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Abstract 

Flap endonuclease 1 (FEN1)-dependent long-patch repair has been considered a minor sub-pathw a y of DNA single-strand break repair (SSBR), 
activated only when short-patch repair is not feasible. However, the significance of long-patch repair in living cells remains unclear. Here, we 
emplo y ed human RPE-1 cells with FEN1 deletion to compare the requirements for short- and long-patch pathw a y s f or the rapid repair of various 
types of DNA single-strand breaks (SSBs). We found that SSBs arising from abortive topoisomerase 1 activity are repaired efficiently without 
FEN1. In contrast, the rapid repair of SSBs arising during base e x cision repair f ollo wing treatment with methyl methanesulphonate (MMS) or 
f ollo wing treatment with h y drogen pero xide (H 2 O 2 ) e xhibits an une xpectedly high dependence on FEN1. Indeed, in G1 phase, FEN1 deletion 
slows the rate of SSBR to a similar or even greater extent than deletion of the short-patch repair proteins XRCC1 or POL β. As expected, the 
combined deletion of FEN1 with XRCC1 or POL β has an additive or synergistic effect, severely attenuating SSBR rates after MMS or H 2 O 2 
e xposure. T hese data highlight an unanticipated requirement for FEN1 in the rapid repair of SSBs in human cells, challenging the pre v ailing vie w 

that long-patch repair is a minor sub-pathw a y of SSBR. 
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ingle-strand breaks (SSBs) are among the most common
NA lesions arising in cells, and are induced both directly

s a result of oxidative damage to deoxyribose and indi-
ectly during the base excision repair (BER) of damaged DNA
ases [ 1 ]. In addition, SSBs can arise as intermediates of en-
ymatic processes critical for DNA replication and gene tran-
cription, such as the maturation of Okazaki fragments, the
bortive activity of topoisomerases, and the demethylation
f 5-methylcytosine during epigenetic reprogramming [ 1–3 ].
he rapid repair of SSBs is thus critical to maintain genomic

ntegrity at a level compatible with cellular and organismal
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health. This is best illustrated by the existence of at least six
hereditary genetic diseases in which one of four single-strand
break repair (SSBR) genes are mutated [ 4 ]. 

Current models propose that SSBR is conducted by two
distinct pathways, denoted short-patch repair and long-patch
repair [ 4–6 ]. Short-patch repair involves the replacement of
a single nucleotide at the damage site, typically carried out
by DNA polymerase β (POL β), whereas long-patch repair in-
volves replacement of ∼2–15 nucleotides through the action
of POL β and / or DNA polymerase δ (POL δ) [ 7–14 ]. Short-
patch repair is mediated by proteins that interact with the
scaffold protein XRCC1, including aprataxin, polynucleotide
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blocked with 5% BSA in PBS. 
kinase phosphatase (PNKP), POL β, and DNA ligase III [ 7 ,
15–19 ]. In contrast, long-patch repair is facilitated by proteins
that associate with proliferating cell nuclear antigen (PCNA),
such as POL δ, flap endonuclease 1 (FEN1), and DNA ligase
I [ 11–13 , 20–23 ]. A defining feature of long-patch repair is the
involvement of FEN1, which is responsible for removing the
5 

′ -single-stranded flap generated during long-patch gap filling
[ 13 , 20 ]. 

Early biochemical studies found that short-patch repair is
the major sub-pathway for BER, accounting for > 70% of
BER reactions [ 24–26 ]. However, later studies reported that
long-patch BER occurs at a similar or greater frequency than
short-patch repair [ 27 , 28 ]. One factor that can affect the
balance between these pathways is cell type. For example,
muscle cells differentiated from human iPSC primarily em-
ploy short-patch BER during active cytosine demethylation,
whereas in differentiated neurons, both short- and long-patch
BER are commonly employed [ 29 , 30 ]. Another factor affect-
ing sub-pathway choice is the chemistry of the 5 

′ -termini at
SSBs [ 31 ]. For example, during BER, bifunctional DNA glyco-
sylases create 5 

′ -termini with canonical 5 

′ -phosphates, which
enable rapid ligation following single nucleotide gap filling,
thereby favouring short-patch repair. In contrast, monofunc-
tional DNA glycosylases create 5 

′ -abasic sites that require ex-
cision by the deoxyribose phosphodiesterase (dRpase) activity
of POL β [ 32 ], which may increase the half-life of the SSB and
the chance of longer repair patches. Indeed, reduced or oxi-
dized 5 

′ -abasic sites are resistant to dRpase activity and can
only be repaired by long-patch repair [ 24 , 32 , 33 ]. Finally, the
repair of ‘direct’ SSBs arising from hydrogen abstraction and
disintegration of oxidized deoxyribose can be achieved by ei-
ther short-patch or long-patch repair [ 14 , 18 ]. 

Here, we employed human cells with deletions of FEN1
and / or XRCC1 or POL β to examine the relative contribu-
tions of long-patch and short-patch repair, respectively, for the
rapid repair of different types of SSBs in living cells. Our find-
ings reveal that FEN1 has a significantly greater impact on
SSB repair rates than previously anticipated, challenging the
notion that long-patch repair is a minor sub-pathway. 

Materials and methods 

Cell lines, cell culture, chemicals, and antibodies 

Human wild-type hTERT RPE-1 cells (denoted as RPE-1),
U2OS cells, and FEN1-deleted derivatives ( FEN1 

−/ − RPE-1
clone #21 / 6; FEN1 

−/ − U2OS clone #6; denoted as koFEN1)
were described previously [ 34 ]. HEK293 Flp-In™ T-REx™
were obtained from Life Technologies. Cells were cultured
grown in DMEM / F-12 or DMEM media (Gibco) supple-
mented with 10% serum and penicillin / streptomycin at 37 

◦C,
5% CO 2 , and 3–5% oxygen. Cells were tested regularly for
mycoplasma contamination. To synchronize RPE-1 cells into
G0 / G1 phase, they were grown to confluency and kept con-
fluent in full media for 3 days followed by incubation in
low-serum media for further 3 days. To induce DNA SSBs,
cells were treated with 10–30 μM camptothecin (CPT) or 0.1
mg / ml methyl methanesulphonate (MMS) in complete media
at 37 

◦C for the times indicated, or with 100 μM hydrogen
peroxide (H 2 O 2 ) on ice for 10 min in serum-free media. CPT,
MMS, and H 2 O 2 were obtained from Sigma–Aldrich (C9911,
129925, and H1009, respectively). The PARP inhibitor ola-
parib (S1060; Selleck Chemicals) was used at a final concen-
tration of 10 μM. Primary and secondary antibodies are indi- 
cated in Supplementary Table S1 . 

