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ABSTRACT

Homologous recombination/end joining (HR/HEJ)-
deficient cancers with BRCA mutations utilize al-
ternative DNA double-strand break repair pathways,
particularly alternative non-homologous end join-
ing or microhomology-mediated end joining (alt-
EJ/MMEJ) during S and G2 cell cycle phases. De-
pletion of alt-EJ factors, including XRCC1, PARP1
and POLQ, is synthetically lethal with BRCA2 de-
ficiency; yet, XRCC1 roles in HR-deficient cancers
and replication stress are enigmatic. Here, we show
that after replication stress, XRCC1 forms an ac-
tive repair complex with POLQ and MRE11 that sup-
ports alt-EJ activity in vitro. BRCA2 limits XRCC1
recruitment and repair complex formation to sup-
press alt-EJ at stalled forks. Without BRCA2 fork
protection, XRCC1 enables cells to complete DNA
replication at the expense of increased genome in-
stability by promoting MRE11-dependent fork resec-
tion and restart. High XRCC1 and MRE11 gene ex-
pression negatively impacts Kaplan–Meier survival
curves and hazard ratios for HR-deficient breast can-
cer patients in The Cancer Genome Atlas. The addi-
tive effects of depleting both BRCA2 and XRCC1 indi-
cate distinct pathways for replication restart. Our col-
lective data show that XRCC1-mediated processing

contributes to replication fork degradation, replica-
tion restart and chromosome aberrations in BRCA2-
deficient cells, uncovering new roles of XRCC1 and
microhomology-mediated repair mechanisms in HR-
deficient cancers, with implications for chemother-
apeutic strategies targeting POLQ and PARP activi-
ties.

INTRODUCTION

Mutations can confer selective growth advantages on can-
cer cells, leading to their clonal selection and expansion.
Analysis of tumor genome sequences led to the identifica-
tion of several different patterns of mutations or mutational
signatures (1). Many such mutational signatures are linked
to underlying external causes such as exposures to sunlight
or cigarette smoke. Additionally, specific defects in DNA
repair mechanisms also generate unique mutational signa-
tures, linking DNA repair abnormalities to mutation accu-
mulation and genomic instability in cancer cells (1,2).

The discovery that hereditary forms of breast cancer are
caused by a defect in homologous recombination (HR), a
repair pathway that utilizes the undamaged sister chromatid
as a template to repair DNA double-strand breaks (DSBs),
led to the development of PARP inhibitors as therapeutics
to selectively target cancers with HR defects (3,4). To date,
key HR factors, including BRCA1, BRCA2, PALB2 and
RAD51, have been identified as cancer susceptibility genes.
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Mutations in these genes are associated with a specific mu-
tational signature, namely signature 3 (5). Furthermore,
PARP inhibitors are effective clinically for breast and ovar-
ian cancers with this signature (6).

Importantly, in HR-deficient tumors the repair of DSBs
that arise during the S/G2 phases of the cell cycle occurs
via less understood alternative end joining pathways, which
are often error-prone (7–11). These pathways, initially dis-
covered as backup pathways for non-homologous end join-
ing (NHEJ), frequently utilize microhomologies to bridge
the broken ends. They typically involve limited resection at
DSBs by MRE11 and CtIP, gap-filling synthesis by DNA
polymerase � (POLQ), scaffolding by XRCC1 and liga-
tion by DNA ligase 1 or 3 (LIG1/LIG3) (12). Although
microhomology-mediated end joining (MMEJ) has a mi-
nor role in NHEJ- and HR-proficient cells, it contributes
to chromosomal rearrangements and genomic instability in
aneuploid cancer cells (13–15), and is upregulated in HR-
deficient tumors, where POLQ is critical for genome main-
tenance and tumor survival (7–11,16). Additional MMEJ
factors, PARP1 and XRCC1, were also identified as being
synthetically lethal with BRCA2 in a recent CRISPR screen
(17).

Error-prone DSB repair (DSBR) in sister chromatids by
MMEJ contributes to deletions and translocations in HR-
deficient cancers (5,11). In addition, there is emerging evi-
dence that degradation of stalled replication forks followed
by replication restart also contributes to genome instabil-
ity in these tumors (18–22). Interestingly, while BRCA1,
BRCA2 and RAD51 have HR-independent roles in fork
protection (21,23,24), MRE11 and PARP1 are involved in
fork degradation (25,26). Since PARP1 and MRE11 are
also MMEJ factors (27), we reasoned that MMEJ likely
contributes to fork degradation and subsequent replica-
tion restart at the degraded forks. This hypothesis is con-
sistent with recent studies showing that POLQ is critical for
replication-associated DSBR (28,29).

While XRCC1 engages with MRE11 and CtIP in re-
sponse to ionizing radiation to form a MMEJ-competent
complex (27,30) in addition to its canonical role as a scaf-
folding protein that coordinates base excision repair (BER)
and single-strand break repair (SSBR) (31), the role of
XRCC1 at stalled replication forks is less well defined.
Here, we examined whether XRCC1-dependent MMEJ
contributes to the repair of single-ended DSBs (seDSBs)
that arise at collapsed replication forks. We find that replica-
tion fork collapse induces formation of a MMEJ-competent
XRCC1 complex containing end resection factors and
DNA polymerases in BRCA2-deficient cells. Furthermore,
XRCC1 promotes stalled fork degradation and replication
restart in BRCA2-deficient cells. Thus, in the absence of fork
protection by BRCA2, XRCC1 enables cells to complete
DNA replication at the expense of increased genome insta-
bility by promoting fork resection followed by replication
restart.

MATERIALS AND METHODS

Cell culture

All in-cell and in vitro repair assays were performed with
U2OS cells. Stable inducible shRNA-expressing cell lines

(scrambled control, scr; and BRCA2, B2) were a gener-
ous gift from Ryan Jensen (Yale University). U2OS-EJ2
cells were a kind gift from Jeremy Stark (City of Hope)
(32). All cell lines were cultured in Dulbecco’s modified Ea-
gle medium (DMEM, high-glucose, Gibco-BRL) supple-
mented with 10% fetal calf serum (Sigma) and 100 U/ml
penicillin and 100 �g/ml streptomycin (Gibco-BRL). In-
ducible cell lines were cultured in 2 �g/ml puromycin (In-
vivoGen), and shRNA expression was induced with 10
�g/ml doxycycline for 72 h. Cells were pretreated with 100
�M mirin (Sigma) for 1 h to inhibit MRE11 exonuclease ac-
tivity or 10 �M rucaparib (Selleck) to inhibit PARP activ-
ity for EJ2-U2OS assays. Ataxia telangiectasia and Rad3-
related kinase inhibitor (ATRi) VE-821 (Sigma) and hy-
droxyurea (HU; Sigma) were used to induce replication
stress as indicated in the figure legends.

