**** P < 0.0 0 01). 
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pcDNA5-FRT-TO-POLE4 using TransIT®-LT1 Transfection
Reagent (Mirus) 24–48 h prior treatment. POLE4 expression
was verified by Western blotting. 

PARP1 recruitment to sites of laser irradiation 

HeLa wild-type or HeLa POLE4 KO cells were grown in
8-well Lab-Tek II chambered cover glass 30 (Thermo Sci-
entific) and transfected 48 h prior to imaging with GFP-
tagged PARP1 chromobody (Chromotek). For sensitization,
growth medium was replaced with fresh medium contain-
ing 0.15 μg / ml Hoechst 33342 for 1 h at 37 

◦C. Prior to
imaging, the sensitizing medium was then replaced with CO 2 -
independent imaging medium (Phenol Red-free Leibovitz’s L-
15 medium (Life Technologies) supplemented with 20% fe-
tal bovine serum, 2 mM glutamine, 100 μg / ml penicillin and
100 U / ml streptomycin). For PARP inhibition conditions, cells
were treated with Olaparib (30 nM) for 30 min prior to
imaging. 

Live-cell imaging experiments were performed on a Ti-E
inverted microscope from Nikon equipped with a CSU-X1
spinning-disk head from Yokogawa, a Plan APO 60 ×/ 1.4
N.A. oil-immersion objective lens and a sCMOS ORCA Flash
4.0 camera. Laser microirradiation at 405 nm was done along
a 16 μm-line through the nucleus using a single-point scanning
head (iLas2 from Roper Scientific) coupled to the epifluores-
cence backboard of the microscope. The laser power at 405
nm was measured prior to each experiment to ensure consis-
tency across the experiments and set to 125 μW at the sample
level. Cells were kept at 37 

◦C with a heating chamber. Pro-
tein recruitment was quantified using a custom-made Matlab
(MathWorks) routine. 

Immunofluorescence 

For native BrdU staining, cells were grown with 20 μM BrdU-
containing medium for 48 h, the medium was then replaced
with 10 μM Olaparib-containing medium for 24 h. Cells were
washed with PBS, pre-extracted with 0.5% Triton X-100 in
PBS for 5 min at 4 

◦C then fixed with 4% paraformaldehyde
(PFA) for 15 min at 4 

◦C. Permeabilization was done using
0.5% Triton X-100 in PBS for 10 min followed by block-
ing with 5% FBS in 0.1% Triton X-100 for 45 min at room
temperature, then incubated with primary antibody diluted in
blocking solution overnight at 4 

◦C. 
For Rad51 experiments, cells were treated with 10 μM

Olaparib-containing medium for the 48 h before being
washed with PBS and pre-extracted with pre-extraction buffer
(10 mM Tris–HCl, 2.5 mM MgCl 2 , 0.5% NP-40, 100 × Pro-
tease inhibitor cocktail (Roche)) for 5 min at 4 

◦C. Fixation
was done using 4% PFA for 15 min at 4 

◦C followed by per-
meabilization, blocking and antibody incubation as described
earlier. 

For S-phase PAR staining experiments, either wild-type or
POLE4 KO cells were loaded with 2.5 μM of amine-reactive
dye carboxyfluorescein diacetate, succinimidyl ester (CFSE)
using the CellTrace™ CFSE Cell Proliferation Kit (Molecular
Probes, Life Technologies) for 12 min at room temperature
before seeding and mixing with the other unlabeled genotype.
Cells were treated with DMSO (vehicle control) or PARGi (10
μM) or PARGi (10 μM) and Fen1i (10 μM) ( Supplementary 
Table S3 ) for 1 h. Cells were pulse-labeled with the nucleotide
analog EdU (10 μM) (5-ethynyl-2 

′ -deoxyuridine, Baseclick,
BCK-EdU555) for the last 20 min prior to fixing. Fixation and 

staining were done as described earlier. 
Following overnight incubation with the primary antibod- 

ies ( Supplementary Table S2 ), cells were washed three times 
with 0.1% Triton X-100 and incubated at room temperature 
with fluorescently tagged secondary antibody ( Supplementary 
Table S2 ) for 1 h. Next, cells were washed with 0.1% Triton 

X-100 and counterstained with DAPI (1 μg / ml in PBS) for 
10 min. To detect proliferating cells, EdU incorporation was 
visualized by a Click-IT Kit (Baseclick) according to the man- 
ufacturer’s protocol. 

Z-stacks of images were acquired on a Zeiss LSM800 con- 
focal microscope with a Plan-Apochromat 20x / 0.8 M27 or a 
water immersion Plan-Apochromat 40 ×/ 1.2 DIC M27 objec- 
tive controlled by the ZEN 2.3 software. Fluorescence excita- 
tion was performed using diode lasers at 405, 488, 561 and 

650 nm. Images were analyzed after generating maximum in- 
tensity projections of the z-stacks using a custom CellProfiler 
pipeline ( 39 ). 

BrdU comet post-replication repair assay 

Exponentially growing cells were plated in 24-well plate at a 
density of 3 × 10 

5 cells / well. The following day the cells were 
pulse-labeled with 25 μM of the nucleotide analog BrdU, and 

incubated at 37 

◦C for 30 min. Next, the cells were washed 

with PBS and treated or not with hydroxyurea (4 mM) for 3 

h. Cells were then harvested (corresponding to 0 h repair) or 
left to perform post-replicative repair for additional 3 h. Cells 
were embedded in 0.75% low melting agarose and layered 

onto microscope slides (pre-coated with 1% agarose), covered 

with coverslips, and left to solidify for 5 min at 4 

◦C. 
The following steps were performed as detailed in ( 40 ) with 

slight modification detailed below. The alkaline lysis was per- 
formed in 0.3 M NaOH, 1 mM EDTA, pH 13 for 2 h in Coplin 

jars. The DNA was left to unwind for 40 min in this ice-cooled 

electrophoresis buffer. The electrophoresis was subsequently 
conducted at 1 V / cm (25 V, 300 mA) for 30 min in the same
buffer at 10 

◦C. 
Following the electrophoresis, the slides were washed with 

neutralization buffer (0.4 M Tris–HCl, pH 7.4), blocked 

with PBS containing 1% BSA for 20 min at room temper- 
ature and incubated with the indicated primary antibody 
( Supplementary Table S2 ) for 2 h at room temperature. The 
primary antibody was washed off and slides were incubated 

with secondary antibody ( Supplementary Table S2 ) for 2 h at 
room temperature then mounted by Fluoromount mounting 
solution containing DAPI, covered with coverslips and stored 

at 4 

◦C until microscopy. Imaging was performed using Zeiss 
Axioscope Z2 fluorescent microscope. Scanning of images was 
done using automated scanning platform of Metasystem and 

the quantitation of comets was done by Metasystems Neon 

Metafer4 software. Three independent experiments were done 
with duplicate slides, 150–300 comet / slides were scored. 

BrdU comet assay for detection of ssDNA gaps 

To detect the Olaparib-induced ssDNA gaps the comet 
method described above was applied with a slight modifica- 
tion. Exponentially growing cells were plated in 24-well plate 
at a density of 3 × 10 

5 cells / well in duplicates. The follow- 
ing day the growth medium was changed to fresh DMEM 

containing 25 μM of the nucleotide analog iododeoxyuridine 
(ldU), the cells were incubated at 37 

◦C for 30 min. After the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data
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abelling, the cells were washed two times with PBS and were
ultured in Olaparib (20 μM) containing medium for 24 h. 

Cells were harvested by trypsinization, collected and pel-
eted in DMEM washed with ice-cold PBS. Pelleted again and
esuspended in 500 μl ice cold H 2 O 2 (75 μM, diluted in PBS),
ept on ice for 3 minutes and pelleted by centrifugation (5 min,
00 rpm at 4 

◦C). H 2 O 2 was removed by washing twice with
ce-cold PBS and, after the last centrifugation, cells were resus-
ended in 70 μl 0.75% low melting agarose / slide. The lysis
nd the further steps of the assay and analysis were identical
o those detailed in the section of BrdU comet post-replication
epair assay. 

NA fiber assay 

xponentially growing cells were pulse labelled with 25 μM
dU for 20 min in 37C 

◦, washed twice with prewarmed PBS
nd then labeled with 250 μM CldU (chlorodeoxyuridine) in
he presence or absence of Olaparib (10 μM), cells were har-
ested, and DNA fiber spreads were prepared as described
reviously ( 41 ). Briefly, 2 μl of cells resuspended in PBS (10 

6

ells / ml) were spotted onto clean glass slides. Cells were lysed
ith lysis solution (0.5% sodium dodecyl sulphate (SDS) in
00 mM Tris–HCl (pH 7.5), 50 mM EDTA). Slides were tilted
t 15 

◦ to the horizontal, allowing a stream of DNA to run
lowly down the slide. Next, slides were air-dried for 20 min-
tes and fixed in methanol-acetic acid (3:1) and let dry for 10
in. Fixed fibers were rehydrated in water for 5 min and dena-

ured (2.5 M HCl for 1 h) and blocked in blocking buffer (1%
ovine serum albumin and 0.1% Tween20) for 1 h. Incubation
ith the two primary antibodies ( Supplementary Table S2 )
as done for 2 h in humidified chamber at room tempera-

ure. Slides were washed and incubated with the secondary
ntibodies ( Supplementary Table S2 ) for 90 min in humidi-
ed chamber at room temperature. DNA fibers were imaged
sing Axioscope Z2 fluorescent microscope (Zeiss, Germany)
ith a 60 × objective. The lengths of DNA tracks correspond-

ng to IdU and CldU labelling were measured using the Zen
Zeiss) software. In each experiment, a minimum of 200 in-
ependent fibers were analyzed per experiment. All measure-
ents of four independent experiments were summarized in a
ot plot created in GraphPad10.2. 

-loop detection 

ells were treated with 10 μM Olaparib and 2 mM hy-
roxyurea for 24 h before being washed with PBS and fixed
ith MeOH for 15 min at −20 

◦C. Cells were then treated
r not with 2.5 units of RNase H (Thermo Fisher Scien-
ific, cat #EN0201). Blocking was done with 3% BSA in
.1% Triton-X100 for 45 min at room temperature, then
ells were incubated with anti-DNA–RNA Hybrid primary
ntibody ( Supplementary Table S2 ) diluted in blocking so-
ution for overnight at 4 

◦C. Next day, cells were washed
hree times with PBS and incubated at room temperature
ith anti-mouse IgG-Alexa Fluor 555 secondary antibody

 Supplementary Table S2 ) for 1 h. Then the cells were washed
ith PBS and stained with DAPI (1 μg / ml in PBS) for 10 min.
-stacks of images were acquired on a VisiScope Spinning
isk confocal microscope with 40 ×/ 0.6 objective using diode

asers at 405 and 561 nm. Detection was performed with An-
or Zyla 4.2 PLUS camera. Fluorescent images were analyzed
fter generating maximum intensity projections of the z-stacks
sing CellProfiler ( 39 ). 
Cell survival assays 

POLE4 K O , POLE3 K O and their parental wild-type cells
were seeded in defined numbers in 96-well plates and treated
for one week with Olaparib (0, 0.45, 0.9, 1.8, 3.7, 7.5, 15,
30 μM), Rucaparib (0, 0.45, 0.9, 1.8, 3.7, 7.5, 15 μM), Ta-
lazoparib (0, 15, 31, 62, 125, 250 nM) or ATRi (0, 0.6, 1.2,
2.5, 5, 10 μM) ( Supplementary Table S3 ). For experiments
with the combination of ATRi and Olaparib, 1 μM Olaparib
was used along with 0.6 μM of ATRi. For experiments with
RNAi-induced BRCA1 depletion the concentrations of Ola-
parib were 0, 0.3, 0.6, 1.2, 2.5, 5 and 10 μM. Treatment
with HU (Sigma-Aldrich, 0, 0.5, 1, 2, 4, 8 mM) was for 24 h,
with MMS (Sigma-Aldrich, 0, 0.0015, 0.003, 0.006, 0.012,
0.025, 0.05%) or with Etoposide (Sigma-Aldrich, 0, 0.45, 0.9,
1.8, 3.7, 7.5, 15 μM) for 1 h; following the indicated dura-
tions, cells were washed and incubated for 1 week in complete
medium. After 7 days of incubation, the supernatants were as-
pirated and resazurin (Sigma) solution was added (25 μg / ml
in Leibowitz’s L-15, Gibco). The fluorescent resorufin prod-
uct was measured after 30–60 min using a Biotek Synergy H1
microplate reader with a 530 / 590 filter set. 