Gene editing of hTERT RPE-1 cells was performed us- 
ing CRISPR / Cas9 plasmid as previously described [ 34–
36 ]. For POL β knockout cells ( POL β−/ − RPE-1 clone 
#9; denoted as koPOL β), gRNA sequences were GGC- 
CGCC ATGAGC AAACGGA and GC AGCGGGTCGTCTTC- 
CGTG and clonal isolates were selected by cell sorting and 

knockout verified by western blot. FEN1 / POL β double- 
knockout cells ( FEN1 

−/ −/ POL β−/ − RPE-1 clone #2; de- 
noted as koFEN1 / POL β) were created in the FEN1 

−/ − RPE-1 

cell line described above. 
To create XRCC1 knockout RPE-1 cells ( XRCC1 

−/ −

RPE-1 clone #23; denoted as koXRCC1), synthetic gRNAs 
(GGUA GA GUA UGGGGUCCGA G and CA GA CA CUUA CC- 
GAAAAUGG) and recombinant Cas9 protein were used.
Clonal isolates were obtained by dilution and knockout ver- 
ified by western blotting. FEN1 / XRCC1 double-knockout 
cells ( FEN1 

−/ −/ XRCC1 

−/ − RPE-1 clone #23; denoted as 
koFEN1 / XRCC1) were created in the FEN1 

−/ − RPE-1 cell 
line described above. Clones obtained by dilution were geno- 
typed for insertion using PCR and verified by western blot- 
ting. To generate FEN1 knock-out in HEK293 FlipIN-TRex 

cells ( FEN1 

−/ − HEK293 #clone23; denoted as koFEN1),
synthetic gRNA (UGUGGCCCCC AGUGCC AUCC) was used 

with Cas9 protein [ 34 ]. Clones were isolated by dilution and 

knockout verified by western blotting. 

Purification of FEN1 and proteofection 

His-tagged wild-type and catalytically inactive FEN1 (R100A) 
were expressed in Esc heric hia coli BL21 (DE3) cells by in- 
duction with 0.1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG) at 16 

◦C overnight, as previously described [ 37 , 38 ].
Bacterial cell pellets were resuspended in lysis buffer (20 mM 

Tris–HCl, pH 7.5, 1 M NaCl, 10 mM imidazole), sonicated,
and centrifuged at 40 000 × g for 30 min at 4 

◦C. Supernatant 
was filtered and loaded to 5-ml Ni HiTrap column. Column 

was extensively washed with lysis buffer and lysis buffer con- 
taining 40 mM imidazole. Protein was eluted using elution 

buffer (500 mM imidazole, 0.5 M NaCl, 20 mM Tris–HCl,
pH 7.5), diluted with dH 2 O containing 1 mM dithiothre- 
itol (DTT), and loaded to 5-ml HiTrap Q Sepharose. Flow- 
through containing FEN1 protein was collected, aliquoted,
and stored at −80 

◦C before use. 
For complementation of cells by protein transfection (pro- 

teofection), cells were trypsinized, counted, washed with PBS,
and resuspended in buffer R (Neon kit). Aliquot of 100 000 

cells in 10 μl was mixed with 1 μg of purified FEN1 protein 

and electroporated by Neon 10- μl electroporation tip (1350 

V / 20 ms / 2 pulses). Cells were left to recover for 15 min in full
media before comet assay. 

Indirect immunofluorescence microscopy and 

sSTRIDE 

Cells were seeded onto coverslips 1 day prior to treatment. Af- 
ter treatment, cells were washed with cold phosphate buffered 

saline (PBS) and pre-extracted on ice for 5 min using pre- 
extraction buffer (25 mM HEPES, pH 7.4, 50 mM NaCl, 1 

mM EDTA, 3 mM MgCl 2 , 0.3 M sucrose, 0.5% Triton X- 
100). Cells were then fixed with 4% formaldehyde on ice,
permeabilized with cold methanol / acetone for 5 min, and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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For sSTRIDE [ 39 ], cover slips were incubated with DNA
olymerase I (NEB) in buffer 2 (NEB) containing 5 μM
ucleotides (biotin-7-dATP , biotin-16-dCTP , biotin-16-dUTP ,
nd dGTP; Jena Bioscience) for 15 min at 37 

◦C in a humified
hamber. Reactions were stopped by 0.1 M EDTA and cover-
lips were washed with PBS. 

Primary antibodies were applied in BSA for 1–2 h at room
emperature (RT). Coverslips were washed three times with
BS, incubated with secondary antibodies in BSA for 30–60
in at RT, and washed three times with PBS. Nuclei were

tained by incubation with DAPI in PBS for 5 min. Coverslips
ere then washed with dH 2 O , air -dried, and mounted using
ectashield. Images were acquired with an Olympus IX81 mi-
roscope equipped with the ScanR high-content module and
 UPLXAPO 20 ×/ 0.8 or UPLXAPO 40 ×/ 0.95 DRY objec-
ive. The DAPI signal was used for intensity-based nuclear seg-
entation, and total fluorescence intensity in various channels
as quantified. Signal intensities for different cell populations
ere analysed using FlowJo software (TreeStar). 

lkaline comet assay 

ells were trypsinized and treated with the indicated genotox-
ns as described. Following treatment, cells were washed with
ce-cold PBS, resuspended in ice-cold PBS and spread onto
garose-coated slides by mixing with a low-melting agarose
42 

◦C). Cells were lysed in a lysis buffer (2.5 M NaCl, 100
M EDTA, 10 mM Tris, pH 10, supplemented with 1%
MSO and 1% Triton X-100) for 1 h at 4 

◦C. DNA was
hen unwound in alkaline running buffer (50 mM NaOH,
 mM EDTA, 1% DMSO, pH > 13) for 45 min. Slides were
laced in a comet electrophoresis tank (Thermo) at 15 V for
5 min in a cold room. After electrophoresis, slides were neu-
ralized using 0.4 M Tris (pH 7.4) for either 15 min (protocol
I) or overnight (protocol I), followed by staining with SYBR
reen (Sigma–Aldrich) diluted in PBS. For protocol I, images
ere scored immediately after staining using 20 × objective

nd Comet Assay IV software (Perceptive Instruments). For
rotocol II, slides were washed three times with dH 2 O , air -
ried, and images were captured using an Olympus IX81 mi-
roscope equipped with the ScanR high-content module and
 UPLSAPO 10 ×/ 0.4 objective. Comets were scored from at
east 50 cells per sample using CometScore 2.0 software. 

ell fractionation 

ells were trypsinized and treated with the indicated genotox-
ns as described. After treatment, cells were washed with ice-
old PBS, resuspended in extraction buffer (25 mM HEPES,
H 7.4, 150 mM NaCl, 1 mM EDTA, 3 mM MgCl 2 , 0.3 M
ucrose, 0.5% Triton X-100) supplemented with protease in-
ibitors (Roche), and incubated on ice for 15 min. Following

ncubation, samples were centrifuged at 20 000 × g for 15
in at 4 

◦C. The chromatin pellet was washed three times with
xtraction buffer, resuspended in Laemmli sample buffer (2%
DS, 10% glycerol, 50 mM Tris–HCl, pH 6.8), boiled, and
onicated for subsequent analysis. 

lonogenic cell survival assay 

ndicated wild-type and single / double-knockout RPE-1 were
ynchronized into G0 / G1 phase and seeded at 300 cells / 10-
m plate in full media. After 4 h, cells treated with indi-
ated doses of MMS for 30 min at RT. Plates were twice
ashed with PBS and incubated in drug-free media for 11
days. Cells were fixed with ethanol, stained with crystal vi-
olet, and colonies were counted. Relative surviving fraction of
colonies was determined and plotted. 