Plasmid and siRNA transfection

The XRCC1WT cDNA sequences were subcloned from re-
spective 6X-His-tag-containing pCDE2 vectors into the
p3XFLAG-CMV14 vector. myc-hPolQ-Flag vector was
purchased from Addgene (Plasmid #73132) (deposited by
Agnel Sfeir) (8). Treatment with 100 nM siRNA oligonu-
cleotides (Sigma, TX) for XRCC1, CtIP, FEN1, LIG3,
POLQ, BRCA1, BRCA2 and LIG1 (Supplementary Ta-
ble S1) depleted the respective proteins (Supplementary
Figure S1A). Exponentially growing cells were transfected
with plasmids or siRNA at the indicated concentrations
with Lipofectamine 2000 in OptiMEM media (Gibco-BRL)
following the manufacturer’s protocol. The media were
changed after 4 h, and the cells were incubated for 48 h for
XRCC1 and POLQ expression and 72 h for siRNA treat-
ment.

Clonogenic cell survival assay

U2OS cells were transfected with 100 nM control or
XRCC1 siRNA, and after 72 h incubation the cells were
treated with HU and/or the ATRi, VE-821, for the in-
dicated times. The cells were then detached with trypsin
and 500 cells from each sample were plated in triplicate
in six-well dishes. After 10 days, the cells were fixed and
stained with 0.5% crystal violet solution in 50% methanol
and colonies were counted.

MTT assay

U2OS cells pretreated with siRNA and doxycycline were
seeded in triplicate at a density of 3–5 × 103 cells/well in
a 96-well plate, incubated overnight and exposed to ruca-
parib (Selleck) at indicated concentrations for 120 h. The
cells were then exposed to a tetrazolium compound (TACS
MTT Reagent, Trevigen) for 4 h, followed by solubilization
for 2 h. Absorbance at 570 nm was measured using an Infi-
nite M1000 microplate reader (TECAN).

Comet assay

Neutral comet assay was performed using the Trevigen
Comet Assay Kit (4250-050-K) according to manufac-
turer’s protocol. At least 50 random comets for each sample
were analyzed using CaspLab (33).
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Antibodies

Primary antibodies used were mouse monoclonal ANTI-
FLAG® M2-peroxidase (HRP) antibody (A8592, Sigma),
mouse monoclonal ANTI-FLAG® M2 antibody (F1804,
Sigma), rabbit polyclonal anti-DYKDDDDK tag anti-
body (#2368, Cell Signaling Technology), mouse mono-
clonal anti-XRCC1 antibody (#MS-434-P0, Thermo Scien-
tific), rabbit monoclonal anti-XRCC1 antibody (ab134056,
Abcam), rabbit polyclonal anti-PARP-1 antibody (H-
300) (sc-25780, Santa Cruz Biotechnology), mouse mono-
clonal anti-DNA ligase 3 antibody (E-7) (sc-390922, Santa
Cruz Biotechnology), mouse monoclonal anti-DNA lig-
ase 1 antibody (ab615, Abcam), rabbit polyclonal anti-
DNA polymerase beta antibody (18003-1-AP, Protein-
tech), rabbit polyclonal anti-MRE11 antibody (#4895, Cell
Signaling Technology), rabbit monoclonal anti-phospho-
histone H2A.X antibody (Ser139) (20E3) (#9718, Cell
Signaling Technology), mouse monoclonal anti-phospho-
histone H2A.X (Ser139) antibody (#05-636, EMD Milli-
pore), mouse monoclonal anti-BRCA1 antibody (D-9) (sc-
6954, Santa Cruz Biotechnology), mouse monoclonal anti-
BRCA2 antibody (2B) (OP95, EMD Millipore), mouse
monoclonal anti-FEN1 antibody (B4) (sc-28355, Santa
Cruz Biotechnology), mouse monoclonal anti-BrdU anti-
body (IIB5) (ab8152, Abcam) and mouse monoclonal anti-
�-Actin antibody (A5316, Sigma). Secondary antibodies
for western blotting were from GE Healthcare (anti-mouse,
NA9310V; anti-rabbit, NA934V). Secondary antibodies for
immunofluorescence were from Invitrogen (Alexa Fluor,
anti-rabbit 594, A11037; anti-mouse 594, A11005; anti-
rabbit 488, A11008; anti-mouse 488, A11001).

�H2AX and XRCC1 foci analysis

U2OS cells were transfected with 100 nM scrambled con-
trol or XRCC1 siRNA; after 48 h, the cells were plated in
eight-chamber slides, incubated overnight and then treated
with HU and/or ATRi as indicated. The cells were then
fixed with 4% paraformaldehyde for 15 min, followed by
permeabilization with 0.5% Triton X solution in phosphate-
buffered saline (PBS) for 30 min. Subsequently, after block-
ing with 3% bovine serum albumin (BSA) solution in PBS
for 1 h, the cells were incubated with anti-phosphoserine
H2A.X antibody (Cell Signaling Technology, #9718) or
anti-XRCC1 antibody (#MS-434-P0, Thermo Scientific)
diluted 1:500 in PBS for 2 h at room temperature. Af-
ter washing with PBS, the cells were incubated with Alexa
Fluor secondary antibody (1:500). After the final wash, the
slides were dried for 5–10 min at 37◦C and mounted with
mounting media with DAPI (Invitrogen, P36941) and cov-
erslips. Samples were observed under 60× oil immersion
lens, and images were captured from at least 10 random
fields for each sample. Cells were marked positive if they
contained >10 foci.