Flow cytometry for intracellular mark er s and cell 
cycle analysis 

Cells were dissociated with TrypLe Select (Gibco), washed
with PBS and fixed with ice-cold ethanol. For labelling the in-
tracellular markers, the cells were permeabilized and blocked
with 0.5% Triton X-100 and 5% FBS in PBS, and then incu-
bated with the appropriate primary antibody ( Supplementary 
Table S2 ) overnight at 4 

◦C. Next, the cells were washed two
times with PBS, and incubated with fluorescently tagged sec-
ondary antibodies ( Supplementary Table S2 ) for 2 h at room
temperature. Finally, the DNA staining solution was added
(10 μg / ml propidium-iodide and 10 μg / ml RNase in PBS) for
15 min at room temperature. The samples were analyzed with
CytoFLEX S flow cytometer (Beckman Coulter Life Sciences)
or FACSCalibur (Becton Dickinson). The measurements were
evaluated with Kaluza Analysis software (Beckman Coulter
Life Sciences). 

PARylation assay 

Cells were cultured in 6 cm dishes. The cells were treated with
H 2 O 2 (2 mM) in fresh culturing medium for the indicated
timepoints. At the time of collection, the cells were washed
twice in PBS and lysed directly using denaturing lysis buffer
(4% SDS, 50 mM Tris–HCl, pH 7.4, 100 mM NaCl, 4 mM
MgCl 2 , 5 U / μl Benzonase). The cell lysates were collected
using a cell scraper and the total protein concentration was
equalized after measuring the initial concentration by Nan-
oDrop (A280 setting). Samples were boiled in 4 × Laemmli
buffer for 5 min at 95 

◦C prior to western blotting. 

Western blotting 

Protein samples were prepared for SDS–polyacrylamide gel
electrophoresis in 4 × sample buffer (10% SDS, 300 mM
Tris–HCl, 10 mM β-mercaptoethanol, 50% glycine, and
0.02% bromophenol blue). Separated proteins were blotted
onto nitrocellulose or PVDF membranes, blocked for 1 h at
RT in 5% low-fat milk or 5% BSA in 0.1% Tris-buffered
saline, and incubated with primary antibodies overnight
at 4 

◦C. Horseradish peroxidase-conjugated secondary anti-
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bodies were used for 1 hour at room temperature. Mem-
branes were developed with enhanced chemiluminescence us-
ing Odyssey Fc Imaging System (LI-COR Biotechnology). 

Statistical analysis 

All experiments were done at least in triplicates and for im-
munofluorescence experiments at least 200 cells were scored.
A minimum of 10 cells were irradiated in live-cell imaging
experiments. Graphing and statistical analysis were done us-
ing GraphPad Prism versions 6 and 7. Statistical analysis of
cell survival experiments was done using two-way ANOVA.
PARP1 recruitment experiments were analyzed using Mann–
Whitney unpaired t -test. Statistics for immunofluorescence
experiments were performed using one-way ANOVA. Aster-
isks represent P values, which correspond to the significance
(* P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001).

Results 

Loss of POLE3 or POLE4 causes PARPi sensitivity. 

We and others have previously identified the loss of POLE3
and POLE4 to sensitize cells to the PARP1 / 2 inhibitor
Olaparib ( 12 , 20 , 21 ). To confirm this finding, we employed
CRISPR-Cas9 gene editing to generate POLE3 and POLE4
knock-outs (KO) in HeLa cells (Figure 1 B, Supplementary 
Figure S1 A). As expected, all tested clones of POLE3 KO and
POLE4 KO were hypersensitive to Olaparib treatment in a
cell survival assay (Figure 1 C, Supplementary Figure S1 B, C),
a phenotype that was also observed upon knockdown of these
subunits although to a lower extent ( Supplementary Figure 
S1 D). Furthermore, POLE3 and POLE4 KOs were also sen-
sitive to other PARPi, such as Talazoparib and Rucaparib,
showing that the sensitivity was not limited to Olaparib (Fig-
ure 1 D, E). Additionally, the PARPi sensitivity upon POLE3
and POLE4 loss was not exclusive to HeLa cells as U2OS cells
knocked out for POLE3 or POLE4 showed similar sensitive
phenotype to Olaparib ( Supplementary Figure S1 E, F). 

The heterodimerization of POLE3 and POLE4 is essential
for their stability ( 21 ). Accordingly, the loss of either protein
eliminated, or strongly reduced the levels of, the other (Figure
1 A, B, Supplementary Figure S1 A). POLE3 is a shared sub-
unit between the POL ε holoenzyme and the CHRAC complex
( 42 ), where POLE3 is forming heterodimer with POLE4 and
CHRAC15, respectively (Figure 1 A). Similar to the POLE3–
POLE4 dimer, compromising the POLE3–CHRAC15 dimer
by deleting POLE3 led to loss of CHRAC15 protein (Figure
1 B). Since POLE3 KO cells lack both POLE4 and CHRAC15,
we decided to further characterize the consequences of PARPi
treatment only in the POLE4 KO to avoid confounding phe-
notypes arising from the lack of both POLE3–POLE4 and
POLE3–CHRAC15 heterodimers. 

PARP1 is essential for Olaparib-induced POLE4 KO 

sensitivity with no apparent defects in the DNA 

damage response. 

The toxicity of PARPi requires the presence of PARP1 in
cells ( 7 ), with recent reports also highlighting a requirement
of PARP2 ( 43 ,44 ). To investigate whether the sensitivity of
POLE4 KO to PARPi was dependent on the presence of
P ARP1 or P ARP2, we employed RNAi to deplete either or
both factors. Cell survival assays demonstrated that the deple-

tion of PARP1 alone was sufficient to rescue POLE4 KO sensi- 
tivity (Figure 2 A, Supplementary Figure S2 A). Instead, deplet- 
ing PARP2 neither reduced the PARPi sensitivity nor further 
improved survival of the POLE4 KO co-depleted for PARP1,
suggesting that the Olaparib-induced sensitivity of POLE4 KO 

relies on the presence of PARP1, but not PARP2, which is con- 
sistent with PARP1 trapping on their cognate lesions (Figure 
2 A, Supplementary Figure S2 A). 

Active ADP-ribosylation is crucial to release PARP1 from 

DNA. Cellular processes dampening or enhancing this signal- 
ing pathway lead to increased or reduced sensitivity to PARPi,
respectively ( 45 ,46 ). Nevertheless, immunoblots showed no 

major difference in ADP-ribose (ADPr) levels between wild- 
type and POLE4 K O , as detected by a pan-ADPr reagent, both 

in the absence of genotoxic stress and after H 2 O 2 treatment 
( Supplementary Figure S2 B). This data indicates that POLE4 

loss is not a source of DNA lesions that would lead to PARP1 

activation. Moreover, it excludes POLE4 as playing a cen- 
tral role in the regulation of ADP-ribosylation signaling that 
could underlie the sensitivity of the KO cells to PARPi. Never- 
theless, processes independent of ADP-ribosylation could also 

modulate PARP1 retention at DNA lesions ( 47 ,48 ). Thus, to 

more directly assess whether POLE4 regulates PARP1 mobi- 
lization from sites of DNA damage, we monitored the dy- 
namics of endogenous PARP1 at sites of DNA damage upon 

laser micro-irradiation using a GFP-tagged PARP1-binding 
chromobody ( 49 ). In wild-type cells, PARP1 was recruited 

rapidly to sites of laser-induced damage before dissociating 
from the lesions within a time frame of a few hundreds 
of seconds (Figure 2 B, Supplementary Figure S2 C). As ex- 
pected, this release was delayed upon Olaparib treatment (Fig- 
ure 2 B, Supplementary Figure S2 C). PARP1 kinetics at sites 
of laser irradiation were similar in POLE4 KO and wild- 
type cells, irrespective of the presence of PARPi (Figure 2 B,
Supplementary Figure S2 C) suggesting that POLE4 did not 
regulate PARP1 dynamics at sites of DNA damage. 

To further investigate a potential role of POLE4 in DNA re- 
pair, we assessed the sensitivity of the POLE4 KO cells to geno- 
toxic stress. POLE4 KO were not sensitive to methyl methane- 
sulfonate (MMS) or etoposide treatments (Figure 2 C, D). This 
is in line with earlier reports that observed no sensitivity to 

camptothecin (CPT) or MMS in a Dpb3-deficient yeast strain 

( 50 ), or to ionizing radiation in POLE4-deficient mouse fi- 
broblasts ( 27 ). 

Altogether these data indicate that PARPi sensitivity of 
POLE4 KO is not a consequence of impaired PARP1 mobi- 
lization from sites of damage or defects in the DNA damage 
response. 

POLE4 loss alters the replication profile and 

increases the level of PARPi-induced ssDNA gaps 

PARPi have been reported to accelerate fork speed ( 51 ). Ad- 
ditionally, the accessory subunits of POL ε were shown to be 
important for processive progression of the POL ε complex on 

the DNA ( 24 ). To investigate the replication speed in POLE4 

KO and how PARPi affects it, we employed DNA fiber as- 
say, where cells were pulse labeled with the nucleotide ana- 
log IdU for 20 min followed by pulse labeling with another 
nucleotide analog, CldU for the same period of time with 

or without PARPi treatment (Figure 3 A). As previously re- 
ported ( 51 ), PARPi treatment increased the fork speed in wild- 
type cells (Figure 3 A) as shown by increased CldU / IdU ra- 
tios compared to untreated cells. Replication was slightly but 
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Figure 2. PARP1 is essential for Olaparib-induced POLE4 KO sensitivity with no apparent defects in the DNA damage response. ( A ) Cells survival assay 
showing Olaparib sensitivity of HeLa wild-type and POLE4 KO upon downregulation of PARP1, PARP2 or both of them using siRNA transfection. The 
curves are normalized to the untreated condition corresponding to each genotype. PARPi treatment was refreshed once during the 7-day long 
e xperiment. T he graphs are deriv ed from three independent e xperiments. Mean ± SEM ( n = 3). Asterisks indicate p- v alues obtained b y tw o-w a y 
ANO V A (ns. Not significant and **** P < 0.0 0 01). ( B ) Normalized recruitment quantification of GFP-tagged PARP1 chromobody to sites of DNA damage 
in HeLa wild type and POLE4 KO cells in both untreated (left) or Olaparib treated (right) conditions. All data points included ± SEM. The figure is a 
representativ e e xperiment of three independent replicates ( n = 3). Measurements w ere analyz ed using Mann–Whitne y unpaired t -test. (ns. Not 
significant). (C, D) Cell survival of HeLa wild-type and POLE4 KO cells upon treatment with etoposide ( C ) or MMS ( D ) for 1h. After the 1h treatment, 
cells were washed and incubated in culturing medium for 7 days. The bars are normalized to the untreated condition corresponding to each genotype. 
The graphs are derived from three independent experiments. Mean ± SEM ( n = 3). 
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Figure 3. POLE4 loss alters the replication profile and increases PARPi-induced ssDNA gaps. ( A , B ) DNA fiber assay of HeLa wild-type and POLE4 KO 