SDS–PAGE and western blotting 

To prepare whole-cell extracts, cells were treated with the in-
dicated genotoxins as described, washed twice with ice-cold
PBS, lysed in Laemmli sample buffer (2% SDS, 10% glyc-
erol, 50 mM Tris–HCl, pH 6.8), boiled, and sonicated. Pro-
tein samples were resolved using Bis-Tris SDS–PAGE (sodium
dodecyl sulphate–polyacrylamide gel electrophoresis) gels and
transferred onto nitrocellulose membranes. Membranes were
blocked with milk in PBS-T and incubated with primary an-
tibodies overnight at 4 

◦C. After washing with PBS-T, mem-
branes were incubated with corresponding HRP-conjugated
secondary antibodies, washed again, and developed (Opti-
max, Protec) using an ECL substrate (GE) and light-sensitive
films (AGFA). 

Statistical analysis 

All experiments comprised at least three independent biologi-
cal replicates and statistical analysis employing ANOVA with
Sidak or Holm / Sidak post hoc analysis using GraphPad Prism
(GraphPad Software). Asterisks were used to indicate statisti-
cal significance (*P < .0332, **P < .0021, ***P < .0002,
and ****P < .0001). All data are plotted as mean ± SD and
only relevant statistically significant comparisons are shown. 

Results 

FEN1 facilitates efficient DNA single-strand break 

repair in human cells 

To examine the requirement for FEN1 for DNA SSBR in hu-
man cells, we conducted alkaline comet assays using FEN1-
deleted cells (‘koFEN1’) generated via CRISPR / Cas9 editing,
following treatment with various genotoxin agents that in-
duce different types of physiologically relevant DNA SSBs.
First, we employed MMS, which induces alkylated DNA bases
that are converted into SSBs by AP endonuclease (APE1) dur-
ing BER. FEN1 deletion significantly increased the accumu-
lation of SSBs in asynchronous RPE-1 cell populations dur-
ing MMS treatment, albeit to a lesser extent than XRCC1
deletion (‘koXRCC1’) (Fig. 1 A). Importantly, this phenotype
was rescued by protein transfection with wild-type FEN1, but
not with catalytically dead FEN1 (CD) harbouring the nucle-
ase active site mutation, R100A [ 37 , 38 ] ( Supplementary Fig.
S1 A). A similar defect in SSBR following MMS treatment
was also observed in other human FEN1-deleted cell lines,
including U2OS [ 34 ] and HEK293 ( Supplementary Fig. S1 B
and C). Similar results were obtained following treatment
with hydrogen peroxide (H 2 O 2 ), which induces SSBs both di-
rectly by deoxyribose oxidation and fragmentation and indi-
rectly as intermediates of BER. Indeed, surprisingly, the rate
of SSBR in FEN1-deleted cells was as least as slow as that
observed in XRCC1-deleted cells, following H 2 O 2 (Fig. 1 B
and Supplementary Fig. S1 D). In contrast to MMS and H 2 O 2 ,
FEN1-deleted cells did not accumulate higher levels of SSBs
following treatment with CPT, which induces SSBs as a result
of abortive topoisomerase 1 (TOP1) activity (Fig. 1 C). 

Further evidence supporting a greater than anticipated re-
quirement for FEN1 in SSBR was obtained by measuring
steady-state levels of ADP-ribosylation, which is an indirect

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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Figure 1. FEN1 facilitates efficient DNA SSBR in human cells. ( A ) DNA strand breaks in asynchronous wild-type (RPE-1), FEN1-deleted (koFEN1), and 
XR CC1-deleted (k oFEN1) RPE-1 cells, measured b y alkaline comet assa y s in untreated cells (NT) or after treatment with 0.1 mg / ml MMS f or 15 min at 
37 ◦C. ( B ) DNA strand breaks in asynchronous wild-type (RPE-1), FEN1-deleted (koFEN1), and XRCC1-deleted (koXRCC1) RPE-1 cells, measured by 
alkaline comet assa y s in untreated cells (NT) or after treatment with 100 μM h y drogen pero xide (H 2 O 2 ) on ice f or 10 min, f ollo w ed b y release to 
drug-free media at 37 ◦C for the indicated times. Tail moments are sho wn relativ e to v alues immediately after H 2 O 2 treatment (absolute tail moments are 
provided in Supplementary Fig. S1 D). ( C ) DNA strand breaks in asynchronous wild-type (RPE-1), FEN1-deleted (koFEN1), and XRCC1-deleted (koXRCC1) 
RPE-1 cells, measured by alkaline comet assays in untreated cells (NT) or after treatment with 10 or 30 μM CPT for 45 min at 37 ◦C. ( D ) Levels of mono- 
and poly-ADP-ribosylated proteins (MAR / PAR) in wild-type (RPE-1), FEN1-deleted (koFEN1), and XRCC1-deleted (koXRCC1) RPE-1 cells in untreated 
conditions (NT) or after treatment with 0.1 mg / ml MMS at 37 ◦C for the indicated times. Levels of FEN1, XRCC1, and histone H3 are shown as controls. 
( E ) L e v els of mono- and poly -ADP-ribosylated proteins (MAR / P AR) in wild-type (RPE-1), FEN1 -deleted (k oFEN1), and XR CC1-deleted (k oXR CC1) RPE-1 
cells in untreated conditions (NT) or after treatment with H 2 O 2 as described in panel (B). 