Proximity ligation assay and immunostaining

For proximity ligation assay (PLA) and immunostaining,
U2OS cells grown in an eight-chamber slide were treated
as described in the figure legends and then fixed with
4% paraformaldehyde in PBS followed by permeabilization

with 0.5% Triton X in PBS. For each PLA experiment,
the respective primary antibodies raised in different species
were used. Assays were performed with the Duolink kit
(Olink Bioscience, Uppsala, Sweden) according to the man-
ufacturer’s instructions. PLA foci/immunostaining were vi-
sualized using a 60× oil immersion lens in an inverted
Zeiss bright-field/fluorescent microscope. For XRCC1-
BrdU PLA, asynchronous U2OS cells were pulsed with
10 �M BrdU for 15 min before treatment with replication
stalling agents for various times. Genomic DNA was de-
natured after fixation and permeabilization. Images were
merged and analyzed with ImageJ software. For the PLA
to detect co-localization of XRCC1 and POLQ, U2OS
cells were transfected with the construct expressing POLQ-
FLAG 48 h before treatment.

Chromosomal MMEJ assay

Incubation of U2OS-EJ2 cells with HU and/or ATRi, de-
pletion with siRNA, DSB induction and cell harvesting
were carried out as described (32). Flow cytometry was per-
formed using a BD FACS LSRII and data were analyzed
using Flowing Software (Perttu Terho, Turku Centre for
Biotechnology).

In-cell plasmid circularization assay

U2OS cells grown in 60 mm plates (50% confluent) were
treated with HU and/or ATRi as indicated, and then
transfected with 100 ng pNS (the linearized DSBR sub-
strate, Figure 3B) (30) using Lipofectamine 2000 and in-
cubated overnight (15 h). Plasmids (5 �l) were isolated
using the Qiagen plasmid miniprep kit prior to trans-
formation of XL10-gold ultracompetent Escherichia coli
cells (Agilent) following the manufacturer’s protocol. Forty
colonies were randomly selected for plasmid sequencing us-
ing the CMV-F primer by Genewiz, Inc. Sequences with
insertions/deletions of 1–4 nt at the DSB site were scored as
NHEJ products, whereas the plasmids with deletion of one
of the 5 nt microhomology sequences were scored as prod-
ucts of MMEJ/alt-EJ products, as described (30). Non-
specific extended deletions (>10 nt) at the 3′ or 5′ end of
the DSB were not considered when plotting MMEJ versus
NHEJ.

Preparation of whole cell and nuclear extracts

U2OS cells were harvested, washed with Dulbecco’s
phosphate-buffered saline solution (Cellgro, Corning) and
then pelleted by centrifugation at 800 rpm for 5 min. For
preparing whole cell lysates, the cell pellet was resuspended
in whole cell lysis buffer (20 mM Tris–HCl, pH 7.5, 150
mM NaCl and 1% Triton X) with protease inhibitor cock-
tail (Thermo Fisher Scientific), vortexed at 4◦C for 15 min
and then clarified by centrifugation at 14 000 rpm. For
preparation of nuclear extracts, the cell pellet was resus-
pended in cytoplasmic extraction buffer (10 mM Tris–HCl,
pH 7.9, 0.34 M sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1
mM EDTA, 1 mM DTT and 0.1% Nonidet P-40) with pro-
tease inhibitor cocktail. The cell suspension was vortexed
briefly, centrifuged at 3500 × g for 15 min at 4◦C. The
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pellet of nuclei was resuspended in whole cell lysis buffer
and a soluble extract prepared as described above. For co-
immunoprecipitation assays, the nuclear extracts were incu-
bated with 0.15 U/�l benzonase (EMD Millipore) to avoid
DNA-mediated immunoprecipitation of protein complexes.

In vitro MMEJ assay

Exponentially growing U2OS cells transiently expressing
XRCC1-FLAG were treated with HU and/or ATRi as in-
dicated. After treatment, the irradiated and control cells
were harvested for preparation of nuclear extracts. XRCC1-
FLAG IP was isolated by incubating the nuclear extract
with FLAG-M2 agarose beads for 2 h at 4◦C. The beads
were directly incubated for 30 min with 5 ng pNS in a re-
action buffer containing 2 mM MgCl2, 60 mM NaCl, 50
mM HEPES, 2 mM DTT, 1 mM ATP, 1 mM dNTPs and 50
�g/ml BSA, with gentle shaking at 30◦C. This was followed
by addition of 14 ng XRCC1/LIG3 recombinant protein
complex (as the ligation step is rate limiting) to the reaction
mix for further incubation for 15 h at 16◦C. After removal
of the beads by low-speed centrifugation, 5 �l supernatant
was used for transformation of XL10-gold ultracompetent
E. coli cells (Agilent Technologies). The separated beads
were also eluted with 4× LDS loading buffer for western
blot analysis. The colonies in each plate were counted and
submitted for sequence analysis using the CMV-F primer
(Genewiz Inc.) similar to that used in the in-cell assays. De-
tails on pNS synthesis are given in (30).

SSBR assay

The in vitro ligation activity assay was performed as pre-
viously described (34). Briefly, annealed oligomers labeled
with Cy3 fluorescent dye were mixed with IP complexes in
1× T4 ligation buffer, and the mixture was incubated in a
water bath at 30◦C for 20 min, followed by incubating with
2× TBE sample buffer at 100◦C for 3 min and on ice for an-
other 3 min. Oligomers were separated by denaturing urea
polyacrylamide gel electrophoresis, and Cy3 fluorescence
was detected by a Typhoon FLA 7000 system.

DNA fiber analysis

Cells were labeled with 50 �M CldU (Sigma), exposed to
HU (4 mM) and labeled with 50 �M IdU (Sigma) as indi-
cated in the figures. DNA fibers were spread as previously
described (35), and fiber tracts were detected using anti-IdU
(BD Biosciences, 347580) and anti-CldU (Novus Biologi-
cals, NB500-169) primary antibodies and Alexa Fluor 488
and 555 secondary antibodies (Invitrogen). Fibers were im-
aged at 60× magnification with oil immersion using a Zeiss
microscope and analyzed with ImageJ.