cells upon treatment with Olaparib (20 μM). (A, top) Schematic illustration of the experimental procedure. (A, bottom) Results are illustrated as ratio of 
CldU and IdU labelled fiber track lengths obtained from four independent experiments ( n = 4). ( B , top) Representative images of fibers taken from HeLa 
wild-type and POLE4 KO cells with the indicated treatment. Scale bar, 20 μm. ( B , bottom) Data represent length of the indicated tracks derived from 

four independent experiments ( n = 4). Asterisks indicate P -values obtained by one-way ANO V A (*** P < 0.001, **** P < 0.0001). ( C ) 
Immunofluorescence experiment of native BrdU st aining . Cells with the indicated genotypes were incubated with BrdU (20 μM, 48 h), then treated 
with Olaparib (10 μM, 24 h) or the control vehicle DMSO. Mean BrdU intensity of all scored cells was blotted. The graph represents one experiment out 
of three independent repetitions. Asterisks indicate P -values obtained by one-way ANO V A (ns, not significant, **** P < 0.0 0 01). ( D , top) Schematic 
illustration of BrdU-Comet experiment. (Bottom) Quantification of % of comet tail DNA of HeLa wild-type and POLE4 KO cells treated with Olaparib (20 
μM, 24 h) or DMSO. The figure is a representative of three independent experiments. Asterisks indicate P -values obtained by one-way ANO V A (ns, not 
significant, **** P < 0.0 0 01). ( E , top) Schematic illustration of the post-replicative comet assay. Cells were BrdU pulse labelled, mock treated or treated 
with h y dro xyurea (HU) (4 mM f or 3 h) and harv ested immediately (0 h) or left to reco v er f or additional 3 h. Comet PRR assa y and immunostaining w as 
performed as detailed in Materials and methods. (Middle) Representative images of post-replication repair comet assay. Scale bar, 20 μm. (Bottom) 
Quantification of % of comet tail DNA. The figure is a representative of three independent experiments. Asterisks indicate P -values obtained by one-way 
ANO V A (** P < 0.01, **** P < 0.0 0 01). ( F ) Detection of R-loops in untreated, Olaparib (10 μM) or h y dro xyurea-treated (HU, 2 mM) wild-type or POLE4 
KO HeLa cells after 24 h treatment. The graph shows the mean fluorescent intensity of nuclei with or without RNase H treatment. The figure is a 
representative of three independent experiments. Asterisks indicate P -values obtained by one-way ANO V A (*** P < 0.001, **** P < 0.0001). 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae439/7686745 by guest on 18 June 2024



Nucleic Acids Research , 2024 9 

s  

e  

r  

c  

q  

f  

g
 

f  

s  

g  

a  

e  

g  

t  

T  

w  

P  

d  

i  

i  

g  

l  

F  

m  

P  

w  

d  

O  

a
 

c  

T  

m  

B  

a  

t  

p  

i  

t  

i  

t  

l  

S  

t  

B  

a  

t  

fi  

m  

s  

f  

(  

(  

i  

K  

o  

c  

i
 

p  

p  

a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae439/7686745 by guest on 18 June 2024
ignificantly slower in POLE4 KO as compared to wild-type
ven without PARPi treatment (Figure 3 B), indicated by the
eduction in track lengths compared to wild-type cells, which
an be attributed to impaired POL ε progression as a conse-
uence of POLE4 absence. Importantly, replication speed was
urther reduced in the presence of PARPi (Figure 3 A, B), sug-
esting major defects in replication upon PARP inhibition. 

Sensitivity to PARPi has been linked to defects in Okazaki
ragments processing during DNA replication ( 17 ), and PAR
ignal was reported to correlate with the amount of unli-
ated Okazaki fragments ( 52 ). To test whether POLE4 had
 role in Okazaki fragments processing, we assessed PAR lev-
ls in replicating cells in the presence of Poly (ADP-ribosyl)
lycohydrolase inhibitor (PARGi), which is required to de-
ect the highly dynamic PAR signal at replication foci ( 52 ).
o ensure each cell line undergoes the exact same conditions
hen performing the experiment and imaging, we loaded
OLE4 KO cells with the amine-reactive carboxyfluorescein
iacetate, succinimidyl ester (CFSE) cell tracker dye and mixed
t with its wild-type unlabeled cells. The lack of difference
n PAR levels between POLE4 KO and wild-type cells sug-
ested similar amounts of Okazaki fragments in both cell
ines ( Supplementary Figure S3 A). Co-inhibition of PARG and
en1, an enzyme responsible for processing Okazaki frag-
ents ( 52 ), increased further the PAR signal compared to

ARG inhibition alone but again to comparable levels in both
ild-type and POLE4 KO ( Supplementary Figure S3 A), in-
icating that POLE4 loss neither altered the processing of
kazaki fragments nor led to increased S-phase specific PARP

ctivity. 
PARPi were reported to induce ssDNA gaps behind repli-

ation forks through the suppression of fork reversal ( 18 ).
o test whether such gaps were formed upon Olaparib treat-
ent in cells lacking POLE4, we employed the non-denaturing
rdU immunostaining assay, where the specific antibody
gainst BrdU is unable to bind the nucleotide analog in na-
ive conditions unless there is a single stranded DNA gap op-
osite it, therefore making the intensity of BrdU staining an
ndicator of the ssDNA gaps levels in the cell ( 17 ,18 ). With
his assay, POLE4 KO cells displayed a striking increase in the
ntensity of BrdU staining upon Olaparib treatment compared
o their wild-type counterparts, indicating a dramatic accumu-
ation of unprocessed ssDNA gaps in these cells (Figure 3 C,
upplementary Figure S3 B). To further confirm this observa-
ion, we performed a variation of a comet assay, the so called
rdU comet assay, where pulse labeling cells with a nucleotide
nalog is used to highlight newly synthesized DNA, rendering
he assay S-phase specific ( 40 ,53 ). The assay was further modi-
ed by application of a short, low dose of H 2 O 2 treatment im-
ediately prior to embedding the cells in agarose, to convert

ingle stranded gaps into double stranded breaks, the resulting
ragmented DNA fraction thus migrating into the comet tail
 53 ). Consistent with the non-denaturing BrdU staining results
Figure 3 C, Supplementary Figure S3 B), we observed a signif-
cant increase in the percentage of comet tail DNA of POLE4
O cells treated with Olaparib, revealing increased formation
f ssDNA gaps (Figure 3 D, Supplementary Figure S3 C), indi-
ating the role of POLE4 in averting the formation of PARPi-
nduced ssDNA gaps. 

The accumulation of ssDNA gaps could also reflect im-
aired post-replicative repair (PRR). To test whether POLE4
lays a role in this process, we performed a comet assay vari-
nt described previously as a sensitive indicator of PRR ef-
ficiency ( 40 ). Briefly, cells were pulse-labeled with BrdU and
subjected to Hydroxyurea (HU) treatment to induce S-phase
specific ssDNA breaks, then the treatment was washed out and
cells were incubated for a period of time to allow the repair
of replicative gaps. In wild-type cells, HU treatment led to a
higher level of post-replicative gaps as compared to their un-
treated counterparts, indicated by an increase of percentage of
DNA in the comet tails, that was reduced after the 3h recov-
ery time (Figure 3 E). On the contrary, POLE4 KO cells showed
increased levels of post-replicative gaps upon HU treatment,
even after 3h recovery as compared to wild-type cells (Fig-
ure 3 E), underscoring the role of POLE4 in maintaining ef-
ficient PRR. Accordingly, POLE4 KO were hypersensitive to
replication stress induced by HU treatment in cell survival
assays ( Supplementary Figure S3 D), in line with previous re-
ports ( 21 , 54 , 55 ). It has been reported that HU treatment leads
to the accumulation of R-loops ( 56 ), DNA:RNA hybrids that
form due to nascent RNA binding to its complementary DNA,
reflecting a possible replication-transcription conflict ( 57 ).
Moreover, PARP1 was shown to be important for R-loops res-
olution ( 58–60 ). Given POLE4 KO sensitivity to both PARPi
and HU, we probed for the levels of R-loops in these cells
using the S9.6 antibody that recognizes DNA:RNA hybrids
( 61 ). Loss of POLE4 caused increased accumulation of R-loop
structures compared to wild-type cells upon treatment with
either HU or PARPi (Figure 3 F, Supplementary Figure S3 E)
indicating a role of POLE4 in resolving these structures. The
pan nuclear intensity observed with this antibody decreased
upon treatment with RNase H, emphasizing its specificity for
the R-loops (Figure 3 F, Supplementary Figure S3 E). 

Taken together, these results demonstrate that the loss of
POLE4 alters replication profile by slowing down nucleotide
incorporation, a phenotype that gets exacerbated upon PARPi,
leading to accumulation of ssDNA gaps due to impaired pro-
cessing of post-replicative gaps and defects in resolving of
R-loops. 

POLE4 protects against replication stress induced 

by PARPi and ATRi 

Accumulation of unprocessed ssDNA gaps induces replica-
tion stress and alters cell cycle progression ( 62 ). To assess
whether POLE4 KO cells stall at a certain phase of the
cell cycle, we probed their cell cycle profile. All POLE4 KO
clones showed mild accumulation in G2 / M without treat-
ment, which was strongly elevated upon PARPi treatment
(Figure 4 A, Supplementary Figure S4 A), suggesting already
a low level of replication stress in the absence of POLE4,
which gets strongly potentiated upon PARP inhibition. During
DNA replication, the phosphatidylinositol 3-kinase-related
kinase (PIKK) family member Ataxia-telangiectasia mutated
and RAD3-related (ATR) orchestrates origin firing, protects
replication forks and regulates cell cycle progression ( 63 ).
Indeed, we detected that ATR activity was mildly increased
in POLE4 KO cells as compared to wild-type, revealed by
autophosphorylation of residue Threonine 1989 (T1989), a
proxy for ATR activation ( 64 ) (Figure 4 B). PARPi treatment
strongly enhanced the pATR signal, which was reversed by
A TR inhibitor (A TRi), indicating a specific role of ATR in me-
diating PARPi-induced replication stress response (Figure 4 B).