 

 

 

 

 

 

 

 

 

 

 

indicator of SSBs. Consistent with the alkaline comet as-
says, these experiments demonstrated an increased accumula-
tion and / or persistence of ADP-ribosylated proteins in FEN1-
deleted and XRCC1-deleted RPE-1 cells, following treat-
ment with MMS (Fig. 1 D). Notably, the accumulation of
ADP-ribose during MMS treatment occurred much faster in
XRCC1-deleted cells than in FEN1-deleted cells (Fig. 1 D),
consistent with long-patch BER occurring at later times after
MMS treatment than short-patch BER. The rapid decline in
ADP-ribosylation in XRCC1-deleted cells at later times dur-
ing MMS treatment has been reported previously, and reflects
the exhaustion of NAD 

+ as a result of the greatly elevated ac- 
tivity of PARP1 [ 40 ]. Following H 2 O 2 treatment, deletion of 
FEN1 resulted in a measurable impact on the rate at which 

ADP-ribosylation declined (Fig. 1 E). This was not observed 

in XRCC1-deleted cells, however, despite both FEN1- and 

XRCC1-deficient cells displaying similarly delayed repair in 

alkaline comet assays (see above). This may reflect a limita- 
tion of using whole-cell extracts in western blotting to mea- 
sure ADP-ribosylation, following H 2 O 2 , because we did detect 
a reduced rate of decline of H 2 O 2 -induced ADP-ribosylation 

in chromatin in XRCC1-deficient cells followed by indirect 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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mmunofluorescence (see Supplementary Fig. S3 D). In agree-
ent with the alkaline comet assays (Fig. 1 C), FEN1 deletion
id not elevate the level of ADP-ribosylation during treatment
ith CPT ( Supplementary Fig. S1 E). 
To independently verify that FEN1-deleted cells exhibit re-

uced SSB repair following treatment with MMS and H 2 O 2 ,
e performed sSTRIDE [ 39 ], a highly sensitive, fluorescence
icroscopy-based technique that directly labels SSBs by 3 

′ -
nd labelling. In agreement with our alkaline comet assays,
STRIDE revealed a significantly greater accumulation of SSBs
n FEN1-deleted cells during treatment with MMS, and a
educed rate of decline of SSBs following H 2 O 2 treatment
 Supplementary Fig. S1 F and G). Similar results were observed
n XRCC1-deleted cells following MMS treatment. Interest-
ngly, sSTRIDE was unable to detect elevated H 2 O 2 -induced
SBs in XRCC1-deleted cells, presumably because these cells
ossess reduced PNKP 3 

′ -phosphatase activity [ 18 ], which is
equired to convert H 2 O 2 -induced 3 

′ -phosphate termini into
 

′ -hydroxyl termini that can support end labelling [ 39 ]. 

EN1 is required for rapid rates of SSBR in G1 

hase of the cell cycle 

e next investigated whether the strong requirement of FEN1
or rapid SSBR following DNA methylation or DNA oxida-
ion reflected its activity during S phase, in which FEN1 and
ther long-patch repair proteins play essential roles in DNA
eplication. To test this, we first examined ADP-ribosylation
evels across the cell cycle in wild-type and FEN1-deleted RPE-
 cells using immunofluorescence. In asynchronous popula-
ions of untreated cells, FEN1-deleted cells exhibited higher
evels of ADP-ribosylation in S phase compared to wild-type
ells, consistent with the elevated unligated Okazaki frag-
ents in these cells (Fig. 2 A, panels labelled ‘NT’) [ 34 , 41 ].
ollowing H 2 O 2 treatment, ADP-ribosylation increased in all
ell cycle phases in both wild-type and FEN1-deleted cells
Fig. 2 A and B). Surprisingly, however, 60 min after H 2 O 2

reatment, ADP-ribosylation was markedly higher in FEN1-
eleted cells than in wild-type cells, in G1 phase (Fig. 2 A–
 and Supplementary Fig. S2 A, left panel). Similar results
ere observed in FEN1-deleted cells in G1 phase following

reatment with MMS (Fig. 2 D and Supplementary Fig. S2 B,
eft panel). While average ADP-ribosylation levels were also
igher in FEN1-deleted S phase cells than in wild-type S phase
ells following MMS- and H 2 O 2 treatment, this difference was
ot statistically significant, and likely was influenced by un-
igated Okazaki fragments ( Supplementary Fig. S2 A and B,
ight panels). To better distinguish G1 cells, we performed

CM2 immunostaining in addition to DAPI staining. These
xperiments confirmed that the impact of FEN1 deletion on
DP-ribosylation was most pronounced in MCM2-negative

early G1 phase) cells than in MCM2-positive (late G1 / early
 phase) cells, 60 min after H 2 O 2 treatment ( Supplementary 
ig. S2 C). 
To further verify the importance of FEN1 in G1 phase,

e synchronized RPE-1 cells in G0 / G1 by inducing growth
rrest through confluency and serum starvation (Fig. 2 E
nd Supplementary Fig. S2 D). Consistent with the experi-
ents described above, G0 / G1-arrested FEN1-deleted cells

xhibited significantly higher levels and / or prolonged persis-
ence of ADP-ribosylation compared to wild-type cells follow-
ng treatment with either H 2 O 2 or MMS (Fig. 2 F and H).
dditionally, a pronounced defect was observed in G0 / G1-
arrested FEN1-deleted cells following H 2 O 2 or MMS treat-
ment when SSBR was measured directly using alkaline comet
assays (Fig. 2 G and I, Supplementary Fig. S2 E and F). These
findings demonstrate that FEN1 is essential for rapid rates of
SSBR, particularly in the G1 phase of the cell cycle. 

FEN1-dependent repair is the dominant pathway 

for rapid SSBR in G1 phase 

To examine the relative importance of short-patch and long-
patch repair in G1 phase, we used cells lacking FEN1 and / or
the short-patch repair protein POL β or XRCC1 (Fig. 3 A). Lev-
els of ADP-ribosylation accumulated more quickly in POL β-
deleted cells (‘koPOL β’) than in FEN1-deleted cells during
treatment with MMS in G1 phase, consistent with the no-
tion that short-patch repair is initiated earlier than long-patch
repair (Fig. 3 B). Deletion of either FEN1 or POL β also re-
sulted in the accumulation of DNA breaks induced during a
15-min MMS treatment in G1 phase, as measured by alka-
line comet assays, with POL β deletion having a greater im-
pact than FEN1 depletion (Fig. 3 C, ‘0’ time point). Surpris-
ingly, however, MMS-induced breaks declined to background
levels within 1 h in POL β-deleted cells during a subsequent
incubation in drug-free media, but did not significantly de-
cline in FEN1-deleted cells (Fig. 3 C and Supplementary Fig.
S3 A). In G1 cells lacking both POL β and FEN1, MMS-
induced SSBs persisted at even higher level than in cells lack-
ing only FEN1, highlighting the additive or synergistic im-
pact of inhibiting both short-patch and long-patch BER (Fig.
3 C and Supplementary Fig. S3 A). These results suggest that
while POL β-dependent short-patch BER is required during
the 15-min exposure to MMS, it becomes redundant with
long-patch repair over longer repair periods. Consistent with
this, POL β deletion alone did not invoke significant sensitiv-
ity to MMS in RPE-1 cells, whereas deletion of FEN1 did
( Supplementary Fig. S3 B). FEN1 deletion also slowed the re-
pair of MMS-induced SSBs in G1 phase more than did XRCC1
deletion, and the deletion of both proteins again had an ad-
ditive or synergistic impact (Fig. 3 C and Supplementary Fig.
S3 A). 