Statistical and bioinformatic analyses

Most statistics were performed using Prism software. Fiber
assay distributions were analyzed using the Mann–Whitney
U test. PLA foci distributions, comet assay distributions,
MMEJ in vitro assay, EJ2 repair events and clonogenic
survival assay were analyzed using Student’s t-test. Foci

formation and in-cell MMEJ assay results were ana-
lyzed using Fisher’s exact test. Mutational signature data
were from COSMIC (https://cancer.sanger.ac.uk/cosmic/
signatures); heat plots were generated in R using the ‘gplots’
package. TCGA data for gene expression were obtained
through the TCGA Assembler utility and analyzed using
custom scripts. P-values were obtained from a Welch’s t-test
with unequal variance. Survival curves and hazard ratios
were obtained from the ‘survminer’, ‘survival’ and ‘dplyr’
R packages. ns: P > 0.05; *P < 0.05; **P < 0.01; ***P <
0.001 in all figures.

RESULTS

XRCC1 has minor impact on cell survival and DSBR after
replication stress in HR-proficient cells

Because XRCC1-depleted cells are sensitive to inhibition of
ATR, the key proximal kinase activated by replication stress
(36,37), we sought to examine XRCC1’s role in the replica-
tion stress response. XRCC1-depleted U2OS cells (Figure
1A) were modestly sensitive to the ATRi VE-821 (Figure
1B). HU, a ribonucleotide reductase inhibitor, induces repli-
cation stress by depleting cell deoxyribonucleotides, caus-
ing replication fork stalling. Similar to the ATRi results,
XRCC1-depleted cells were modestly sensitive to HU (Fig-
ure 1C). HU induced a larger but not significant increase in
DSBs in XRCC1-depleted cells compared to control cells as
measured by the comet assay (Figure 1D). There was also a
modest but not significant reduction in the rate of repair of
HU-induced DSBs in XRCC1-depleted cells (Figure 1E).
These results demonstrate a less robust effect of ATR in-
hibition on XRCC1-deficient cell survival than previously
reported (36), likely in part due to the usage of U2OS cells
rather than CHO cells in our experiments. Taken together,
these results indicate that XRCC1 has a minor role in the re-
sponse to replication stress in cells that are NHEJ and HR
proficient.

XRCC1 is recruited to replication stress sites and co-localizes
with DNA damage response factors

Since most forks stalled in response to HU treatment are
stable without prolonged incubation, we examined the ef-
fect of treating cells with HU and simultaneously inhibit-
ing ATR to induce the collapse of stalled forks (36). Cortez
and colleagues have demonstrated the formation of DSBs
with dissociation of replisome components both after pro-
longed treatment of cells with HU and more quickly after
combined treatment of HU and ATRi (37). As expected,
distinct XRCC1 foci, which co-localized with phosphory-
lated histone H2AX (�H2AX) in the proximity of DSBs,
formed in response to exposure to HU and to a greater ex-
tent after combined exposure to HU and ATRi (Figure 2A
and B). To determine whether XRCC1 is recruited to DSBs
at stalled and collapsed replication forks, we used the PLA,
which produces a fluorescent focus when two distinct an-
tibodies are in close proximity (∼40 nm; Duolink). Asyn-
chronous U2OS cells were pulse-labeled with BrdU to mark
sites of DNA replication and then incubated with either HU
or HU together with ATRi. The co-localization of XRCC1
with BrdU increased in a time-dependent manner both in

https://cancer.sanger.ac.uk/cosmic/signatures
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Figure 1. Effect of XRCC1 depletion and replication stress in WT cells. (A) Western blot of XRCC1 depletion by siRNA. (B) Clonogenic survival assay of
XRCC1-depleted cells to ATRi. (C) Clonogenic survival assay of XRCC1-depleted cells to HU. (D) Neutral comet assay in ctrl and XRCC1 siRNA-treated
cells after HU. Cells were treated with 3 mM HU for 8 h. At least 50 cells were analyzed for each experiment. (E) Relative fraction of U2OS cells positive
for the DSB marker �H2AX by immunofluorescence. Cells were treated with 3 mM HU for 3 h and then allowed to recover for the indicated times. Cells
were marked positive if they contained >10 foci. The number of cells analyzed in each experiment varied from 55 to 72. P-values obtained from z-tests
at each time point varied from 0.88 (time 0) to 0.35 (2 h). The fractions of positive cells at time 0 were 0.49 (control siRNA, 55 cells) and 0.47 (XRCC1
siRNA, 65 cells).

the HU-treated cells and, to a greater extent, in cells co-
incubated with HU and ATRi (Figure 2C and E).

We then utilized PLA to quantify changes in association
between XRCC1 and other DNA damage response pro-
teins (Figure 2D and F). Significant increases in the co-
localization of XRCC1 with the MMEJ factors PARP1,
MRE11 and POLQ, as well as �H2AX were observed, sup-
porting a role for XRCC1 at DSBs formed in response
to replication stress. In contrast, the association between
XRCC1 and POL�, the canonical gap-filling polymerase in
BER and SSBR, did not change after replication stress.

Replication stress stimulates microhomology-mediated end
joining by forming an XRCC1 repair complex

Based on the increased association between XRCC1 and
other MMEJ factors in response to replication stress and
collapsed replication forks, we measured MMEJ activity
utilizing a chromosomally integrated MMEJ reporter sys-
tem (EJ2) (Figure 3A, upper panel) (32). This measures
MMEJ by restoration of GFP after DSB induction by I-
SceI. In parallel, we used a linearized plasmid reporter sys-
tem (Figure 3B, upper panel) that measures both MMEJ
and NHEJ based on sequencing DSB joints in plasmids re-

covered from transfected cells (30). While neither of these
assays directly measures events at stalled/collapsed repli-
cation forks, they do detect increased MMEJ activity that
includes resection, annealing and subsequent ligation. We
suggest that these MMEJ assays serve as surrogates for the
activity of MMEJ factors at stalled/collapsed replication
forks. Treatment of U2OS-EJ2 cells with HU or a combina-
tion of HU and ATRi led to an increase in the total number
of MMEJ events, although the increase with HU alone did
not reach statistical significance (Figure 3A, lower panel).
In the linearized plasmid reporter system, pretreatment of
U2OS cells with HU or a combination of HU and ATRi
led to an increase in the number of MMEJ events relative
to NHEJ events (Figure 3B, lower panel). Repair sequences
are listed in Supplementary Figure S2. Thus, replication
stress promotes cellular MMEJ repair activity, supporting
and extending previous observations (38). As expected, this
enhancement was dependent on XRCC1 and CtIP levels, in
addition to PARP1 and MRE11 activity (Supplementary
Figure S1B).