Our results revealed that the replication profile of POLE4
KO is impaired, which is potentiated by PARPi treatment
leading to the accumulation of ssDNA gaps and replication
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Figure 4. POLE4 protects against replication stress induced by PARPi and ATRi. ( A , left) R epresentativ e FACS experiment showing cell-cycle profile of 
cells with the indicated genotypes with or without Olaparib treatment (5 μM, 24 h). (Right) Percentages of cells in G1, S or G2 / M cell cycle phases are 
presented as mean ± SEM of three independent experiments ( n = 3). ( B , C ) A representativ e w estern blot out of three independent repetitions of HeLa 
wild-type and POLE4 KO cells with the indicated antibodies upon treatment with Olaparib (5 μM, 24 h), ATRi (5 μM, 24 h) or both of them. HSP70 and 
PARP1 are used as a loading control. ( D ) A representative western blot out of three independent repetitions of HeLa wild-type and POLE4 KO cells with 
the anti-pRPA (S4 / 8) upon treatment with Olaparib (5 μM, 24 h), ATRi (5 μM, 24 h), their combination or Olaparib plus DNA-PKi (5 μM, 24 h). PARP2 is 
used as a loading control. ( E ) Flow cytometry of HeLa wild-type or POLE4 KO cells after culturing for 24 h with Olaparib (5 μM), ATRi (5 μM) or DMSO. 
The cells were fixed and stained with anti-pRPA (T21) and propidium-iodide (DNA content). (Top) FACS images of a representative experiment are 
sho wn. (B ottom) B ar chart sho ws the mean ± SEM of percentages of pRPA(T21) positiv e cells from three independent e xperiments ( n = 3). Asterisks 
indicate P -values obtained by one-way ANO V A (ns, not significant, **** P < 0.0 0 01). ( F ) Percentage of pRPA (T21) positive cells upon transient POLE4 
expression. POLE4 KO cells were transfected with GFP and empty (E.V.) or POLE4 coding plasmids for 48 h, then treated with Olaparib (5 μM), ATRi (5 
μM) or with DMSO for 16 h. The cells were fixed and stained with anti-pRPA (T21) and propidium-iodide. RPA (T21) phosphorylation is shown in cells 
gated to GFP positive and negative populations during flow cytometry analysis. Data are mean ± SEM from three independent experiments ( n = 3). 
Asterisks indicate P- values obtained by one-way ANO V A (** P < 0.01, **** P < 0.0 0 01). ( G ) Cell survival assay showing Olaparib sensitivity of POLE4 
KO cells transfected with GFP and empty (E.V.) or POLE4 coding plasmids. Olaparib treatment was refreshed once during the 6-day long experiment. 
The graphs show the relative survival normalized to the untreated samples of each transfection. Data are mean ± SEM ( n = 3) of triplicate samples from 

one representative out of three independent experiments. Asterisks indicate P- values obtained by two-way ANO V A (** P < 0.01). 
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tress induction. Replication protein A (RPA) acts as a sen-
or of ssDNA and signals different levels of replication stress
y getting phosphorylated sequentially on multiple residues
y PIKKs, with Serine 33 (S33) being phosphorylated early
n upon mild replication stress, followed by Serine 4 and
 (S4 / 8) and Threonine 21 (T21) upon severe replication
tress ( 65 ). Consistent with mild replication stress upon the
oss of POLE4, we detected pRPA (S33) signal in untreated
OLE4 KO cells, which got exacerbated upon PARPi (Figure
 C). The pRPA (S33) signal was abolished by ATRi, in line
ith being phosphorylated by ATR ( 65 ). Furthermore, we de-

ected pRPA (S4 / 8) signal in POLE4 KO cells without any
reatment, which was enhanced upon PARPi, ATRi and their
ombination (Figure 4 D) indicating elevated levels of repli-
ation stress. This signal was suppressed by treatment with
NA-dependent protein kinase (DNA-PK) inhibitor (DNA-
Ki) (Figure 4 D), consistent with the phosphorylation of this
esidue by DNA-PK ( 65 ). ATRi-induced severe replication
tress in POLE4 KO is also reflected in their reduced survival
 Supplementary Figure S4 B), indicating a synthetic lethal in-
eraction between ATR inhibition and POLE4 deficiency in
ine with previous reports ( 21 ,55 ). 

The inability of POLE4 KO to resolve replication stress
ed to increased severity of the phenotype as PARPi treat-
ent caused a strong increase in the pRPA (T21) signal,
hich was characteristic to the G2 / M arrested population

n POLE4 K O , but not detected in wild-type cells (Figure
 E). This phenotype was also observed in all other POLE4
O clones ( Supplementary Figure S4 C), confirming that it
as not clone-dependent. Interestingly, RPA phosphorylation
n T21 residue was also induced by ATR inhibition (Figure
 E), suggesting a severe replication stress, which may ulti-
ately lead to replication catastrophe due to accumulation
f DSB indicated by phosphorylation of serine 139 on the
istone variant H2AX (also called γH2A.X). We measured
H2A.X level upon MMS-induced DSB as a positive con-
rol. As expected, MMS treatment induced γH2A.X signal,
owever, there was no significant difference in the percent-
ge of γH2A.X positive cells between wild-type and POLE4
O cells ( Supplementary Figure S4 D), which is in line with
ur previous observation that POLE4 KO and wild-type cells
ere equally sensitive to MMS in a cell survival assay (Fig-
re 2 D). While PARPi treatment did not lead to DSB in wild-
ype or in POLE4 KO as indicated by low levels of γH2A.X
 Supplementary Figure S4 D), ATRi caused a dramatic increase
n the percentage of γH2A.X positive cells only in POLE4 KO
 Supplementary Figure S4 D) revealing differences in the cellu-
ar response to PARPi and ATRi. It has been reported that
TRi can induce ssDNA accumulation, which can be con-
erted to DSB leading to phosphorylation and activation of
ther PIKKs, such as DNA-PK and Ataxia-telangiectasia mu-
ated (ATM) ( 63 ). 

To address the role of POLE4 in protecting against se-
ere replication stress, we measured the pRPA (T21) signal
n POLE4 KO cells co-transfected with a plasmid expressing
ntagged POLE4 or an empty vector together with a GFP-
xpressing plasmid and subjected these cells to treatment with
ither PARPi or ATRi. After transfection, we sorted the cells
sing FACS into two populations: one that was GFP 

+ , likely to
ave POLE4 expression as well, and one that was GFP 

− which
orresponded to cells that were likely not expressing POLE4
 Supplementary Figure S4 E, F). In samples co-transfected with
he GFP expressing plasmid and empty vector, the pRPA (T21)
signal was detected in POLE4 KO upon either PARPi or ATRi
treatment in both GFP positive and negative populations (Fig-
ure 4 F), indicating that GFP expression itself does not al-
ter the level of replication stress in POLE4 K O . In cells co-
transfected with the plasmids expressing GFP and POLE4,
pRPA (T21) was detected upon treatment with either PARPi
or ATRi in the GFP 

− population corresponding to no POLE4
expression. Importantly, this phenotype was rescued in the
GFP 

+ population, where POLE4 was expressed (Figure 4 F,
Supplementary Figure S4 E, F). The transient expression of
POLE4 in POLE4 KO also reduced their sensitivity to PARPi
as compared to the empty vector control (Figure 4 G). 

Altogether, these results demonstrate that POLE4 ensures
normal cell-cycle progression and curbs replication stress as-
sociated with PARPi or ATRi treatment. 

Distinct roles of PIKKs in response to 

PARPi-induced replication stress in POLE4 KO 

Our results suggest the role of other members of the PIKK
family besides ATR in replication stress signaling in the
POLE4 K O . Therefore, we probed for the activity of ATM and
DNA-PK as well. While DNA-PK activity, as revealed by its
autophosphorylation, was not changed in wild-type cells upon
Olaparib and / or ATRi treatment, it was markedly elevated
in POLE4 KO after 24 h of ATRi treatment alone or when
combined with Olaparib (Figure 5 A). ATM phosphorylation
(pATM)—an indicator of ATM activation—was modestly el-
evated upon incubation of the wild-type cells either with Ola-
parib or with ATRi alone, while strongly enhanced in the pres-
ence of their combination. Compared to wild-type cells, the
ATM phosphorylation was further increased in POLE4 KO
cells both in the case of single Olaparib or ATRi treatment and
when combined (Figure 5 A). These results reveal the complex
interplay between PIKKs in POLE4 KO cells in response to
replication stress. 

Next, we aimed to reveal the role of PIKKs in the PARPi-
induced cell cycle arrest. The cell cycle of wild-type cells was
not affected by either A TRi, A TMi or DNA-PKi alone, and
Olaparib treatment caused a mild G2 / M accumulation with
or without PIKK inhibitors (Figure 5 B, Supplementary Figure 
S5 A). In line with the ATRi sensitivity of POLE4 K O , ATRi
treatment alone, but not the other PIKK inhibitors, caused
a marked accumulation of G2 / M cells in POLE4 KO (Fig-
ure 5 B, Supplementary Figure S5 A). In contrast to ATR and
ATM inhibition that had little effect on Olaparib-induced cell
cycle arrest in POLE4 K O , DNA-PKi reduced it (Figure 5 B,
Supplementary Figure S5 A) indicating a role of DNA-PK ac-
tivation in the cell-cycle arrest upon PARPi in POLE4 KO. 

To refine whether Olaparib leads to G2 or mitotic ar-
rest, we quantified a mitotic marker, histone H3 phospho-
rylated on Serine 10 (pH3S10). Despite the strong accumu-
lation of cells with DNA content characteristic to G2 / M
detected in Olaparib-treated POLE4 K O , the ratio of mi-
totic cells within the G2 / M population was reduced (Figure
5 C, Supplementary Figure S5 B). This shows that POLE4 KO
cells are arrested in G2 upon PARP inhibition, presumably
due to the accumulation of ssDNA gaps and ATR activa-
tion. ATR inhibition promoted the transition of POLE4 KO
cells into mitosis, even if PARP1 was inhibited (Figure 5 C,
Supplementary Figure S5 B) confirming that ATR is the ma-
jor checkpoint kinase responsible for the G2 / M cell cycle ar-
rest in POLE4 K O . The proportion of mitotic cells did not
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Figure 5. Distinct roles of PIKKs in response to PARPi-induced replication stress in POLE4 KO. ( A ) A representative Western blot out of three 
independent repetitions of HeLa wild-type and POLE4 KO cells with the indicated antibodies upon treatment with Olaparib (5 μM, 24 h), ATRi (5 μM, 24 
h) or both of them. PARP1 is used as a loading control. ( B ) Percentages of HeLa wild-type and POLE4 KO in G2 / M phase after 24 h of Olaparib (5 μM) 
and / or ATRi (5 μM), ATMi (5 μM) DNA-PKi (5 μM) treatment. DMSO was used as a solvent control. Percentages of cells in G2 / M were determined 
from cell cycle analysis measured by flow cytometry. Bar chart shows the mean ± SEM from five independent experiments ( n = 5). Asterisks indicate 
P -v alues obtained b y one-w a y ANO V A (**** P < 0.0 0 01). ( C ) Percent ages of HeLa wild-t ype and POLE4 KO in mitosis after 24h treatment with Olaparib 
(5 μM) and / or ATRi (5 μM), ATMi (5 μM), DNA-PKi (5 μM). DMSO was used as a solvent control. The cells were stained with anti-pH3(S10) and 
propidium-iodide, and the ratio of mitotic cells was determined by pH3(S10) positivity within the G2 / M gate in flow cytometry. Bar chart shows the 
mean ± SEM from three independent experiments ( n = 3). Asterisks indicate P -values obtained by one-way ANO V A (ns, not significant, **** 
P < 0.0 0 01). ( D ) Percent ages of phospho-RPA (T21) positive HeLa wild-type or POLE4 KO cells after 24 h of Olaparib (5 μM) and / or ATRi (5 μM), ATMi (5 
μM), DNA-PKi (5 μM) treatment. DMSO was used as a solvent control. The cells were stained with anti-pRPA (T21) and propidium-iodide (DNA content), 
and the percentages of pRPA (T21) positive cells were determined by flow cytometry. Bar chart shows the mean ± SEM of percentages of pRPA (T21) 
positive cells from four independent experiments ( n = 4). Asterisks indicate P -values obtained by one-way ANO V A (ns, not significant, * P < 0.05, **** 
P < 0.0 0 01). ( E , F ) Mitotic entry of pRPA (T21) positive HeLa wild-type or POLE4 KO cells after 24 h of Olaparib (5 μM) and / or ATRi (5 μM), ATMi (5 
μM), DNA-PKi (5 μM) treatment. DMSO was used as a solvent control. The cells were stained with anti-pH3(S10) and anti-pRPA (T21) and analyzed by 
flow cytometry. ( E ) FACS image of a representative experiment is shown. ( F ) Bar chart shows the mean ± SEM of percentages of pRPA (T21) / pH3(S10) 
double positive cells from three independent experiments ( n = 3). Asterisks indicate P -values obtained by one-way ANO V A (ns, not significant, **** 
P < 0.0 0 01). ( G ) Cell survival assay of HeLa wild-type and POLE4 KO cells treated with Olaparib (1 μM) and / or ATRi (0.6 μM). The columns represent 
normaliz ed surviv al of the cells upon the indicated treatments. T he treatment w as refreshed once during the 7-da y e xperiment. Mean ± SEM ( n = 3). 
The figure is derived from three independent experiments. Asterisks indicate P- values obtained by two-way ANO V A (**** P < 0.0 0 01). 
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hange in the presence of other PIKK inhibitors (Figure 5 C,
upplementary Figure S5 B). 