FEN1 deletion also had a much larger impact than did dele-
tion of either XRCC1 or POL β on the repair of H 2 O 2 -induced
SSBs in G1 phase, and once again the deletion of FEN1 and
either POL β or XRCC1 had an additive or synergistic impact
(Fig. 3 D and Supplementary Fig. S3 C). Similar results were
observed when detecting SSBs indirectly by measuring levels
of H 2 O 2 -induced ADP-ribosylation ( Supplementary Fig. S3 D,
panel labelled ‘G1’). In contrast, and consistent with our ear-
lier experiments, FEN1 deletion had a smaller impact on the
persistence of H 2 O 2 -induced ADP-ribosylation in cells in S
or G2 phase ( Supplementary Fig. S3 D, panels labelled ‘S’ and
‘G2’). 

Finally, to confirm that short-patch and long-patch repair
behaved as expected in our experiments, we compared the
impact of PARP inhibition and XRCC1 deletion on the re-
cruitment of short-patch and long-patch repair proteins into
chromatin. As expected, PARP inhibition impeded the recruit-
ment of XRCC1 and POL β into chromatin following MMS or
H 2 O 2 treatment, consistent with their roles in short-patch re-
pair (Fig. 4 A, C, and D). Similarly, XRCC1 deletion prevented
POL β recruitment (Fig. 4 A and B). In contrast, the recruit-
ment of PCNA and POLD1, which function with FEN1 dur-
ing long-patch BER, was unaffected by PARP inhibition or

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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Figure 2. FEN1 is required for rapid rates of SSBR in the G1 phase. ( A ) Detection of chromatin-associated ADP-ribosylation (MAR / PAR) by indirect 
immunofluorescence in asynchronous wild-type (RPE-1) and FEN1-deleted (koFEN1) RPE-1 cells. Cells were left untreated (NT) or treated with 100 μM 

H 2 O 2 on ice for 10 min, followed by incubation in drug-free media at 37 ◦C for the indicated times. Contour plots show ADP-ribosylation levels 
(MAR / PAR) versus DNA content (DAPI). ( B ) Representative images of asynchronous cells shown in panel (A). Chromatin-bound nuclear mono- and 
poly-ADP-ribosylated proteins (MAR / PAR), visualized after detergent extraction, are show in green; nuclei are stained with DAPI (blue). ( C ) Quantification 
of MAR / PAR-positive 2 n (G1 phase) cells in samples treated with 100 μM H 2 O 2 on ice for 10 min, f ollo w ed b y incubation in drug-free media at 37 ◦C f or 
60 min, as shown in panel (A). ( D ) Detection of chromatin-associated ADP-ribosylation (MAR / PAR) by indirect immunofluorescence in asynchronous 
cells, untreated (NT) or treated with 0.1 mg / ml MMS for 60 min. Contour plots of ADP-ribosylation versus DNA content (DAPI) are shown. ( E ) Schematic 
representation of the G0 / G1 synchronization protocol. ( F ) Quantification of chromatin-associated ADP-ribosylation (MAR / PAR) by indirect 
immunofluorescence in G0 / G1-synchronized cells, untreated (NT) or treated with 100 μM H 2 O 2 on ice for 10 min, f ollo w ed b y incubation in drug-free 
media at 37 ◦C for the indicated times. ( G ) DNA strand breaks in G1 phase wild-type (RPE-1), FEN1-deleted (koFEN1), and XRCC1-deleted (koXRCC1) 
RPE-1 cells, measured by alkaline comet assays after treatment or not (NT) with 100 μM H 2 O 2 on ice for 10 min, followed by release into drug-free 
media at 37 ◦C for the indicated times. Tail moments are presented relative to values immediately after H 2 O 2 treatment (absolute tail moments are 
shown in Supplementary Fig. S2 E). ( H ) Quantification of chromatin-associated ADP-ribosylation (MAR / PAR) by indirect immunofluorescence in 
G0 / G1-synchronized cells, untreated (NT) or treated with 0.1 mg / ml MMS for the indicated times. ( I ) DNA strand breaks in G1 phase wild-type (RPE-1) 
and FEN1-deleted (koFEN1) RPE-1 cells, measured by alkaline comet assays in untreated cells (NT) or after treatment with 0.1 mg / ml MMS for 15 min 
at 37 ◦C. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
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Figure 3. FEN1-dependent repair is the dominant pathw a y f or rapid SSBR in G1 phase. ( A ) L e v els of FEN1, XR CC1, and POL β in whole-cell e xtracts 
from the indicated wild-type (RPE-1) and single / double-knockout RPE-1 cells, detected by western blotting. Levels of histone H2B and importin βwere 
used as loading controls. ( B ) Quantification of chromatin-associated ADP-ribosylation (MAR / PAR) by indirect immunofluorescence in 
G0 / G1-synchronized wild-type (RPE-1), FEN1-deleted (koFEN1), POL β-deleted (koPOL β), and FEN1 / POL β-deleted (koFEN1 / POL β) RPE-1 cells treated 
with 0.1 mg / ml MMS for the indicated times. ( C ) DNA strand breaks in G1-phase wild-type (RPE-1) and indicated single / double-knockout RPE-1 cell 
lines, measured by alkaline comet assays in untreated cells (NT) or after treatment with 0.1 mg / ml MMS for 15 min at 37 ◦C, followed by incubation in 
drug-free media for the indicated times. Absolute tail moments are shown (relative tail moments are presented in Supplementary Fig. S3 A). ( D ) DNA 

strand breaks in G1-phase wild-type (RPE-1) and the indicated single / double-knockout RPE-1 cell lines, measured by alkaline comet assays in untreated 
cells (NT) or after treatment with 50 μM H 2 O 2 on ice for 10 min, followed by incubation in drug-free media at 37 ◦C for the indicated times. Tail moments 
are presented relative to the values immediately after H 2 O 2 treatment (absolute tail moments are shown in Supplementary Fig. S3 C). 
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XRCC1 deletion (Fig. 4 A–D). These data confirm the distinct
roles of XRCC1–POL β and FEN1–PCNA–POLD1 in short-
patch and long-patch repair, respectively, in human cells. 