To further test whether replication stress and fork col-
lapse enhance formation of active MMEJ complexes, we
measured the ability of XRCC1 immunocomplexes to re-
pair linearized pNS plasmid via MMEJ (30) (Figure 3C,
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Figure 2. XRCC1 is recruited to sites of replication stress-induced DNA damage. (A) XRCC1 foci formation after treatment of U2OS cells with 3 mM
HU and/or 3 �M ATRi for 8 h where indicated. Cells were marked positive if they contained >10 foci. At least 50 cells were analyzed for each experiment.
(B) Co-localization of XRCC1 with �H2AX after ATRi + HU. (C) Representative images of the PLA data related to (E). (D) Representative images of the
PLA data related to (F). (E) XRCC1 localization to sites of replication stress, as measured by BrdU-XRCC1 PLA. Asynchronous cells were pulsed with 10
�M BrdU for 15 min before treatment with 3 mM HU and/or 3 �M ATRi for the indicated times. At least 50 cells were analyzed for each experiment. (F)
PLA between XRCC1 and the indicated factors in control cells and after treatment for 8 h with 3 mM HU and 3 �M ATRi. At least 50 cells were analyzed
for each experiment.

upper panel). Pre-incubation of WT U2OS cells express-
ing FLAG-tagged XRCC1 with ATRi and HU significantly
increased the repair of plasmid DNA by the XRCC1 im-
munocomplex (Figure 3C, lower panel). The sequences of
the repaired plasmids confirmed that, as expected (30), all
the repair events occurred by MMEJ rather than increased
ligation activity (Supplementary Figure S3).

BRCA2- and XRCC1-depleted cells are sensitive to replica-
tion stress and repair DSBs inefficiently

Given the synthetic lethal relationship between BRCA2 and
XRCC1 (17,39), we examined the impact of depleting either
BRCA2 or BRCA1 on replication stress-induced MMEJ.

While BRCA2 depletion led to a marked increase in chro-
mosomal MMEJ events, BRCA1 depletion led to a decrease
(Figure 4A). These results are consistent with published
studies on the effect of BRCA1 and BRCA2 deficiency on
MMEJ frequency (10,40) although there is a conflicting re-
port (41). To further test the relationship between XRCC1
and BRCA2, we utilized a set of isogenic U2OS cells that
allow reversible knockdown of BRCA2 in the presence of
doxycycline (Figure 4B). Depletion of XRCC1 in BRCA2-
deficient cells significantly increased the cytotoxicity of the
combination of ATRi and HU (Figure 4C). These cells
both accumulated more DSBs (Figure 4D) and repaired
DSBs less efficiently (Figure 4E) following HU treatment.
We therefore investigated whether XRCC1 depletion affects
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Figure 3. Replication stress activates MMEJ. (A) Upper panel: scheme for repair of I-SceI-induced DSBs via MMEJ in the EJ2-U2OS cell line; lower panel:
repair of I-SceI-induced DSBs after replication stress. EJ2-U2OS cells were treated with the indicated doses of HU and VE-821 (ATRi) for 8 h before DSB
induction. (B) Upper panel: scheme for repair of pNS plasmid in mammalian cells after transfection; lower panel: repair of linearized plasmid substrate
pNS after replication stress. U2OS cells were treated with the indicated doses of HU and VE-821 for 8 h before transfection of pNS; repaired sequences were
analyzed according to (30). (C) Upper panel: in vitro MMEJ repair activity assay scheme; lower panel: MMEJ repair activity of XRCC1-FLAG IP. U2OS
cells were transfected with XRCC1-FLAG and immunoprecipitated after treatment. Immunoprecipitated XRCC1-FLAG complexes were incubated with
linearized plasmid substrate and competent E. coli cells were transformed with repaired product according to (30). Total colony number reflects individual
repair events. Western blot of IP bead eluate after incubation is shown.

the sensitivity of BRCA2-deficient cells to PARP inhibition
using the MTT assay, a colorimetric method of assessing
metabolic activity. As expected, XRCC1-deficient cells were
moderately sensitive to rucaparib, and BRCA2-deficient
cells were highly sensitive (Figure 4F). Surprisingly, co-
depleted cells were less sensitive than BRCA2-depleted cells,
raising the possibly that XRCC1 promotes formation of
toxic, DNA-trapped PARP1. Collectively, these data indi-
cate that XRCC1 plays a more prominent role in the repair
of DSBs arising from replication stress in BRCA2-deficient
cells.

BRCA2 suppresses MMEJ by preventing XRCC1 recruit-
ment and repair complex formation

To better define the relationship between XRCC1 and
BRCA2, we examined XRCC1 localization and complex
formation in BRCA2-deficient cells. More XRCC1 foci
formed in response to replication stress in BRCA2-deficient
cells (Figure 5A), although the result was not statistically

significant. This correlated with increased co-localization of
XRCC1 with BrdU (Figure 5B and E) and with �H2AX,
PARP1, POLQ and MRE11 (Figure 5C and F). To further
test whether replication stress causes increased association
of MMEJ factors in BRCA2-deficient cells, we analyzed co-
immunoprecipitation of MRE11 and XRCC1 with FLAG-
tagged POLQ expressed in BRCA2-proficient and BRCA2-
deficient U2OS cell lines. In accord with the increased co-
localization (Figure 5F), higher levels of XRCC1 (∼2.7-
fold) and MRE11 (∼4-fold) were found in POLQ-FLAG
IP from BRCA2-deficient cells, showing that BRCA2 sup-
pressed the association of POLQ with both XRCC1 and
MRE11 (Figure 5D, upper panel). Similarly, there was less
POLQ-FLAG and MRE11 in endogenous XRCC1 im-
munoprecipitates from BRCA2-proficent cells compared
with BRCA2-deficient cells (∼1.5-fold, POLQ-FLAG; ∼2-
fold, MRE11) after replication stress (Figure 5D, lower
panel).