As pRPA (T21) is a marker of severe replication stress and
t overlapped with G2 / M arrest in PARPi-treated POLE4 KO
ells, we aimed to address which PIKK was responsible for
his signal. Of the tested PIKK inhibitors, only ATRi increased
he percentage of pRPA (T21) positive wild-type cells upon
laparib treatment significantly (Figure 5 D, Supplementary 
igure S5 C). As we have shown previously, single ATRi treat-
ent induced pRPA (T21) phosphorylation (Figure 4 E), but
either ATMi nor DNA-PKi treatment alone changed the frac-
ion of pRPA (T21) positive POLE4 KO cells (Figure 5 D,
upplementary Figure S5 C). On the other hand, all PIKK in-
ibitors altered the percentage of pRPA (T21) positive POLE4
O to Olaparib: ATRi and ATMi increased the percentage
f pRPA positive cells, while DNA-PKi decreased it (Figure
 D, Supplementary Figure S5 C). The double staining of pH3
S10) and pRPA (T21) also revealed that the Olaparib-induced
RPA (T21) positive POLE4 KO cells were blocked in G2
nd they were prevented from entering mitosis, unless released
rom the control of A TR (Figure 5 E, F). A TR inhibition al-
owed the cells with persisting replication defects to prema-
urely enter mitosis leading to replication catastrophe as re-
ealed by γH2A.X positive cells ( Supplementary Figure S4 D)
nd reduced cell survival ( Supplementary Figure S4 B) and
 54 ,66 ). In support of this, while the treatment with low dose
f either Olaparib or ATRi alone had minor effect on the
urvival of POLE4 KO cells, combining them synergistically
illed POLE4 KO cells (Figure 5 G). This establishes the loss
f POLE4 as a major sensitizing event to co-treatment with
TRi and PARPi, a drug combination being tested in clinical

rials ( 67 ). 
Together, these results emphasize the importance of ATR

ignaling in restraining POLE4 KO from entering mitosis
pon PARPi-induced replication stress. Furthermore, our data
eveal that DNA-PK activity contributes to the replication
tress observed in POLE4-deficient cells. 

OLE4 acts parallel to BRCA1 in inducing PARPi 
ensitivity 

ince PARPi sensitivity was first described in BRCA-deficient
ells displaying impaired HR ( 1 ,2 ), we aimed to check whether
ARPi-induced replication stress response could be detected
hen BRCA1 was missing. Similar to POLE4 K O , downreg-
lating BRCA1 resulted in increased levels of pRPA upon
laparib treatment (Figure 6 A). Strikingly, co-depletion of
OLE4 and BRCA1 had a synthetic impact on pRPA levels
ompared to single depletion (Figure 6 A). This suggests that
OLE4 might function parallel to BRCA1, and that it is not
art of the canonical HR pathway. 
To confirm this hypothesis, we examined PARPi-induced

ad51 foci formation by confocal microscopy. The recom-
inase Rad51 is a crucial protein in the process of HR: fol-

owing DNA end-resection, Rad51 binds ssDNA overhangs
nd leads the homology search and strand invasion to facil-
tate homology-directed repair ( 1 ,2 ). Consistent with previ-
us reports describing impairment in HR, BRCA1-deficient
ells displayed reduced Rad51 foci formation compared to
he BRCA1 proficient controls ( Supplementary Figure S6 A,
). Conversely, POLE4 KO cells were able to efficiently form
ad51 foci upon Olaparib treatment, even to a higher extent

han their wild-type counterpart (Figure 6 B). This observation
can be attributed to the elevation of ssDNA gaps we described
previously in POLE4 KO following PARPi (Figure 3 C, D). 

Since POLE4 is not redundant in function with BRCA1, we
reasoned that PARPi sensitivity could be potentiated if both
proteins were missing. To that end, we downregulated BRCA1
in wild-type and POLE4 KO and challenged the cells with a
low dose of Olaparib. BRCA1 depletion in POLE4 KO cells
resulted in massive killing of these cells in comparison to the
loss of either POLE4 or BRCA1 alone (Figure 6 C), indicating
that POLE4 might serve as a potential target for enhancing
sensitivity of BRCA1-deficient tumors to PARPi. 

A common mechanism for BRCA1-deficient tumors ac-
quiring resistance to PARPi is the rewiring of HR through
loss of the NHEJ factor 53BP1 ( 68–70 ). Given that sensi-
tivity of POLE4 KO to PARPi is not going through defec-
tive HR, we sought to investigate whether targeting POLE4
could overcome PARPi resistance observed upon loss of
53BP1 in BRCA1-deficient cells ( 68–70 ). To that end, we
utilized RNAi-mediated downregulation of either BRCA1,
53BP1 or their combination in wild-type and POLE4 KO cells.
Consistent with previous reports, downregulating BRCA1 in
wild-type cells sensitized them to Olaparib, which was res-
cued with combined depletion of BRCA1 / 53BP1 (Figure 6 D,
Supplementary Figure S6 C). As mentioned earlier, BRCA1
depletion in POLE4 KO cells resulted in severe sensitiza-
tion to Olaparib in comparison to missing either POLE4 or
BRCA1 alone (Figure 6 D). Significantly, the co-depletion of
BRCA1 / 53BP1 did not rescue PARPi sensitivity of POLE4 KO
as in the case of wild-type cells (Figure 6 D, Supplementary 
Figure S6 C), indicating that targeting POLE4 not only en-
hanced PARPi synthetic lethality in BRCA1-depleted cells but
also bypassed the synthetic viability induced by reactivation
of HR upon 53BP1 loss in BRCA1-compromised cells ( 69 ). 

Discussion 

Our findings confirm that the deficiency of POLE4 results in
heightened sensitivity to PARPi. While Olaparib inhibits both
PARP1 and PARP2 ( 7 ), our data supports the notion that
the toxicity of PARPi in POLE4 KO is primarily associated
with PARP1 rather than PARP2, justifying the rationale be-
hind the development of PARP1-specific inhibitors ( 71 ,72 ).
The observed synthetic lethality between POLE4 deficiency
and PARP inhibition is ascribed to the prolonged presence
of inhibited PARP1 on chromatin rather than the blocked
ADP-ribosylation activity of PARP1. This is substantiated by
the fact that the depletion of PARP1 mitigates the toxicity of
PARPi in POLE4 KO. 

Based on our current understanding, the process of PARP1
trapping necessitates the presence of lesions that PARP1 can
bind to, leading to its activation in the absence of PARPi. Con-
sidering the observed synthetic lethality, two scenarios can be
hypothesized. On one hand, the absence of POLE4 might con-
tribute to an increase in lesions that activate PARP1. Conse-
quently, a higher prevalence of these activating lesions could
result in more PARP1 trapping and increased sensitivity in the
presence of PARPi. Here, one would anticipate elevated ADP-
ribosylation levels. However, our findings reveal no increase
either in S-phase PAR levels or in ADPr in response to DNA
damage in POLE4 KO as compared to wild-type, therefore,
they are more consistent with the alternative scenario suggest-
ing that POLE4 plays a role in mitigating the toxicity induced
by PARP trapping. 
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Figure 6. POLE4 acts parallel to BRCA1 in inducing PARP inhibitor sensitivity. ( A ) Flow cytometry of HeLa wild-type or POLE4 KO cells with 
do wnregulated BR CA1, treated with Olaparib (5 μM, 24 h) or DMSO. T he cells w ere fix ed and stained with anti-pRPA (T21) and propidium-iodide (DNA 

content). (Left) The figure is a representative of three independent experiments. (Right) Bar chart shows the mean ± SEM of percentages of pRPA(T21) 
positive cells from three independent experiments ( n = 3). Asterisks indicate P -values obtained by one-way ANO V A (*** P < 0.001, **** P < 0.0001). 
( B , left) R epresentativ e images of immunofluorescence experiment of Rad51 foci formation in HeLa wild-type and POLE4 KO cells upon treatment of 
Olaparib (10 μM, 48 h), Scale bar, 10 μm. (Right) Quantification of Rad51 foci count in the indicated cell lines upon the indicated treatment. The 
experiment is representative of three independent repetitions. Asterisks indicate P -values obtained by one-way ANO V A (ns, not significant, **** 
P < 0.0 0 01). ( C ) Cell survival assay of HeLa wild-type and POLE4 KO cells transfected with the indicated siRNA and treated with the indicated 
concentration of Olaparib for 7 days, with the treatment being changed once, before calculating the relative survival normalized to the untreated samples 
of each genotype. Mean ± SEM ( n = 3). The figure is derived from three independent experiments. Asterisks indicate P -values obtained by two-way 
ANO V A (**** P < 0.0 0 01). ( D ) Cell survival assay of HeLa wild-type and POLE4 KO cells downregulated of either BRCA1, 53BP1 or both of them using 
siRNA transfection and treated with the indicated concentrations of Olaparib for 7 days, with the treatment being changed once. The curves are 
normalized to the untreated condition corresponding to each genotype. Mean ± SEM ( n = 3). The figures are derived from three independent 
experiments. Asterisks indicate P -values obtained by two-way ANO V A (ns, not significant, ** P < 0.01, **** P < 0.0 0 01). ( E ) In POLE4-proficient cells, 
PARPi is synthetic lethal with BRCA1 deficiency, which is re v ersed upon loss of both BRCA1 and 53BP1 leading to PARPi acquired resistance. In 
POLE4-deficient background, the cells become sensitive to PARPi, and this sensitivity is further enhanced upon loss of BRCA1. Importantly, the acquired 
resistance to PARPi due to co-depletion of BRCA1 and 53BP1 can be bypassed in POLE4-deficeint cells, highlighting a potential therapeutic exploitation 
in the clinic. Created with BioRender.com 
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PARPi cytotoxicity is associated with the accumulation of
sDNA gaps ( 17 ,18 ). Such ssDNA gaps can arise from vari-
us sources, such as defective Okazaki fragments processing
 17 ,52 ), or stalled replication forks ( 18 ). Unligated Okazaki
ragments have been proposed to be a major source of PARP
ctivity in S-phase. If POLE4 functions to ensure timely pro-
essing of Okazaki fragments, then its loss is expected to cause
ccumulation of ssDNA fragments even without PARPi treat-
ent, such accumulation will be translated into increased PAR

evels in S-phase cells just as in BRCA-deficient cells ( 17 ).
owever, POLE4 KO cells do not show increased S-phase

AR signal compared to their wild-type counterparts upon
reatment with either PARGi or the combination of PARGi
nd Fen1i, the latter interfering with Okazaki fragment pro-
essing indicating that the loss of POLE4 does not increase the
ormation of Okazaki fragments. 