Discussion 

Long-patch repair has been considered to be a relatively minor
sub-pathway of SSBR, occurring, for example, only if short-
patch repair cannot operate [ 24–26 ]. However, later studies
have suggested that long-patch repair may occur at least as
frequently as short-patch repair, during BER [ 27 , 28 ]. In agree-
ment with the latterstudies, we found that the loss of the long-
patch repair protein FEN1 had a surprisingly large impact on
SSBR rates following treatment with either MMS or H 2 O 2 .
Indeed, in G1-arrested cells, the impact of FEN1 deletion was
similar to or greater than that of deleting either XRCC1 or
POL β. For example, while loss of XRCC1, POL β, or FEN1
each resulted in elevated SSB accumulation during a short (15-
min) MMS treatment, the persistence of SSBs during a subse-
quent 2 h recovery in drug-free media was greatest in FEN1-
deficient cells. Indeed, in POL β-deficient cells, MMS-induced
SSBs returned to background levels within 1 h. This resid-
ual repair was FEN1-dependent, because it was abolished by
FEN1 deletion. MMS-induced SSBs also declined in XRCC1-
deficient cells, albeit more slowly than in POL β-deleted cells.
The greater impact of XRCC1 loss during BER likely reflects 
its role in suppressing excessive PARP1 engagement and en- 
dogenous ‘trapping’ on BER intermediates, which slows short- 
patch BER [ 36 , 40 ]. 

While it is not surprising that FEN1-dependent BER can 

compensate for loss of POL β, our finding that FEN1 is es- 
sential for rapid rates of BER in wild-type cells was unex- 
pected. Current models propose that FEN1-dependent long- 
patch BER is only required when POL β is unable to facil- 
itate short-patch BER, such as if the deoxyribose moiety at 
the 5 

′ -terminus of the SSB is oxidized and cannot be re- 
moved by POL β lyase activity [ 24 , 32 , 33 ]. However, MMS 
primarily generates abasic sites that are processed by APE1,
producing a canonical substrate for POL β-dependent short- 
patch BER. Nonetheless, based on the comparative levels of 
MMS-induced SSBs that accumulated and persisted in POL β- 
deleted, FEN1-deleted, and FEN1 / POL β-deleted cells (see 
Fig. 3 C), our data suggest that long-patch BER is required for 
more than half of BER events following DNA alkylation. One 
possible explanation is that POL β ‘accidentally’ inserts an 

extra nucleotide during BER far more frequently than previ- 
ously thought, thereby triggering the necessity for long-patch 

BER. 
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Whereas both MMS and H 2 O 2 induce SSBs indirectly, as
ntermediates of BER, H 2 O 2 additionally induces SSBs di-
ectly via the oxidation and disintegration of deoxyribose
 42 ]. Similar to our findings in cells treated with MMS, in
1 phase, FEN1 deletion had a significantly greater impact
n the rate of repair of H 2 O 2 -induced SSBs than did deletion
f either XRCC1 or POL β. Indeed, while POL β was partially
edundant for rapid repair of SSBs following treatment with

MS, it was completely dispensable following H 2 O 2 treat-
ent. XRCC1, however, remained more critical than POL β,

ikely due to its role in recruiting and stimulating PNKP, the
ctivity of which repairs the 3 

′ -phosphate termini present at
 large fraction ( > 50%) of ‘direct’ DNA breaks induced by
 2 O 2 [ 18 , 43–45 ]). The partial redundancy of POL β and
RCC1 following H 2 O 2 treatment was again largely the re-

ult of FEN1-dependent repair, because the loss of both FEN1
nd either POL β or XRCC1 had an additive or synergistic
mpact on SSBR rate. Intriguingly, we observed some residual
ecline in H 2 O 2 -induced SSBs in cells lacking both FEN1 and
ither XRCC1 or POL β, presumably reflecting the activity of
n alternative repair pathway. 

Finally, it is worth noting that FEN1 is not universally re-
uired for the rapid rates of SSBR. Unlike MMS and H 2 O 2 ,
EN1 deletion did not affect the rate of repair of CPT-

nduced SSBs resulting from abortive TOP1 activity during
reatment. This may reflect that gap filling is not necessary at
OP1-induced SSBs, which consist of a nick at which TOP1
olypeptide is covalently linked to the 3 

′ -terminus via a 3 

′ -
hosphotyrosyl bond. 
In summary, our results reinforce the distinct roles of

RCC1–POL β and FEN1–PCNA–POLD1 in short-patch and
ong-patch repair in human cells. However, these results
emonstrate that rather than being a back-up pathway, FEN1-
ependent long-patch repair is required for the rapid repair of
SBs following DNA alkylation and DNA oxidation, particu-
arly in G1 phase of the cell cycle. 

 c kno wledg ements 

uthor contributions : K.B. conducted the experiments, with
ome input from R.H. H.H. and K.W.C. designed and man-
ged the project, and K.W.C. conceived the project. H.H. and
.W.C. wrote the manuscript, with editing input from K.B. 

upplementary data 

upplementary data is available at NAR online. 

onflict of interest 

one declared. 

unding 

unding in the Caldecott lab was from the UK Medi-
al Research Council [Programme Grant MR / W024128 / 1
o K.W.C.]. Funding in the Hanzlikova lab was from
he Czech Science Foundation [25-15199S to H.H.], and
rom institutional funding [RVO—68378050]. Access to
he Olympus ScanR at Light Microscopy Core Facility,
MG, Prague, Czech Republic, was supported by MEYS—
LM2023050, CZ.02.1.01 / 0.0 / 0.0 / 18_046 / 0016045, and
Z.02.01.01 / 00 / 23_015 / 0008205]. Funding to pay the
Open Access publication charges for this article was provided
by research council block funding. 

Data availability 

The data underlying this study are available in the article and
its online supplementary material. 

References 

1. Caldecott KW. Causes and consequences of DNA single-strand 
breaks. Trends Biochem Sci 2024; 49 :68–78. 
https:// doi.org/ 10.1016/ j.tibs.2023.11.001 

2. Milano L, Gautam A, Caldecott KW. DNA damage and 
transcription stress. Mol Cell 2024; 84 :711–3. 
https:// doi.org/ 10.1016/ j.molcel.2023.11.014 

3. Caldecott KW, Ward ME, Nussenzweig A. The threat of 
programmed DNA damage to neuronal genome integrity and 
plasticity. Nat Genet 2022; 54 :115–20. 
https:// doi.org/ 10.1038/ s41588- 021- 01001- y 

4. Caldecott KW. DNA single-strand break repair and human genetic
disease. Trends Cell Biol 2022; 32 :733–45. 
https:// doi.org/ 10.1016/ j.tcb.2022.04.010 

5. Gohil D, Sarker AH, Roy R. Base excision repair: mechanisms and
impact in biology, disease, and medicine. Int J Mol Sci 
2023; 24 :14186. https:// doi.org/ 10.3390/ ijms241814186 

6. Abbotts R, Wilson DM. Coordination of DNA single strand break 
repair. Free Radic Biol Med 2017; 107 :228–44. 
https:// doi.org/ 10.1016/ j.freeradbiomed.2016.11.039 