To test whether replication stress causes increased activ-
ity of the MMEJ complex in BRCA2-deficient cells, we ex-
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Figure 4. XRCC1 plays prominent roles in replication stress responses and DSBR in BRCA2-deficient cells. (A) Dependence of EJ2-U2OS MMEJ events
on BRCA1 and BRCA2. Cells were treated with siRNA according to (32). Data are plotted relative to ctrl siRNA-treated samples and scaled according
to their fold depletion as measured via western blot. (B) Western blot of inducible knockdown of BRCA2 in scr-U2OS (scr) and BRCA2-U2OS (BRCA2)
cells. scr-U2OS and BRCA2-U2OS (also referred to as scr and BRCA2 or B2) cells can be induced with doxycycline to express scrambled shRNA and
BRCA2 shRNA, respectively. (C) Clonogenic survival assay of scr-U2OS and BRCA2-U2OS cells treated with ctrl or XRCC1 siRNA and ATRi + HU.
(D) Neutral comet assay in scr-U2OS and BRCA2-U2OS cells treated with ctrl and XRCC1 siRNA and/or HU. Cells were treated with 3 mM HU for
8 h where indicated. At least 50 cells were analyzed for each experiment. (E) Relative fraction of scr-U2OS and BRCA2-U2OS cells positive for the DSB
marker �H2AX by immunofluorescence. XRCC1 or ctrl siRNA-treated cells were treated with 3 mM HU for 3 h and then allowed to recover for the
indicated times. Cells were marked positive if they contained >10 foci. The number of cells analyzed in each experiment ranged from 87 to 158. P-values
were obtained from pairwise z-tests between control and each of the other conditions. *P-value 0.034, P(α)0.05 0.565; **P-value 0.006, P(α)0.05 0.793.
(F) MTT assay of scr-U2OS and BRCA2-U2OS treated with either ctrl siRNA or XRCC1 siRNA and exposed to varying concentrations of the PARP
inhibitor rucaparib for 120 h.
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Figure 5. BRCA2 suppresses XRCC1–POLQ–MRE11 complex formation and MMEJ. (A) XRCC1 foci formation after treatment of scr-U2OS or BRCA2-
U2OS cells with 3 mM HU and/or 3 �M ATRi for 8 h where indicated. Cells were marked positive if they contained >10 foci. At least 50 cells were
analyzed for each experiment. (B) Representative images of the PLA data related to (E). (C) Representative images of the PLA data related to (F). (D)
Upper panel: western blot of POLQ-FLAG IP from scr-U2OS and BRCA2-U2OS cells with and without ATRi + HU treatment. Lower panel: western
blot of endogenous XRCC1 IP from scr-U2OS and BRCA2-U2OS cells expressing POLQ-FLAG with and without ATRi + HU treatment. (E) XRCC1
localization to sites of replication stress in scr-U2OS or BRCA2-U2OS cells, as measured by BrdU-XRCC1 PLA. Asynchronous cells were pulsed with 10
�M BrdU for 15 min before treatment with 3 mM HU and/or 3 �M ATRi for the indicated times. At least 50 cells were analyzed for each experiment. (F)
PLA between XRCC1 and the indicated factors in scr-U2OS and BRCA2-U2OS cells treated for 8 h with 3 mM HU and 3 �M ATRi. At least 50 cells
were analyzed for each experiment. (G) MMEJ repair activity of XRCC1-FLAG IP. scr-U2OS and BRCA2-U2OS cells were transfected with XRCC1-
FLAG and treated with 3 mM HU and 3 �M ATRi where indicated. Immunoprecipitated XRCC1-FLAG complexes were incubated with linearized
plasmid substrate and competent bacterial cells were transformed with repaired product according to (30). Western blot of IP bead eluate after incubation
is shown.
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amined the effect of BRCA2 depletion on the MMEJ ac-
tivity of XRCC1-FLAG immunocomplexes. The XRCC1-
FLAG IP from BRCA2-depleted cells performed MMEJ at
a significantly higher level than control cells (Figure 5G),
whereas SSBR was carried out at a moderately higher level
in BRCA2-depleted cells relative to control cells (Supple-
mentary Figure S3). Together these data indicate that the
presence of BRCA2 suppresses the localization of XRCC1
to sites of replication stress, formation of the XRCC1–
MMEJ repair complex and the repair activity of this com-
plex.

BRCA2 deficiency changes the effect of XRCC1 depletion on
replication fork dynamics and chromosome aberrations

Since XRCC1 is recruited to sites of replication stress, we
considered the possibility that it has functions at the stalled
replication fork in addition to MMEJ. Using DNA fiber
analysis (35), we found that XRCC1 depletion did not af-
fect DNA replication progression or fork protection in WT
U2OS cells (Supplementary Figure S4), whereas it did sig-
nificantly limit the extent of replication fork restart (Figure
6A), extending previous observations (42).

Based on the degradation of nascent DNA at stalled
forks by nucleases, including MRE11, that leads to chro-
mosomal aberrations and genomic instability in BRCA2-
deficient cells (21), together with our data showing in-
creased association of MRE11 and XRCC1 at replication
forks in response to replication stress, we examined the
effect of depleting XRCC1 in BRCA2-depleted and con-
trol U2OS cells (Figure 6F) on replication fork dynamics.
Depletion of BRCA2 further inhibited replication restart
caused by XRCC1 knockdown (Figure 6B), suggesting that
BRCA2 and XRCC1 participate in distinct pathways that
promote replication restart. Interestingly, XRCC1 deple-
tion alleviated the degradation of stalled forks in BRCA2-
deficient cells (Figure 6C) and the increase in chromosome
aberrations induced by replication stress (Figure 6D and E).
XRCC1 knockdown in BRCA2-depleted cells has a similar
effect to inhibiting MRE11 nuclease activity with mirin on
fork degradation (Figure 6C), as well as a similar effect to
mirin treatment in BRCA2-deficient cells on chromosome
aberration number (Figure 6D) (21). Since MRE11 inhi-
bition fully restores replication fork protection in BRCA2-
deficient cells, MRE11 is likely the primary nuclease respon-
sible for fork degradation in these cells. The observed ef-
fect of XRCC1 in fork protection, combined with obser-
vations indicating co-localization (Figure 5D) and complex
formation (Figure 5F), leads us to reason that MRE11 and
XRCC1 function in the same pathway responsible for re-
secting stalled forks in BRCA2-deficient cells. Collectively,
our results reveal specific roles for XRCC1 in BRCA2-
deficient cells that balance fork degradation and fork restart
to promote chromosome aberrations and cell survival.

