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ABSTRACT

Microhomology-mediated end joining (MMEJ), an

error-prone pathway for DNA double-strand break

(DSB) repair, is implicated in genomic rearrangement

and oncogenic transformation; however, its contri-

bution to repair of radiation-induced DSBs has not

been characterized. We used recircularization of a

linearized plasmid with 3′-P-blocked termini, mim-

icking those at X-ray-induced strand breaks, to re-

capitulate DSB repair via MMEJ or nonhomologous

end-joining (NHEJ). Sequence analysis of the circu-

larized plasmids allowed measurement of relative ac-

tivity of MMEJ versus NHEJ. While we predictably

observed NHEJ to be the predominant pathway for

DSB repair in our assay, MMEJ was significantly en-

hanced in preirradiated cells, independent of their

radiation-induced arrest in the G2/M phase. MMEJ

activation was dependent on XRCC1 phosphoryla-

tion by casein kinase 2 (CK2), enhancing XRCC1’s

interaction with the end resection enzymes MRE11

and CtIP. Both endonuclease and exonuclease activ-

ities of MRE11 were required for MMEJ, as has been

observed for homology-directed DSB repair (HDR).

Furthermore, the XRCC1 co-immunoprecipitate com-

plex (IP) displayed MMEJ activity in vitro, which was

significantly elevated after irradiation. Our studies

thus suggest that radiation-mediated enhancement

of MMEJ in cells surviving radiation therapy may

contribute to their radioresistance and could be ther-

apeutically targeted.

INTRODUCTION

About half of all cancer patients are treated with ioniz-
ing radiation (IR), either alone or in combination with
surgery and/or chemotherapy (1). However, invariable de-
velopment of resistance to radiotherapy in recurrent can-
cers warrants comprehensive understanding of the repair
of IR-induced DNA damage, which promotes tumor cell
survival. IR induces clustered damage in the genome, in-
cluding highly cytotoxic double-strand breaks (DSBs), to-
gether with an excess of closely spaced single-strand breaks
(SSBs), abasic (AP) sites and oxidized bases (2). In dividing
cells, DSBs can be repaired accurately in the S/G2 phase via
homology-dependent repair (HDR) which requires resec-
tion at the 5′ DSB termini to generate 3′ overhangs, followed
by invasion of the homologous sequence in the undamaged
sister chromatid (3). However, NHEJ, which involves liga-
tion of blunt ends, is the predominant pathway for DSB re-
pair (DSBR), independent of cell cycle phase (4). Although
NHEJ can be error-prone at complex DSBs (5) as a result
of end resection and/or gap �lling prior to ligation (6), the
binding of Ku limits end resection at DSB ends, preventing
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signi�cant loss of nucleotides (7). A recently characterized,
highly error-prone DSBR process variously named backup
NHEJ, alternative NHEJ, or alternative end joining (Alt-
EJ), does not require NHEJ proteins but utilizes the base
excision/single-strand break repair (BER/SSBR) proteins
including poly(ADP-ribose) polymerase 1 (PARP1), X-ray
repair cross-complementing protein 1 (XRCC1) and DNA
ligase 1 or 3 (LIG1/3) for joining the DSB termini (8–10).
Signi�cant diversity in Alt-EJ has been observed, with sev-
eral sub-pathways differing in their requirement for preex-
isting or de novo microhomology (11), while a few reports
have described microhomology-independent processes for
Alt-EJ (12,13).
Microhomology-mediated Alt-EJ (MMEJ) carries out