Yeast studies identify a role of the POL ε complex in the ac-
ivation of S-phase checkpoint either through the C-terminal
f the catalytic subunit or the accessory subunit Dpb4 in re-
ponse to replication stress ( 25 , 73 , 74 ). Importantly, these ac-
essory subunits also contribute to normal replication fork
rogression ( 24 ). Moreover, several reports have shown that
he loss of POLE4 causes reduced replication origin activation
n mice and worms ( 27 , 75 , 76 ). These replication defects re-
ain, however, relatively mild unless these cells are subjected

o replication stress inducers ( 27 ). These findings, together
ith our data that POLE4 KO cells elicit reduced replication

ate under normal conditions and hypersensitivity to replica-
ion stress, as well as other previous reports ( 21 , 54 , 55 ), all
oint towards a key role of POLE4 in replication stress toler-
nce. 

PARPi has been reported to increase fork speed, which in-
uces replication stress ( 51 ). Further, PARP1 plays a role in
he resolution of R-loops ( 58–60 ), whose function when inhib-
ted may also interfere with efficient replication, a phenotype
hat was reported recently and correlated with PARPi sensi-
ivity ( 56 ). Considering the reduced fork speed in POLE4 KO
pon PARPi, it is tempting to speculate that the instability
f fork progression due to POLE4 loss is potentiated when
ARP1 is trapped on chromatin and interferes with efficient
eplication, which ultimately lead to the replication stress phe-
otype in POLE4 deficient cells. Reduced replication speed
ue to discontinuities of DNA synthesis requires efficient post-
eplicative repair and resolving of R-loops to alleviate the ge-
omic stress accompanied by elevation of such DNA gaps
 57 ,77 ). Our results suggest that impairment of these processes
s likely to contribute to the low replication stress tolerance of
OLE4 K O . 
The arising ssDNA gaps in POLE4 KO are recognized by

TR and lead to its activation, the critical kinase in the pro-
ection against replication stress ( 78 ). ATR blocks cells from
ntering mitosis with unrepaired damage and reduces the
eplication rate to prevent potentiating replication stress ( 79 ).
long with this, several studies have shown that combining
ARPi and ATRi synergistically kills BRCA 1 / 2 deficient cells
y causing premature mitotic release ( 66 ,80 ). The toxicity of
rug combinations could be further reduced through identi-
ying novel genetic alterations that enhance susceptibility to-
ards these drugs ( 54 ). Based on our results, POLE4 can serve
s a target to enhance the sensitivity of cancer cells to the com-
ination of PARPi and ATRi. 
PARPi were reported to cause ATM activation ( 81 ,82 ). Our

ata further validate ATM activation as part of the canonical
response to both PARPi and ATRi as it is evident in wild-type
cells, and much increased in POLE4 KOs due to their increased
sensitivity . Conversely , DNA-PK signaling remains inactive in
wild-type cells following PARPi or ATRi treatment, while be-
ing excessively activated in POLE4 KO cells, contributing to
some of the observed toxicity. Similar upregulation of DNA-
PK signaling has been documented in HR-deficient cells ex-
posed to PARPi ( 83 ). 

Importantly, our results place POLE4 in a BRCA1-
independent pathway underlying PARPi resistance. In con-
trast to BRCA1-deficient cells, sensitivity of POLE4 KO cells
to PARPi is not rescued by the restoration of HR upon 53BP1
depletion (Figure 6 E). Sensitivity of BRCA1-deficient tumors
to PARPi can be attributed to three main mechanisms: (i) HR
deficiency, (ii) loss of replication fork protection, (iii) defects
in Okazaki fragments processing. POLE4 KO cells differ from
BRCA1-deficiency in all these mechanisms. Genetic deletions
of POLE4 have been identified in cases of malignant mesothe-
lioma ( 84 ) and non–small cell lung cancer ( 85 ). Therefore, our
data suggest that POLE4 might serve as a biomarker for iden-
tifying tumors that can respond to PARPi treatment regardless
of their HR status. 
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in its online supplementary material. Further data underlying
this article will be shared on reasonable request to the corre-
sponding author. 

Supplementary data 

Supplementary Data are available at NAR Online. 

A c kno wledg ements 

We would like to thank the technical assistance of Adrián
Kószó in the laboratory of G.T., Bernadett Bóna in the lab-
oratory of L.H. and that of the Microscopy Rennes Imag-
ing Center (BIOSIT, Université Rennes 1). The authors also
acknowledge the contribution of the Core Facility (Cellular
Imaging Laboratory and Laboratory of Functional Genomics)
of the HUN-REN Biological Research Centre. The graphical
abstract and the model in Figure 6 were created with BioRen-
der.com. 

Authors contributions : The authors confirm contribution
to the paper as follows: study conception and design: G.T.,
R.F.B., H.M.; data collection: H.M., R.F.B., M.Me., E.P.J.,
A.G.K., A.M., M.Mo., S.Z., R.S., A.B.S.; analysis and inter-
pretation of results: H.M., R.F.B., G.T., M.Mo., S.H., L.H.,
A.J.B., N.D.L.; draft manuscript preparation: H.M., R.F.B.,
G.T. All authors reviewed the results and approved the final
version of the manuscript. 

Funding 

The work in the Timinszky laboratory was supported by
the National Research Development and Innovation Office
[K143248]; G.T. and H.M. were supported by the EMBO Ad-
vanced Collaboration Grant (10265); A.G.K. was supported
by the National Academy of Scientist Education Program of
the National Biomedical Foundation under the sponsorship
of the Hungarian Ministry of Culture and Innovation and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae439#supplementary-data


16 Nucleic Acids Research , 2024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae439/7686745 by guest on 18 June 2024
the New National Excellence Program of the Hungarian Min-
istry of Culture and Innovation [UNKP-22-3-SZTE-264]; for
this work, S.H. ’ s group received financial support from the
Agence Nationale de la Recherche [AROSE, ANR-22-CE12-
0039]; Institut National du Cancer [PLBIO-2019]; Institut
Universitaire de France; the Bowman lab was supported by
Wellcome Trust [208801 / Z / 17 / Z]; research in the Haracska
laboratory was supported by the National Research, Devel-
opment and Innovation Office [PharmaLab, RRF-2.3.1-21-
2022-00015 and TKP-31-8 / PALY-2021]. Funding for open
access charge: National Research Development and Innova-
tion Office [K143248]. 

Conflict of interest statement 

None declared. 

References 

1. Bryant, H.E. , Schultz, N. , Thomas, H.D. , Parker, K.M. , Flower, D. , 
Lopez, E. , Kyle, S. , Meuth, M. , Curtin, N.J. and Helleday, T. (2005) 
Specific killing of BRCA2-deficient tumours with inhibitors of 
poly(ADP-ribose) polymerase. Nature , 434 , 913–917.

2. Farmer, H. , McCabe, N. , Lord, C.J. , Tutt, A.N.J. , Johnson, D.A. , 
Richardson, T.B. , Santarosa, M. , Dillon, K.J. , Hickson, I. , Knights, C. , 
et al. (2005) Targeting the DNA repair defect in BRCA mutant 
cells as a therapeutic strategy. Nature , 434 , 917–921.

3. Bunting, S.F. , Callén, E. , Wong, N. , Chen, H.-T. , Polato, F. , Gunn, A. , 
Bothmer, A. , Feldhahn, N. , Fernandez-Capetillo, O. , Cao, L. , et al. 
(2010) 53BP1 inhibits homologous recombination in 
Brca1-deficient cells by blocking resection of DNA breaks. Cell , 
141 , 243–254.

4. Langelier, M.-F. , Planck, J.L. , Roy, S. and Pascal, J.M. (2012) 
Structural basis for DNA damage-dependent 
poly(ADP-ribosyl)ation by human PARP-1. Science , 336 , 728–732.

5. Barkauskaite, E. , Jankevicius, G. , Ladurner, A.G. , Ahel, I. and 
T iminszky, G. (2013) The recognition and removal of cellular 
poly(ADP-ribose) signals. FEBS J. , 280 , 3491–3507. 

6. Sellou, H. , Lebeaupin, T. , Chapuis, C. , Smith, R. , Hegele, A. , 
Singh, H.R. , Kozlowski, M. , Bultmann, S. , Ladurner, A.G. , 
T iminszky, G. , et al. (2016) The poly(ADP-ribose)-dependent 
chromatin remodeler Alc1 induces local chromatin relaxation 
upon DNA damage. Mol. Biol. Cell , 27 , 3791–3799.

7. Murai, J. , Huang, S.N. , Das, B.B. , Renaud, A. , Zhang, Y. , 
Doroshow, J.H. , Ji, J. , Takeda, S. and Pommier, Y. (2012) Trapping 
of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res., 72 ,
5588–5599.

8. Y ing, S. , Hamdy, F.C. and Helleday, T. (2012) Mre11-dependent 
degradation of stalled DNA replication forks is prevented by 
BRCA2 and PARP1. Cancer Res. , 72 , 2814–2821. 

9. Lord, C.J. and Ashworth, A. (2016) BRCAness revisited. Nat. Rev. 
Cancer , 16 , 110–120.

10. Gibbs-Seymour, I. , Fontana, P. , Rack, J.G.M. and Ahel, I. (2016) 
HPF1 / C4orf27 Is a PARP-1-interacting protein that regulates 
PARP-1 ADP-ribosylation activity. Mol. Cell , 62 , 432–442.

11. Zimmermann, M. , Murina, O. , Reijns, M.A.M. , Agathanggelou, A. , 
Challis, R. , Tarnauskait ̇e, Ž. , Muir, M. , Fluteau, A. , Aregger, M. , 
McEwan, A. , et al. (2018) CRISPR screens identify genomic 
ribonucleotides as a source of PARP-trapping lesions. Nature , 559 ,
285–289.

12. Juhász, S. , Smith, R. , Schauer, T. , Spekhardt, D. , Mamar, H. , 
Zentout, S. , Chapuis, C. , Huet, S. and T iminszky, G. (2020) The 
chromatin remodeler ALC1 underlies resistance to PARP inhibitor 
treatment. Sci. Adv., 6 , eabb8626.

13. Hewitt, G. , Borel, V. , Segura-Bayona, S. , Takaki, T. , Ruis, P. , 
Bellelli, R. , Lehmann, L.C. , Sommerova, L. , Vancevska, A. , 
Tomas-Loba, A. , et al. (2021) Defective ALC1 nucleosome 
remodeling confers PARPi sensitization and synthetic lethality 
with HRD. Mol. Cell , 81 , 767–783.

14. Blessing, C. , Mandemaker, I.K. , Gonzalez-Leal, C. , Preisser, J. , 
Schomburg, A. and Ladurner, A.G. (2020) The oncogenic helicase 
ALC1 regulates PARP inhibitor potency by trapping PARP2 at 
DNA breaks. Mol. Cell , 80 , 862–875.

15. Verma, P. , Zhou, Y. , Cao, Z. , Deraska, P .V . , Deb, M. , Arai, E. , Li, W. , 
Shao, Y. , Puentes, L. , Li, Y. , et al. (2021) ALC1 links chromatin 
accessibility to PARP inhibitor response in homologous 
recombination-deficient cells. Nat. Cell Biol., 23 , 160–171.