XRCC1 and MRE11 deficiency are more strongly correlated
with survival in BRCA-deficient breast cancers than BRCA-
proficient breast cancers

Based on our observation that XRCC1 and MRE11 are
critical not only for DSBR by MMEJ but also for repli-

cation fork restart in BRCA2-deficient cancer cells, we an-
alyzed XRCC1 and MRE11 expression in breast cancers
compiled in The Cancer Genome Atlas (TCGA). We first
partitioned all TCGA breast cancers into BRCA-proficient
and BRCA-deficient groups using their signature 3 score
(a pattern of single-base substitutions strongly associated
with large insertions and deletions with overlapping micro-
homology at chromosome breakpoint junctions; signature
3+ cancers are strongly associated with homologous recom-
bination deficiency) from COSMIC (1) (sig3+: sig3score
> 0; sig3−: sig3score = 0) (Figure 7A). Then, we parti-
tioned breast cancers within these groups into high and low
gene expression groups (top and bottom ∼20% of tumors)
(Figure 7D and G), and calculated the survival curves for
those groups. We found that in all breast cancers (regard-
less of HR status), low XRCC1 expression is associated with
poor survival (Figure 7B) (P-value = 0.031). This associa-
tion is stronger in HR-proficient cells (Figure 7E) (P-value
= 0.0008), and is absent in HR-deficient cells (Figure 7F)
(P-value = 0.52), consistent with a distinct role of XRCC1
in the promotion of cancer fitness in HR-deficient breast
cancers. Similarly, MRE11 expression is significantly asso-
ciated with poor survival only in the HR-deficient subset of
breast cancers (Figure 7C, F and I) (P-value = 0.016), con-
sistent with promotion of cancer fitness by MRE11 specifi-
cally in this subset of breast cancers. In contrast, levels of the
SSBR/BER polymerase POL� and the NHEJ factor Ku70
(XRCC6) did not show association with survival in either
BRCA-proficient or BRCA-deficient breast cancers (Sup-
plementary Figure S5). These data collectively suggest that
in HR-deficient breast cancers, high expression of XRCC1
and MRE11 leads to poor survival as a result of either in-
creased genome instability or therapy resistance due to in-
creased replication fork restart and DNA repair (Figure 8).

DISCUSSION

XRCC1 has key scaffolding roles in coordinating repair
of base damage and single-strand breaks by housekeeping
DNA repair pathways (31). Also, it was proposed to have
an analogous role in backup error-prone DSBR pathways,
including MMEJ, that can become critical for the viability
of HR-deficient tumor cells (12). Previously, we found that
ionizing radiation exposure enhances formation of func-
tional XRCC1-containing MMEJ complexes and increases
MMEJ activity (30). Here, we support and extend those
results to show that XRCC1-mediated MMEJ is also in-
creased in response to replication stress and fork collapse.
Furthermore, we find that XRCC1 and other MMEJ pro-
teins are recruited to stalled and/or damaged replication
forks. While this study is limited by the usage of only U2OS
cells for isogenic BRCA2 depletion, we suggest that the
reported results on replication, repair substrates and mu-
tational signature are likely to be generalizable to other
cell types in light of the fundamentally conserved roles of
XRCC1 in DNA damage responses. Analyses of XRCC1-
deficient rodent and human cells have revealed similarities
but also some differences in the contribution of XRCC1
to the cellular response to DNA damage and replication
stress, such as the modest sensitivity of XRCC1-depleted
human U20S cells to HU compared with CHO EM9 cells
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Figure 6. XRCC1 depletion limits fork degradation, fork restart and chromosome aberration accumulation in BRCA2-deficient cells. (A) Effect of XRCC1
depletion on replication restart in U2OS cells. (B) Effect of XRCC1 depletion on replication restart in scr-U2OS and BRCA2-U2OS cells. (C) Effect of
XRCC1 depletion and MRE11 inhibition (100 �M Mirin) on replication fork protection in scr-U2OS and BRCA2-U2OS cells. At least 200 individual
fibers were analyzed for each experiment. (D) Quantification of chromosome aberrations from 20 separate metaphases in scr- and BRCA2-U2OS cells
with or without XRCC1 siRNA treatment. (E) Representative metaphase chromosome spread of BRCA2-U2OS with HU treatment. (F) Western blot of
BRCA2 and XRCC1 co-depletion.

(43). Additional studies in other cancer and non-malignant
human cell lines will explore the role of XRCC1 in dealing
with replicative stress, such as that induced by oncogenes,
in the absence or presence of functional recombinational
repair.

A role of XRCC1 in PARP-dependent replication-
associated DNA repair was identified previously (44), but
was attributed to the canonical role of XRCC1 SSBR/BER
without examination of possible roles of XRCC1 in repli-
cation and microhomology-mediated repair processes. We
have extended that work here to demonstrate a clear
role for XRCC1 in DNA replication processes beyond its
SSBR/BER function. Recently, low levels of poly(ADP-
ribose) (pAR) synthesis were detected at the replication

fork during unperturbed DNA replication (45). As there
are higher levels of pAR synthesis in DNA Ligase 1 (Lig1)-
deficient cells but Lig1-null cells are viable because of the
presence of the XRCC1 partner protein, Lig3, it is likely
that Lig3 and XRCC1 participate in a PARP-dependent
backup pathway that joins Okazaki fragments at the repli-
cation fork (45). Since depletion of XRCC1 had only a small
effect on cellular sensitivity to replication stress and the level
of replication stress-induced DSBs, it appears that, despite
enhanced recruitment to replication forks and increased
MMEJ activity, XRCC1 also has only a minor role at stalled
or collapsed replication forks in HR-proficient cells.