DSB joining via annealing of short microhomology se-
quences (5–25 bases) to the complementary strand span-
ning the break site (11). The consensus requirement
for MMEJ is the initial resection of DSB ends by
MRE11/RAD50/NBS1 (MRN) and CtIP, analogous to
that observed in HDR, in order to generate a 3′ single-
stranded DNA (ssDNA) overhang that helps search for mi-
crohomology sequences across the DSB (14). After anneal-
ing of the microhomology sequences, any resulting �ap seg-
ments are removed by the endonuclease activity of CtIP
or �ap endonuclease 1 (FEN-1), followed by gap-�lling in
both strands by a DNA polymerase, such as DNA poly-
merase � or � (Pol�/�), and �nally ligation of the nicks by
LIG1/3 (15). However, how these steps are regulated is not
understood. In any event, MMEJ results in loss of one mi-
crohomology sequence and the intervening region, which
leads to deletions of variable size. MMEJ is mechanistically
similar to an HDR process named single-strand annealing
(SSA); however, the latter involves annealing of DSB ter-
mini over large homology regions (>30 bases) mediated by
Rad52 (11). MMEJ, active in both normal and cancer cells
(8), could serve as a backup pathway to NHEJ (16). How-
ever, recent studies have suggested that it could be a dedi-
cated pathway in cancer cells, particularly those with de�-
ciencies in HDR activity (17,18). Whole-genome sequence
data from large cohorts of cancer patients has suggested a
signi�cant contribution ofMMEJ to the genomic instability
in cancer cells, via deletion, insertion, inversion, and com-
plex structural changes (19,20).

In the present study, we investigated the contribution
of MMEJ to repair of IR-induced DSBs. Strand breaks
generated by IR have non-ligatable termini containing 3′-
phosphate (P) and/or 3′-phosphoglycolate (21), which need
to be removed to generate the 3′-OH terminus required for
repair synthesis and ligation (22). Incidentally, the propor-
tion of 3′-P termini at IR-induced strand breaks in synthetic
oligonucleotides increases under hypoxic and anoxic con-
ditions (23). To assess the relative contribution of MMEJ
versus NHEJ at IR-induced DSBs, we developed an in cell
assay based on circularization of a linearized GFP reporter
plasmid containing 3′-P termini, followed by sequence anal-
ysis of the repaired joints. After documenting that in cell
circularization of this novel substrate recapitulated the re-
quirements for NHEJ and MMEJ in the cellular genome,
we observed that MMEJ activity is low relative to NHEJ in
untreated cells, as expected. However, MMEJ activity was
signi�cantly enhanced after radiation treatment. We then

focused on the scaffold protein XRCC1, which interacts
with both SSBR proteins and MRN, all of which are re-
cruited at IR-induced clustered damage sites. We tested the
hypothesis that XRCC1, via phosphorylation by casein ki-
nase 2 (CK2), forms a repair-competent complex to carry
out MMEJ. Finally, our observation that the XRCC1-IP
can perform MMEJ in vitro, similar to what our group ob-
served previously with BER complexes (24), could allow us
to identify undiscovered factors involved in MMEJ.

MATERIALS AND METHODS

Cell culture and X-ray irradiation

All in cell and in vitro repair assays were performed with
U2OS and A549 cells. Stable shRNA-mediated PNKP-
downregulated A549-shPNKP cells were described ear-
lier (25). All cell lines were cultured in Dulbecco’s mod-
i�ed Eagle medium (DMEM; high-glucose; Gibco-BRL)
supplemented with 10% fetal calf serum (Sigma) and
100 U/ml penicillin and 100 �g/ml streptomycin (Gibco-
BRL). A549-shPNKP cells were grown inDMEM selection
mediumwith 300�g/mlGeneticin sulfate (ThermoFisher).
The cells were irradiated using a Rad Source RS 2000 X-ray
irradiator (Rad Source Technologies, Inc., GA, USA).

Inhibitors

Cells were pretreatedwith 10�MNU7441 (Tocris) for 1 h to
inhibitDNA-PK, 50�MCX-4945 or silmitasertib (Abcam)
for 2 h to inhibit CK2, or 100 �MMirin (Sigma) for 1 h to
inhibit MRE11 exonuclease activity. During in vitroMMEJ
assays (as described below), XRCC1-IP was incubated with
either 100 �M Mirin or 100 �M MRE11 endonuclease in-
hibitor, PFM03 (26), for 15 min.