16. Niraj, J. , Färkkilä, A. and D’Andrea, A.D. (2019) The Fanconi 
anemia pathway in cancer. Annu Rev Cancer Biol , 3 , 457–478.

17. Cong, K. , Peng, M. , Kousholt, A.N. , Lee, W.T.C. , Lee, S. , Nayak, S. , 
Krais, J. , VanderVere-Carozza, P.S. , Pawelczak, K.S. , Calvo, J. , et al. 
(2021) Replication gaps are a key determinant of PARP inhibitor 
synthetic lethality with BRCA deficiency. Mol. Cell , 81 , 3227.

18. Simoneau, A. , Xiong, R. and Zou, L. (2021) The trans cell cycle 
effects of PARP inhibitors underlie their selectivity toward 
BRCA1 / 2-deficient cells. Genes Dev. , 35 , 1271–1289. 

19. Vaitsiankova, A. , Burdova, K. , Sobol, M. , Gautam, A. , Benada, O. , 
Hanzlikova, H. and Caldecott, K.W. (2022) PARP inhibition 
impedes the maturation of nascent DNA strands during DNA 

replication. Nat. Struct. Mol. Biol., 29 , 329–338.
20. Clements, K.E. , Schleicher, E.M. , Thakar, T. , Hale, A. , 

Dhoonmoon, A. , Tolman, N.J. , Sharma, A. , Liang, X. , Imamura 
Kawasawa, Y. , Nicolae, C.M. , et al. (2020) Identification of 
regulators of poly-ADP-ribose polymerase inhibitor response 
through complementary CRISPR knockout and activation screens. 
Nat. Commun., 11 , 6118.

21. Su, D. , Feng, X. , Colic, M. , Wang, Y. , Zhang, C. , Wang, C. , Tang, M. , 
Hart, T. and Chen, J. (2020) CRISPR / CAS9-based DNA damage 
response screens reveal gene-drug interactions. DNA Repair 
(Amst.) , 87 , 102803.

22. Burgers, P.M.J. and Kunkel, T.A. (2017) Eukaryotic DNA 

replication fork. Annu. Rev. Biochem., 86 , 417–438.
23. Pursell, Z.F. and Kunkel, T.A. (2008) DNA polymerase ε : a 

polymerase of unusual size (and complexity). Prog. Nucleic Acid 
Res. Mol. Biol., 82 , 101–145.

24. Aksenova, A. , Volkov, K. , Maceluch, J. , Pursell, Z.F. , Rogozin, I.B. , 
Kunkel, T.A. , Pavlov, Y.I. and Johansson, E. (2010) Mismatch 
repair-independent increase in spontaneous mutagenesis in yeast 
lacking non-essential subunits of DNA polymerase ε . PLoS 
Genet., 6 , e1001209.

25. Puddu, F. , Piergiovanni, G. , Plevani, P. and Muzi-Falconi, M. (2011) 
Sensing of replication stress and Mec1 activation act through two 
independent pathways involving the 9-1-1 complex and DNA 

polymerase ε . PLoS Genet., 7 , e1002022.
26. Spiga, M.-G. and D’Urso, G. (2004) Identification and cloning of 

two putative subunits of DNA polymerase epsilon in fission yeast. 
Nucleic Acids Res., 32 , 4945–4953.

27. Bellelli, R. , Borel, V. , Logan, C. , Svendsen, J. , Cox, D.E. , Nye, E. , 
Metcalfe, K. , O’Connell, S.M. , Stamp, G. , Flynn, H.R. , et al. (2018) 
Pol ε instability drives replication stress, abnormal development, 
and tumorigenesis. Mol. Cell , 70 , 707–721.

28. Tsubota, T. , Tajima, R. , Ode, K. , Kubota, H. , Fukuhara, N. , 
Kawabata, T. , Maki, S. and Maki, H. (2006) Double-stranded DNA 

binding, an unusual property of DNA polymerase ε, promotes 
epigenetic silencing in Saccharomyces cerevisiae. J. Biol. Chem., 
281 , 32898–32908.

29. Bellelli, R. , Belan, O. , Pye, V.E. , Clement, C. , Maslen, S.L. , Skehel, J.M. ,
Cherepanov, P. , Almouzni, G. and Boulton, S.J. (2018) 
POLE3-POLE4 is a histone H3-H4 chaperone that maintains 
chromatin integrity during DNA replication. Mol. Cell , 72 , 
112–126.

30. Yu, C. , Gan, H. , Serra-Cardona, A. , Zhang, L. , Gan, S. , Sharma, S. , 
Johansson, E. , Chabes, A. , Xu, R.-M. and Zhang, Z. (2018) A 

mechanism for preventing asymmetric histone segregation onto 
replicating DNA strands. Science , 361 , 1386–1389.



Nucleic Acids Research , 2024 17 

3

3

3

3

3

3

3  

3

3

4

4

4

4

4

4

4  

4

4

4

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae439/7686745 by guest on 18 June 2024
1. Li, Z. , Hua, X. , Serra-Cardona, A. , Xu, X. , Gan, S. , Zhou, H. , 
Yang, W.-S. , Chen, C.-L. , Xu, R.-M. and Zhang, Z. (2020) DNA 

polymerase α interacts with H3-H4 and facilitates the transfer of 
parental histones to lagging strands. Sci. Adv., 6 , eabb5820.

2. Iida, T. and Araki, H. (2004) Noncompetitive counteractions of 
DNA polymerase epsilon and ISW2 / yCHRAC for epigenetic 
inheritance of telomere position effect in Saccharomyces 
cerevisiae. Mol. Cell. Biol., 24 , 217–227.

3. He, H. , Li, Y. , Dong, Q. , Chang, A.-Y. , Gao, F. , Chi, Z. , Su, M. , 
Zhang, F. , Ban, H. , Martienssen, R. , et al. (2017) Coordinated 
regulation of heterochromatin inheritance by Dpb3-Dpb4 
complex. Proc. Natl. Acad. Sci. U.S.A., 114 , 12524–12529.

4. Casari, E. , Gobbini, E. , Gnugnoli, M. , Mangiagalli, M. , Clerici, M. 
and Longhese,M.P. (2021) Dpb4 promotes resection of DNA 

double-strand breaks and checkpoint activation by acting in two 
different protein complexes. Nat. Commun., 12 , 4750.

5. Pardo, B. , Crabbé, L. and Pasero, P. (2017) Signaling pathways of 
replication stress in yeast. FEMS Yeast Res. , 17 , fow101. 

6. Lim, K.S. , Li, H. , Roberts, E.A. , Gaudiano, E.F. , Clairmont, C. , 
Sambel, L.A. , Ponnienselvan, K. , Liu, J.C. , Yang, C. , Kozono, D. , et al. 
(2018) USP1 is required for replication fork protection in 
BRCA1-deficient tumors. Mol. Cell , 72 , 925–941.

7. Bairoch,A. (2018) The Cellosaurus, a cell-line knowledge resource.
J. Biomol. Tech., 29 , 25–38.

8. Ran, F.A. , Hsu, P.D. , Wright, J. , Agarwala, V. , Scott, D.A. and 
Zhang,F. (2013) Genome engineering using the CRISPR-Cas9 
system. Nat. Protoc., 8 , 2281–2308.

9. Carpenter, A.E. , Jones, T.R. , Lamprecht, M.R. , Clarke, C. , Kang, I.H. , 
Friman, O. , Guertin, D.A. , Chang, J.H. , Lindquist, R.A. , Moffat, J. , 
et al. (2006) CellProfiler: image analysis software for identifying 
and quantifying cell phenotypes. Genome Biol. , 7 , R100. 

0. Mórocz, M. , Gali, H. , Raskó, I. , Downes, C.S. and Haracska, L. 
(2013) Single cell analysis of human RAD18-dependent DNA 

post-replication repair by alkaline bromodeoxyuridine comet 
assay. PLoS One , 8 , e70391.

1. Jansen, J.G. , Tsaalbi-Shtylik, A. , Hendriks, G. , Gali, H. , Hendel, A. , 
Johansson, F. , Erixon, K. , Livneh, Z. , Mullenders, L.H.F. , 
Haracska, L. , et al. (2009) Separate domains of Rev1 mediate two 
modes of DNA damage bypass in mammalian cells. Mol. Cell. 
Biol., 29 , 3113–3123.

2. Poot, R.A. , Dellaire, G. , Hülsmann, B.B. , Grimaldi, M.A. , 
Corona, D.F. , Becker, P.B. , Bickmore, W.A. and Varga-Weisz, P.D. 
(2000) HuCHRAC, a human ISWI chromatin remodelling 
complex contains hACF1 and two novel histone-fold proteins. 
EMBO J., 19 , 3377–3387.

3. Lin, X. , Jiang, W. , Rudolph, J. , Lee, B.J. , Luger, K. and Zha, S. (2022) 
PARP inhibitors trap PARP2 and alter the mode of recruitment of 
PARP2 at DNA damage sites. Nucleic Acids Res. , 50 , 3958–3973. 

4. Langelier, M.-F. , Lin, X. , Zha, S. and Pascal, J.M. (2023) Clinical 
PARP inhibitors allosterically induce PARP2 retention on DNA. 
Sci. Adv., 9 , eadf7175.

5. Prokhorova, E. , Zobel, F. , Smith, R. , Zentout, S. , Gibbs-Seymour, I. , 
Schützenhofer, K. , Peters, A. , Groslambert, J. , Zorzini, V. , Agnew, T. , 
et al. (2021) Serine-linked PARP1 auto-modification controls 
PARP inhibitor response. Nat. Commun., 12 , 4055.

6. Gogola, E. , Duarte, A.A. , de Ruiter, J.R. , Wiegant, W .W . , Schmid, J.A. ,
de Bruijn, R. , James, D.I. , Guerrero Llobet, S. , V is, D.J. , 
Annunziato, S. , et al. (2018) Selective loss of PARG restores 
PARylation and counteracts PARP inhibitor-mediated synthetic 
lethality. Cancer Cell , 33 , 1078–1093.

7. Gatti, M. , Imhof, R. , Huang, Q. , Baudis, M. and Altmeyer, M. (2020) 
The ubiquitin ligase TRIP12 Limits PARP1 trapping and 
constrains PARP inhibitor efficiency. Cell Rep. , 32 , 107985. 

8. Krastev, D.B. , Li, S. , Sun, Y. , Wicks, A.J. , Hoslett, G. , Weekes, D. , 
Badder, L.M. , Knight, E.G. , Marlow, R. , Pardo, M.C. , et al. (2022) 
The ubiquitin-dependent ATPase p97 removes cytotoxic trapped 
PARP1 from chromatin. Nat. Cell Biol., 24 , 62–73.

9. Buchfellner, A. , Yurlova, L. , Nüske, S. , Scholz, A.M. , Bogner, J. , 
Ruf, B. , Zolghadr, K. , Drexler, S.E. , Drexler, G.A. , Girst, S. , et al. 
(2016) A new nanobody-based biosensor to study endogenous 
PARP1 in vitro and in live human cells. PLoS One , 11 , e0151041.

50. Dolce, V. , Dusi, S. , Giannattasio, M. , Joseph, C.R. , Fumasoni, M. and 
Branzei,D. (2022) Parental histone deposition on the replicated 
strands promotes error-free DNA damage tolerance and regulates 
drug resistance. Genes Dev. , 36 , 167–179. 

51. Maya-Mendoza, A. , Moudry, P. , Merchut-Maya, J.M. , Lee, M. , 
Strauss, R. and Bartek, J. (2018) High speed of fork progression 
induces DNA replication stress and genomic instability. Nature , 
559 , 279–284.