In contrast, in HR-deficient cells, it is evident that MMEJ
plays a critical role in the mutagenic repair of DSBs in
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Figure 7. XRCC1 and MRE11 gene expression is correlated with poor survival in HR-deficient breast cancer patients. (A) Distribution of signature 3
score across all breast cancers in TCGA. (B) Kaplan–Meier survival curve and hazard ratio for all TCGA breast cancer patients with high (top 20%) and
low (bottom 20%) gene expression levels (panel D) of XRCC1. (C) Kaplan–Meier survival curve and hazard ratio for all TCGA breast cancer patients
with high (top 20%) and low (bottom 20%) gene expression levels (panel G) of MRE11. Kaplan–Meier survival curves and hazard ratios for Sig3-negative
(HR-positive, E) and Sig3-positive (HR-negative, F) breast cancer patients with high and low expression of XRCC1. Kaplan–Meier survival curves and
hazard ratios for Sig3-negative (HR-positive, H) and Sig3-positive (HR-negative, I) breast cancer patients with high and low expression of MRE11.

sister chromatids (5,11). There is, however, emerging evi-
dence that HR factors contribute to genome stability not
only through error-free repair of DSBs but also by pro-
tecting stalled replication forks. In BRCA2-mutant cancer
cells, stalled and collapsed forks, which are not substrates
for the NHEJ machinery, are degraded by the MRE11 nu-
clease (21). Since this increased fork degradation was de-
pendent upon XRCC1, we suggest that complex formation
with XRCC1 at the replication fork is likely to be required
for fork degradation. Given the increased association of
XRCC1, MRE11 and other MMEJ factors in response to
replicative stress, it appears likely that this complex carries
out resection at stalled forks that is limited by the expo-
sure and annealing of microhomologies. This type of resec-

tion is compatible with a RAD51-independent pathway of
break-induced replication (BIR) termed microhomology-
mediated BIR (MMBIR), which utilizes microhomology
to facilitate multiple template switching events and is
a significant source of rearrangements observed in hu-
man cancers and other genetic diseases (46–48). Notably,
replication-associated seDSBs are repaired by MMBIR
in HR-deficient cells that are unable to utilize RAD51-
dependent, homology-dependent BIR (49,50). While we are
currently working to establish the cell cycle dependence of
these processes, the clear effect on replication fork dynamics
and its suppression by BRCA2 demonstrated here provide
strong evidence that these repair processes are highly active
in S/G2 phases of the cell cycle.
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Figure 8. Graphical scheme summarizing results. In BRCA2-proficient
cells, BRCA2 loads RAD51 to protect reversed replication forks, leading
to replication restart by homologous recombination and genome stabil-
ity. In BRCA2-deficient cells, MRE11 and XRCC1 degrade reversed forks,
leading to replication restart using microhomology-based mechanisms, the
accumulation of signature 3 mutations and poor patient survival.

As depletion of both BRCA2 and XRCC1 had an ad-
ditive effect on replication restart, these proteins likely
act in two distinct pathways for replication restart. Thus,
it appears that BRCA2 may protect stalled forks from
degradation and promotes replication restart, possibly via
homology-dependent BIR (21). The increased formation
of MMEJ complexes and the increased co-localization of
MMEJ factors at stalled forks in HR-proficient tumors
may reflect replication stress-induced signaling and/or re-
cruitment to a subset of stalled forks that are not pro-
tected by BRCA2. Our assay results imply that XRCC1
promotes microhomology-mediated repair at stalled or col-
lapsed forks. Moreover, the increased formation of MMEJ
complexes at sites of stalled replication, their increased re-
section and annealing activities, plus promotion of fork
degradation, restart and chromosome aberrations argue
that the MMEJ repair complex acts at replication sites in
HR-deficient cancer cells. We posit that this replication-
associated activity may contribute to observed genome rear-
rangements in HR-deficient cancers and thus merits further
investigation due to its implications for chemotherapeutic
strategies targeting POLQ and PARP activities.

Our collective results suggest that, in the absence
of BRCA2 and homology-dependent pathways for fork
restart, MMEJ directs fork degradation in order to ex-
pose microhomologies that mediate template switching and
replication restart via a pathway involving XRCC1 as
well as the MMEJ factors POLQ, MRE11 and PARP1
(7,16,26). While this pathway is mutagenic and presum-
ably contributes to genomic instability by generating dele-
tions with microhomologies at the breakpoints to enable
replication restart at microhomologies, it would enable HR-
deficient cancer cells to complete replication (22,51). The
enrichment of such breakpoints and the biological impor-
tance of MMEJ factors in HR-deficient cancers indicate a
connection between replication restart, fork protection and
MMBIR/MMEJ that warrants further exploration. For ex-
ample, defining the mechanism of POLQ and PARP activ-

ity more precisely during fork degradation and replication
restart will inform the applications of PARP and POLQ
inhibitors to BRCA-deficient cancer therapy (6). Further-
more, specific inhibitors of the poly(ADP-ribose) glycohy-
drolase (PARG) cause replication fork stalling and cancer
cell death (52). In concert with the results reported here, in-
cluding the finding that the sensitivity of BRCA2-deficient
cells to PARP inhibitors is partially dependent on XRCC1,
it appears that the XRCC1–MRE11 axis connects PARP,
PARG and POLQ at stalled forks as well as at DSBs. These
findings are significant in the context of PARP inhibition
in HR-deficient tumors, which extend beyond BRCA defi-
ciency itself, particularly in platinum-sensitive ovarian can-
cer patients who demonstrate improved progression-free
survival following maintenance therapy with rucaparib, ola-
parib, veriparib or niraparib (53–55).

Since increased activity of this XRCC1–MRE11-
dependent pathway of fork degradation and restart will
lead to genome instability, our finding that expression levels
of XRCC1 and MRE11 correlate with survival outcomes
for patients with HR-deficient breast cancers, in contrast
to NHEJ and SSBR/BER factors, supports our model in
which XRCC1 and MRE11 have fundamentally different
roles in HR-deficient and HR-proficient breast cancers.
Notably, high expression of XRCC1 and MRE11 correlates
with decreased overall survival (relative to HR-proficient
survival curves) specifically in HR-deficient breast cancers.
While there are multiple possible explanations for this
observation, we suggest that, given the high burden of
MH-containing genome rearrangements in HR-deficient
cancers, the ability of HR-deficient cancers to complete
replication via XRCC1 and MRE11 correlates with tumor
fitness, and thus decreased overall survival.

In sum, we herein have identified a novel role for an
MMEJ-competent protein complex that is enhanced by
replication stress at stalled replication forks in BRCA2-
deficient cells. Notably, XRCC1 and MRE11 promote
degradation of forks in BRCA2-deficient cells, presumably
exposing microhomologies that are utilized to prime repli-
cation restart. Thus, in HR-deficient tumors, resection and
annealing mediated by the MMEJ complex may be impor-
tant for replication fork restart and cell survival. Overall,
the identification here of an XRCC1–MRE11 axis connect-
ing PARP, PARG and POLQ at stalled forks as well as at
DSBs appears relevant to therapeutic strategies targeting
POLQ and PARP activities.
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