Generation of linearized plasmid substrate pNSwith 3′-P ter-
mini

In order to generate a DSB containing 3′-P termini, we in-
troduced two closely spaced uracil (U) residues, 2-nt apart
on opposite strands, in the pEGFPN1 plasmid backbone.
Excision of U by uracil DNA glycosylase (UDG), followed
by strand scission at the resulting AP sites by FapyG DNA
glycosylase (Fpg) generated 3′-P and 5′-P termini (Figure
1A) (27). However, direct ligation of U-containing duplex
with oligonucleotide into a pEGFPN1 backbone gave a
very low yield of the �nal product which was not suf�-
cient for performing the repair assays (not shown). To in-
crease the yield, we adopted a two-step nicking method-
ology where U-containing oligonucleotides were sequen-
tially introduced at the target site, with the complemen-
tary strand, providing a template for annealing, followed
by nick sealing by T4 DNA ligase (Supplementary Fig-
ure S1 and Supplemental Materials and Methods). The
nicking endonucleases Nt.BbvCI and Nb.BbvCI (NEB)
are neoisoschizomers that recognize the same heptanu-
cleotide sequence, 5′-CCTCAGC-3′, but create nicks on
complementary strands. At �rst, a duplex oligonucleotide
NT2NB2 (41 nts) containing two CCTCAGC sequence
�anking the target site was introduced between EcoR1 and
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Figure 1. Development of an in cellDSB repair assaywith a linearized plasmid substrate thatmimics anX-ray inducedDSB. (A) Schematic representation of
the in cell repair assaywith pNS; below is the sequence of pNS containing theDSB. The 5-nt sequences highlighted in yellow aremicrohomology sequence-1,
the 7-nt nicking endonuclease sequences (see Supplementary Figure S1) highlighted in cyan are microhomology sequence-2, and 3′-P nonligatable termini
are highlighted in red circles. (B) Predicted modes of NHEJ, either 1 or 2-nt gap-�lling, post-DSB end-joining A:Amismatch repair, or deletion of terminal
bases by exonucleases to generate �ush ends. (C) Predicted modes ofMMEJ, the 3′ overhangs could be annealed through either microhomology sequence-1
or -2 with exo/endonucleolytic processing of the intervening sequences. (D) Sequences at repaired joints of circularized pNS after in cell repair. (E) Relative
percentage of MMEJ/NHEJ repair of pNS in U2OS and A549 cells.
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Xho1 within the pEGFPN1 multiple cloning site (Sup-
plementary Figure S1A and B). This modi�ed pEGFPN1
vector, named pNt.Nb, was ampli�ed by a plasmid max-
iprep procedure and was used to generate the �nal lin-
earized plasmid substrate. 100 �g pNt.Nb was incubated
with Nt.BbvCI, followed by removal of the enzyme by col-
umn puri�cation with the Qiagen PCR puri�cation kit.
The nicked fragment was then dissociated from the plas-
mid by partial denaturation at 65◦C for 10 min, followed
by annealing with 100-fold molar excess of the �rst U con-
taining oligonucleotide, NtU. The intermediate was ligated
overnight (15 h) at 16◦C with T4 DNA ligase (NEB), fol-
lowed by column puri�cation of the ligated plasmid, named
pNtU.Nb. Next, pNtU.Nb was treated with Nb.BbvCI,
which nicked the strand opposite to the now U-containing
strand. This was followed by similar introduction of the sec-
ond U-containing oligonucleotide, NbU. The �nal ligation
product, pNtU.NbU, with U on opposite strands was gel
puri�ed and then treated with UDG in 1X UDG buffer,
followed by addition of Fpg and 1X NEB buffer 1. The lin-
earized plasmid, pNS was gel puri�ed twice to remove con-
tamination of the nicked fraction.All intermediate products
were checked for purity by agarose (1%) gel electrophoresis
(Supplementary Figure S1B). pNS was checked for purity
using a transformation based assay. One nanogram pNS or
serially diluted circular pEGFPN1 (1000, 10, 1 and 0.1 pg)
was used to transform E coli DH5� competent cells and
plated in kanamycin (50 �g/ml)-containing LB agar in trip-
licate. The number of colonies observed with 1 ng pNS was
similar to that with 1 pg circular pEGFPN1. We thus in-
ferred that the pNS preparation contained <1 pg circular
pEGFPN1, indicating its >99.9% purity (Supplementary
Figure S1C).