52. Hanzlikova, H. , Kalasova, I. , Demin, A.A. , Pennicott, L.E. , 
Cihlarova, Z. and Caldecott, K.W. (2018) The importance of 
poly(ADP-ribose) polymerase as a sensor of unligated Okazaki 
fragments during DNA replication. Mol. Cell , 71 , 319–331.

53. Collins, A. , Møller, P. , Gajski, G. , Vodenková, S. , Abdulwahed, A. , 
Anderson, D. , Bankoglu, E.E. , Bonassi, S. , Boutet-Robinet, E. , 
Brunborg, G. , et al. (2023) Measuring DNA modifications with the
comet assay: a compendium of protocols. Nat. Protoc., 18 , 
929–989.

54. Zimmermann, M. , Bernier, C. , Kaiser, B. , Fournier, S. , Li, L. , 
Desjardins, J. , Skeldon, A. , Rimkunas, V. , Veloso, A. , Young, J.T.F. , 
et al. (2022) Guiding ATR and PARP inhibitor combinationswith 
chemogenomic screens. Cell Rep. , 40 , 111081. 

55. Hustedt, N. , Álvarez-Quilón, A. , McEwan, A. , Yuan, J.Y. , Cho, T. , 
Koob, L. , Hart, T. and Durocher, D. (2019) A consensus set of 
genetic vulnerabilities to ATR inhibition. Open Biol , 9 , 190156.

56. Sharma, A.B. , Ramlee, M.K. , Kosmin, J. , Higgs, M.R. , 
Wolstenholme, A. , Ronson, G.E. , Jones, D. , Ebner, D. , Shamkhi, N. , 
Sims, D. , et al. (2023) C16orf72 / HAPSTR1 / TAPR1 functions with
BRCA1 / Senataxin to modulate replication-associated R-loops and 
confer resistance to PARP disruption. Nat. Commun., 14 , 5003.

57. Petermann, E. , Lan, L. and Zou, L. (2022) Sources, resolution and 
physiological relevance of R-loops and RNA-DNA hybrids. Nat. 
Rev. Mol. Cell Biol., 23 , 521–540.

58. Laspata, N. , Kaur, P. , Mersaoui, S.Y. , Muoio, D. , Liu, Z.S. , 
Bannister, M.H. , Nguyen, H.D. , Curry, C. , Pascal, J.M. , Poirier, G.G. , 
et al. (2023) PARP1 associates with R-loops to promote their 
resolution and genome stability. Nucleic Acids Res., 51 , 
2215–2237.

59. Cristini, A. , Groh, M. , Kristiansen, M.S. and Gromak, N. (2018) 
RNA / DNA hybrid interactome identifies DXH9 as a molecular 
player in transcriptional termination and R-loop-associated DNA 

damage. Cell Rep., 23 , 1891–1905.
60. Lin, W.-L. , Chen, J.-K. , Wen, X. , He, W. , Zarceno, G.A. , Chen, Y. , 

Chen, S. , Paull, T .T . and Liu,H.-W. (2022) DDX18 prevents 
R-loop-induced DNA damage and genome instability via PARP-1. 
Cell Rep., 40 , 111089.

61. Bou-Nader, C. , Bothra, A. , Garboczi, D.N. , Leppla, S.H. and 
Zhang,J. (2022) Structural basis of R-loop recognition by the S9.6 
monoclonal antibody. Nat. Commun., 13 , 1641.

62. Zeman, M.K. and Cimprich, K.A. (2014) Causes and consequences 
of replication stress. Nat. Cell Biol., 16 , 2–9.

63. Buisson, R. , Boisvert, J.L. , Benes, C.H. and Zou, L. (2015) Distinct 
but concerted roles of ATR, DNA-PK, and Chk1 in countering 
replication stress during S phase. Mol. Cell , 59 , 1011–1024.

64. Liu, S. , Shiotani, B. , Lahiri, M. , Maréchal, A. , Tse, A. , Leung, C.C.Y. , 
Mark Glover, J.N. , Yang, X.H. and Zou, L. (2011) ATR 

autophosphorylation as a molecular switch for checkpoint 
activation. Mol. Cell , 43 , 192–202.

65. Maréchal, A. and Zou, L. (2015) RPA-coated single-stranded DNA 

as a platform for post-translational modifications in the DNA 

damage response. Cell Res. , 25 , 9–23. 
66. Schoonen, P.M. , Kok, Y.P. , Wierenga, E. , Bakker, B. , Foijer, F. , 

Spierings,D.C.J. and van Vugt,M.A.T.M. (2019) Premature mitotic 
entry induced by ATR inhibition potentiates olaparib 
inhibition-mediated genomic instability, inflammatory signaling, 
and cytotoxicity in BRCA2-deficient cancer cells. Mol Oncol , 13 , 
2422–2440.



18 Nucleic Acids Research , 2024 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/
67. Cybulla, E. and V indigni, A. (2023) Leveraging the replication stress
response to optimize cancer therapy. Nat. Rev. Cancer , 23 , 6–24.

68. Bouwman, P. , Aly, A. , Escandell, J.M. , Pieterse, M. , Bartkova, J. , van 
der Gulden, H. , Hiddingh, S. , Thanasoula, M. , Kulkarni, A. , Yang, Q. ,
et al. (2010) 53BP1 loss rescues BRCA1 deficiency and is 
associated with triple-negative and BRCA-mutated breast cancers. 
Nat. Struct. Mol. Biol., 17 , 688–695.

69. Aly, A. and Ganesan, S. (2011) BRCA1, PARP, and 53BP1: 
conditional synthetic lethality and synthetic viability. J. Mol. Cell 
Biol., 3 , 66–74.

70. Belotserkovskaya, R. , Raga Gil, E. , Lawrence, N. , Butler, R. , 
Clifford, G. , Wilson, M.D. and Jackson, S.P. (2020) PALB2 
chromatin recruitment restores homologous recombination in 
BRCA1-deficient cells depleted of 53BP1. Nat. Commun., 11 , 819.

71. Johannes, J.W. , Balazs, A. , Barratt, D. , Bista, M. , Chuba, M.D. , 
Cosulich, S. , Critchlow, S.E. , Degorce, S.L. , Di Fruscia, P. , 
Edmondson, S.D. , et al. (2021) Discovery of 
5-{4-[(7-Ethyl-6-oxo-5,6-dihydro-1,5-naphthyridin-3- 
yl)methyl]piperazin-1-yl}-N-methylpyridine-2-carboxamide 
(AZD5305): A PARP1-DNA Trapper with High Selectivity for 
PARP1 over PARP2 and Other PARPs. J. Med. Chem., 64 , 
14498–14512.

72. Illuzzi, G. , Staniszewska, A.D. , Gill, S.J. , Pike, A. , McWilliams, L. , 
Critchlow, S.E. , Cronin, A. , Fawell, S. , Hawthorne, G. , Jamal, K. , 
et al. (2022) Preclinical characterization of AZD5305, a 
next-generation, highly selective PARP1 inhibitor and trapper. 
Clin. Cancer Res., 28 , 4724–4736.

73. Navas, T.A. , Zhou, Z. and Elledge, S.J. (1995) DNA polymerase 
epsilon links the DNA replication machinery to the S phase 
checkpoint. Cell , 80 , 29–39.

74. Araki, H. , Leem, S.H. , Phongdara, A. and Sugino, A. (1995) Dpb11, 
which interacts with DNA polymerase II(epsilon) in 
Saccharomyces cerevisiae, has a dual role in S-phase progression 
and at a cell cycle checkpoint. Proc. Natl. Acad. Sci. U.S.A., 92 , 
11791–11795.

75. Borel, V. , Boeing, S. , Van Wietmarschen, N. , Sridharan, S. , Hill, B.R. , 
Ombrato, L. , Perez-Lloret, J. , Jackson, D. , Goldstone, R. , Boulton, S.J. ,
et al. (2022) Disrupted control of origin activation compromises 
genome integrity upon destabilization of Pol ε and dysfunction of 
the TRP53-CDKN1A / P21 axis. Cell Rep. , 39 , 110871. 
Received: September 22, 2023. Revised: May 2, 2024. Editorial Decision: May 3, 2024. Accepted: Ma
© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
distribution, and reproduction in any medium, provided the original work is properly cited. 
76. Bellelli, R. , Youds, J. , Borel, V. , Svendsen, J. , Pavicic-Kaltenbrunner, V. 
and Boulton,S.J. (2020) Synthetic lethality between DNA 

polymerase epsilon and RTEL1 in metazoan DNA replication. Cell 
Rep., 31 , 107675.

77. Smirnova, M. and Klein, H.L. (2003) Role of the error-free damage 
bypass postreplication repair pathway in the maintenance of 
genomic stability. Mutat. Res., 532 , 117–135.

78. Cimprich, K.A. and Cortez, D. (2008) ATR: an essential regulator 
of genome integrity. Nat. Rev. Mol. Cell Biol., 9 , 616–627.

79. Menolfi, D. , Lee, B.J. , Zhang, H. , Jiang, W. , Bowen, N.E. , Wang, Y. , 
Zhao, J. , Holmes, A. , Gershik, S. , Rabadan, R. , et al. (2023) ATR 

kinase supports normal proliferation in the early S phase by 
preventing replication resource exhaustion. Nat. Commun., 14 , 
3618.

80. Kim, H. , George, E. , Ragland, R. , Rafail, S. , Zhang, R. , Krepler, C. , 
Morgan, M. , Herlyn, M. , Brown, E. and Simpkins, F. (2017) 
Targeting the ATR / CHK1 axis with PARP inhibition results in 
tumor regression in BRCA-mutant ovarian cancer models. Clin. 
Cancer Res., 23 , 3097–3108.

81. Haince, J.-F. , Kozlov, S. , Dawson, V.L. , Dawson, T.M. , Hendzel, M.J. , 
Lavin, M.F. and Poirier, G.G. (2007) Ataxia telangiectasia mutated 
(ATM) signaling network is modulated by a novel 
poly(ADP-ribose)-dependent pathway in the early response to 
DNA-damaging agents. J. Biol. Chem., 282 , 16441–16453.

82. Bryant, H.E. and Helleday, T. (2006) Inhibition of poly 
(ADP-ribose) polymerase activates ATM which is required for 
subsequent homologous recombination repair. Nucleic Acids Res., 
34 , 1685–1691.

83. Patel, A.G. , Sarkaria, J.N. and Kaufmann, S.H. (2011) 
Nonhomologous end joining drives poly(ADP-ribose) polymerase 
(PARP) inhibitor lethality in homologous recombination-deficient 
cells. Proc. Natl. Acad. Sci. U.S.A., 108 , 3406–3411.

84. Cheung, M. , Kadariya, Y. , Sementino, E. , Hall, M.J. , Cozzi, I. , 
Ascoli, V. , Ohar, J.A. and Testa, J.R. (2021) Novel LRRK2 mutations 
and other rare, non-BAP1-related candidate tumor predisposition 
gene variants in high-risk cancer families with mesothelioma and 
other tumors. Hum. Mol. Genet., 30 , 1750–1761.

85. Rizvi, N.A. , Hellmann, M.D. , Snyder, A. , Kvistborg, P. , Makarov, V. , 
Havel,J .J ., Lee,W., Yuan,J., Wong,P., Ho,T.S., et al. (2015) Cancer 
immunology. Mutational landscape determines sensitivity to PD-1 

blockade in non-small cell lung cancer. Science , 348 , 124–128.

y 9, 2024 

nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 

gkae439/7686745 by guest on 18 June 2024


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