7. Kubota Y, Nash RA, Klungland A et al. Reconstitution of DNA 

base excision-repair with purified human proteins: interaction 
between DNA polymerase beta and the XRCC1 protein. EMBO J 
1996; 15 :6662–70. 
https:// doi.org/ 10.1002/ j.1460-2075.1996.tb01056.x 

8. Singhal RK, Prasad R, Wilson SH. DNA polymerase beta conducts
the gap-filling step in uracil-initiated base excision repair in a 
bovine testis nuclear extract. J Biol Chem 1995; 270 :949–57. 
https:// doi.org/ 10.1074/ jbc.270.2.949 

9. Sobol RW, Horton JK, Kühn R et al. Requirement of mammalian 
DNA polymerase-beta in base-excision repair. Nature 
1996; 379 :183–6. https:// doi.org/ 10.1038/ 379183a0 

10. Nicholl ID, Nealon K, Kenny MK. Reconstitution of human base 
excision repair with purified proteins. Biochemistry 
1997; 36 :7557–66. https:// doi.org/ 10.1021/ bi962950w 

11. Fortini P, Pascucci B, Parlanti E et al. Different DNA polymerases 
are involved in the short- and long-patch base excision repair in 
mammalian cells. Biochemistry 1998; 37 :3575–80. 
https:// doi.org/ 10.1021/ bi972999h 

12. Frosina G, Fortini P, Rossi O et al. Two pathways for base 
excision repair in mammalian cells. J Biol Chem 

1996; 271 :9573–8. https:// doi.org/ 10.1074/ jbc.271.16.9573 
13. Klungland A, Lindahl T. Second pathway for completion of 

human DNA base excision-repair: reconstitution with purified 
proteins and requirement for DNase IV (FEN1). EMBO J 
1997; 16 :3341–8. https:// doi.org/ 10.1093/ emboj/ 16.11.3341 

14. Winters TA, Russell PS, Kohli M et al. Determination of human 
DNA polymerase utilization for the repair of a model ionizing 
radiation-induced DNA strand break lesion in a defined vector 
substrate. Nucleic Acids Res 1999; 27 :2423–33. 
https:// doi.org/ 10.1093/ nar/ 27.11.2423 

15. Caldecott K, McKeown C, Tucker J et al. An interaction between 
the mammalian DNA repair protein XRCC1 and DNA ligase III. 
Mol Cell Biol 1994; 14 :68–76.

16. Caldecott KW, Aoufouchi S, Johnson P et al. XRCC1 polypeptide 
interacts with DNA polymerase β and possibly poly(ADP-ribose) 
polymerase, and DNA ligase III is a novel molecular “nick-sensor”
in vitro . Nucleic Acids Res 1996; 24 :4387–94. 
https:// doi.org/ 10.1093/ nar/ 24.22.4387 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf710#supplementary-data
https://doi.org/10.1016/j.tibs.2023.11.001
https://doi.org/10.1016/j.molcel.2023.11.014
https://doi.org/10.1038/s41588-021-01001-y
https://doi.org/10.1016/j.tcb.2022.04.010
https://doi.org/10.3390/ijms241814186
https://doi.org/10.1016/j.freeradbiomed.2016.11.039
https://doi.org/10.1002/j.1460-2075.1996.tb01056.x
https://doi.org/10.1074/jbc.270.2.949
https://doi.org/10.1038/379183a0
https://doi.org/10.1021/bi962950w
https://doi.org/10.1021/bi972999h
https://doi.org/10.1074/jbc.271.16.9573
https://doi.org/10.1093/emboj/16.11.3341
https://doi.org/10.1093/nar/27.11.2423
https://doi.org/10.1093/nar/24.22.4387


10 Burdova et al. 

 

 

 

 

17. Cappelli E, Taylor R, Cevasco M et al. Involvement of XRCC1 and
DNA ligase III gene products in DNA base excision repair. J Biol 
Chem 1997; 272 :23970–5. 
https:// doi.org/ 10.1074/ jbc.272.38.23970 

18. Whitehouse CJ, Taylor RM, Thistlethwaite A et al. XRCC1 
stimulates human polynucleotide kinase activity at damaged DNA 

termini and accelerates DNA single-strand break repair. Cell 
2001; 104 :107–17. 
https:// doi.org/ 10.1016/ S0092- 8674(01)00195- 7 

19. Ahel I, Rass U, El-Khamisy SF et al. The neurodegenerative disease
protein aprataxin resolves abortive DNA ligation intermediates. 
Nature 2006; 443 :713–6. https:// doi.org/ 10.1038/ nature05164 

20. Kim K, Biade S, Matsumoto Y. Involvement of flap endonuclease 1
in base excision DNA repair. J Biol Chem 1998; 273 :8842–8. 
https:// doi.org/ 10.1074/ jbc.273.15.8842 

21. Levin DS, McKenna AE, Motycka TA et al. Interaction between 
PCNA and DNA ligase I is critical for joining of Okazaki 
fragments and long-patch base-excision repair. Curr Biol 
2000; 10 :919–S2. 
https:// doi.org/ 10.1016/ S0960- 9822(00)00619- 9 

22. Matsumoto Y, Kim K, Bogenhagen DF. Proliferating cell nuclear 
antigen-dependent abasic site repair in Xenopus laevis oocytes: an 
alternative pathway of base excision DNA repair. Mol Cell Biol 
1994; 14 :6187–97.

23. Pascucci B, Stucki M, Jónsson ZO et al. Long patch base excision 
repair with purified human proteins: DNA ligase I as patch size 
mediator for DNA polymerases δ and ε . J Biol Chem 

1999; 274 :33696–702. https:// doi.org/ 10.1074/ jbc.274.47.33696 
24. Dianov G, Price A, Lindahl T. Generation of single-nucleotide 

repair patches following excision of uracil residues from DNA. 
Mol Cell Biol 1992; 12 :1605–12.