In-cell plasmid circularization assay

U2OS or A549 cells grown in 60 mm plates (50% con�uent)
were transfected with 100 ng pNS, the repair substrate, us-
ingLipofectamine 2000 and incubated overnight (15 h). The
cells were then checked for GFP expression and plasmids
were isolated using the Qiagen plasmid miniprep kit (28). It
should be noted thatGFP reporter was used only to con�rm
transfection ef�ciency and circularization of the linearized
plasmid substrate in the human cells via DSB repair. XL10-
gold ultracompetentE. coli (Agilent) were transformedwith
5 �l plasmid solution following the manufacturer’s proto-
col. Forty to �fty colonies were randomly selected for se-
quencing using the CMV-F primer by Genewiz, Inc. (South
Plain�eld, NJ, USA). The sequences of individual plasmid
clones surrounding the rejoined break site were analyzed
by using the multiple sequence alignment tool, Multalin
(INRA). Sequences with insertions/deletions of 1–4 nts at
the DSB site were scored as NHEJ products, while the plas-
mids with deletion of one of the 5 nt microhomology se-
quences, CCTCA, were scored as products of MMEJ. No-
tably, two nicking endonuclease sites (GCTGAGG; high-
lighted blue, Figure 1A) introduced in the plasmid back-
bone �anking the DSB site could also serve as microhomol-
ogy sequences, and in some of the repaired products, one of
these sequenceswas additionally deleted.We scored such se-
quences as products of MMEJ. Non-speci�c extended dele-

tions (>10 nt) at the 3′or 5′ end of the DSB were not taken
into account while plotting MMEJ versus NHEJ. The rel-
ative percentages of MMEJ/NHEJ sequences were plotted
and the statistical analysis was performed using a two-tailed
Fisher’s exact test.

Co-immunoprecipitation and in vitroMMEJ assay

Exponentially growing U2OS cells transiently expressing
XRCC1-FLAG were treated with inhibitors/siRNAs as in-
dicated and irradiated with X-rays (3 Gy). After 1 h, the
irradiated and control cells were harvested for preparation
of nuclear extracts. XRCC1-FLAG IP was isolated by incu-
bating 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 reaction buffer containing 2 mM
MgCl2, 60 mM NaCl, 50 mM HEPES, 2 mM DTT, 1 mM
ATP, 1 mM dNTPs, and 50 �g/ml bovine serum albumin
(BSA) with gentle shaking at 30◦C. This was followed by
the addition of 14 ng XRCC1/LIG3� recombinant protein
complex into the reaction mix for further incubation for 15
h at 16◦C. After removal of the beads by low speed cen-
trifugation, 5�l supernatant was used for transformation of
XL10-gold ultracompetent E. coli cells (Agilent Technolo-
gies). The separated beads were also eluted with 4× LDS
loading buffer for Western analysis. The colonies in each
plate were counted and submitted for sequence analysis us-
ing the CMV-F primer (Genewiz Inc.) similar to that used
in the in cell assay. We observed 2–4 colonies in the control
IP plates which were presumably due to transformation of
linearized plasmid in E. coli at a very low frequency (4–8
cfu/ng linear DNA compared to 5 × 106 cfu/ng circular
DNA). Therefore, we normalized the data in all experimen-
tal sets to the control IP.
For details regarding plasmids and siRNAs, antibodies,

preparation of total cell and nuclear extracts, proximity lig-
ation assay (PLA), immuno-staining, clonogenic cell sur-
vival, �H2AX foci analysis, �uorescence-activated cell sort-
ing and gel �ltration analysis, see Supplementary Informa-
tion.