25. Dianov G, Bischoff C, Piotrowski J et al. Repair pathways for 
processing of 8-oxoguanine in DNA by mammalian cell extracts. J 
Biol Chem 1998; 273 :33811–6. 
https:// doi.org/ 10.1074/ jbc.273.50.33811 

26. Nealon K, Nicholl ID, Kenny MK. Characterization of the DNA 

polymerase requirement of human base excision repair. Nucleic 
Acids Res 1996; 24 :3763–70. 
https:// doi.org/ 10.1093/ nar/ 24.19.3763 

27. Bennett SE, Sung J-S, Mosbaugh DW. Fidelity of uracil-initiated 
base excision DNA repair in DNA polymerase β-proficient and 
-deficient mouse embryonic fibroblast cell extracts. J Biol Chem 

2001; 276 :42588–600. https:// doi.org/ 10.1074/ jbc.M106212200 
28. Sattler U, Frit P, Salles B et al. Long-patch DNA repair synthesis 

during base excision repair in mammalian cells. EMBO Rep 
2003; 4 :363–7. https:// doi.org/ 10.1038/ sj.embor.embor796 

29. Wang D, Wu W, Callen E et al. Active DNA demethylation 
promotes cell fate specification and the DNA damage response. 
Science 2022; 378 :983–9. https:// doi.org/ 10.1126/ science.add9838 

30. Wu W, Hill SE, Nathan WJ et al. Neuronal enhancers are hotspots
for DNA single-strand break repair. Nature 2021; 593 :440–4. 
https:// doi.org/ 10.1038/ s41586- 021- 03468- 5 

31. Fortini P, Parlanti E, Sidorkina OM et al. The type of DNA 

glycosylase determines the base excision repair pathway in 
mammalian cells. J Biol Chem 1999; 274 :15230–6. 
https:// doi.org/ 10.1074/ jbc.274.21.15230 
Received: February 25, 2025. Revised: June 2, 2025. Editorial Decision: June 21, 2025. Accepted: Jul
© The Author(s) 2025. 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. 
32. Matsumoto Y, Kim K. Excision of deoxyribose phosphate residues 
by DNA polymerase beta during DNA repair. Science 
1995; 269 :699–702. https:// doi.org/ 10.1126/ science.7624801 

33. Sung J-S, DeMott MS, Demple B. Long-patch base excision DNA 

repair of 2-deoxyribonolactone prevents the formation of 
DNA–protein cross-links with DNA polymerase β. J Biol Chem 

2005; 280 :39095–103. https:// doi.org/ 10.1074/ jbc.M506480200 
34. Vaitsiankova A, Burdova K, Sobol M et al. PARP inhibition 

impedes the maturation of nascent DNA strands during DNA 

replication. Nat Struct Mol Biol 2022; 29 :329–38. 
https:// doi.org/ 10.1038/ s41594- 022- 00747- 1 

35. Hrychova K, Burdova K, Polackova Z et al. Dispensability of 
HPF1 for cellular removal of DNA single-strand breaks. Nucleic 
Acids Res 2024; 52 :10986–98. 
https:// doi.org/ 10.1093/ nar/ gkae708 

36. Adamowicz M, Hailstone R, Demin AA et al. XRCC1 protects 
transcription from toxic PARP1 activity during DNA base excision 
repair. Nat Cell Biol 2021; 23 :1287–98. 
https:// doi.org/ 10.1038/ s41556- 021- 00792- w 

37. Exell JC, Thompson MJ, Finger LD et al. Cellularly active 
N -hydroxyurea FEN1 inhibitors block substrate entry to the active 
site. Nat Chem Biol 2016; 12 :815–21. 
https:// doi.org/ 10.1038/ nchembio.2148 

38. Tsutakawa SE, Classen S, Chapados BR et al. Human flap 
endonuclease structures, DNA double-base flipping, and a unified 
understanding of the FEN1 superfamily. Cell 2011; 145 :198–211. 
https:// doi.org/ 10.1016/ j.cell.2011.03.004 

39. Kordon MM, Zar ̨ebski M, Solarczyk K et al. STRIDE—a 
fluorescence method for direct, specific in situ detection of 
individual single- or double-strand DNA breaks in fixed cells. 
Nucleic Acids Res 2020; 48 :e14. 
https:// doi.org/ 10.1093/ nar/ gkz1118 

40. Demin AA, Hirota K, Tsuda M et al. XRCC1 prevents toxic 
PARP1 trapping during DNA base excision repair. Mol Cell 
2021; 81 :3018–30. https:// doi.org/ 10.1016/ j.molcel.2021.05.009 

41. Hanzlikova H, Kalasova I, Demin AA et al. The importance of 
poly(ADP-ribose) polymerase as a sensor of unligated Okazaki 
fragments during DNA replication. Mol Cell 2018; 71 :319–31. 
https:// doi.org/ 10.1016/ j.molcel.2018.06.004 

42. Pogozelski WK, Tullius TD. Oxidative strand scission of nucleic 
acids: routes initiated by hydrogen abstraction from the sugar 
moiety. Chem Rev 1998; 98 :1089–108. 
https:// doi.org/ 10.1021/ cr960437i 

43. Henner WD, Grunberg SM, Haseltine WA. Sites and structure of 
gamma radiation-induced DNA strand breaks. J Biol Chem 

1982; 257 :11750–4. 
https:// doi.org/ 10.1016/ S0021- 9258(18)33827- 4 

44. Henner WD, Grunberg SM, Haseltine WA. Enzyme action at 3 ′ 

termini of ionizing radiation-induced DNA strand breaks. J 
Biological Chem 1983; 258 :15198–205. 
https:// doi.org/ 10.1016/ S0021- 9258(17)43793- 8 

45. Henner WD, Rodriguez LO, Hecht SM et al. γRay induced 
deoxyribonucleic acid strand breaks. 3 ′ Glycolate termini. J Biol 
Chem 1983; 258 :711–3. 
https:// doi.org/ 10.1016/ S0021- 9258(18)33104- 1 
y 15, 2025 

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

https://doi.org/10.1074/jbc.272.38.23970
https://doi.org/10.1016/S0092-8674(01)00195-7
https://doi.org/10.1038/nature05164
https://doi.org/10.1074/jbc.273.15.8842
https://doi.org/10.1016/S0960-9822(00)00619-9
https://doi.org/10.1074/jbc.274.47.33696
https://doi.org/10.1074/jbc.273.50.33811
https://doi.org/10.1093/nar/24.19.3763
https://doi.org/10.1074/jbc.M106212200
https://doi.org/10.1038/sj.embor.embor796
https://doi.org/10.1126/science.add9838
https://doi.org/10.1038/s41586-021-03468-5
https://doi.org/10.1074/jbc.274.21.15230
https://doi.org/10.1126/science.7624801
https://doi.org/10.1074/jbc.M506480200
https://doi.org/10.1038/s41594-022-00747-1
https://doi.org/10.1093/nar/gkae708
https://doi.org/10.1038/s41556-021-00792-w
https://doi.org/10.1038/nchembio.2148
https://doi.org/10.1016/j.cell.2011.03.004
https://doi.org/10.1093/nar/gkz1118
https://doi.org/10.1016/j.molcel.2021.05.009
https://doi.org/10.1016/j.molcel.2018.06.004
https://doi.org/10.1021/cr960437i
https://doi.org/10.1016/S0021-9258(18)33827-4
https://doi.org/10.1016/S0021-9258(17)43793-8
https://doi.org/10.1016/S0021-9258(18)33104-1

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