RESULTS

In cellDSB repair assay recapitulates repair of blocked DSB
termini induced by radiation

The mechanisms of DSBR in the mammalian genome are
commonly investigated through generation of site-speci�c
DSBs by an ectopic meganuclease such as I-SceI (29). Al-
though this strategy can quantitatively characterize HDR
versus NHEJ at speci�c genomic loci, the induced DSBs do
not resemble the complex strand breaks induced by ionizing
radiation, which include SSBs, oxidized bases, and DSBs
with non-ligatable termini (30). To explore how radiation-
induced DSBs are repaired in the genome, we used circular-
ization of a reporter plasmid, linearized with nonligatable
3′-P termini, as a model system for analyzing DSB repair
viaNHEJ orMMEJ.We followed the repair, i.e. circulariza-
tion of the linearized GFP reporter plasmid, pNS, in trans-
fected human cells from which the plasmid population was
recovered and screened in E. coli. The plasmid molecules
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circularized in the human cell produced kanamycin resis-
tant colonies based on expression of the drug resistance
gene in the plasmid (pEGFPN1). Noncircularized plasmid
molecules recovered from the human cells could not be cir-
cularized in E. coli because these are promptly degraded
by the RecB/C nuclease. Linearized plasmid was shown to
have > 103-fold lower transformation ef�ciency than the
circular plasmid in wild-type E. coli used in our experi-
ments, supporting previous observations (31). To ensure
that we eliminated any chance of recovering drug resistant
E.coli colonies resulting from plasmid recircularization in
the E. coli, we treated the plasmid extracted from trans-
fected human cells with lambda exonuclease (NEB) to re-
move any linear plasmids. We observed no signi�cant dif-
ference in the transformation ef�ciency or in the relative
products of NHEJ versus MMEJ in untreated vs. lambda
exonuclease-treated plasmid extracts, as we had expected
(Supplementary Figure S2). Finally, DSB repair via HDR
was precluded because the plasmids lack the ability to repli-
cate in human cells. Thus, each bacterial colony represented
an individual DSB repair event in the human cell. Subse-
quent sequence analysis of the rejoined region in individual
plasmids allowed us to evaluate the relative contribution of
NHEJ and MMEJ to the repair of the DSB in pNS.
In order to quantitate the relative contribution ofMMEJ

versus NHEJ, we introduced a pair of 5 nt long microho-
mology sequences �anking the DSB (Figure 1A), follow-
ing the current consensus on the requirement for MMEJ,
as has been characterized by both in vitro and chromatin-
based DSB repair assays in human and yeast cells (8,32,33).
We transfected human osteosarcoma U2OS cells or human
lung carcinoma A549 cells at 70–80% con�uency with lin-
earized pNS, which expresses GFP only if circularized via
DSB repair (end joining). Although GFP expression was
observed as early as 6 h after transfection (Figure 1A), we
routinely harvested cells after overnight incubation (15 h) of
the transfected cells before extracting the plasmid for trans-
forming E. coli. At least 40 kanamycin-resistant colonies
were randomly selected for sequencing using a CMV-F
primer. NHEJ requires blunt termini with 5′-P and 3′-OH,
generated either by removal of the 3′-P termini by PNKP
(34), exonucleolytic degradation of a few terminal bases,
or gap-�lling synthesis, which leads to either error-free re-
pair or that with a small deletion/insertion (Figure 1B).
On the other hand, MMEJ of our plasmid substrate would
involve annealing at the microhomology sequence, result-
ing in a larger deletion with the loss of one microhomol-
ogy sequence (Figure 1C). We observed long non-speci�c
deletions (>10 nt) in a small number of plasmid molecules,
which were ignored because of their likely formation due to
non-speci�c exo/endonucleolytic degradation at the DSB
termini. Thus, the molecules with only a 1–3 nt insertion
or 1–10 nt deletion were scored as products of NHEJ, while
those with a deletion of one microhomology sequence (in-
cluding the intervening sequence) were counted as prod-
ucts of MMEJ (Figure 1D). In cell repair of pNS showed
that NHEJ was the predominant contributor to repair of
pNS in both U2OS and A549 cells, while a small fraction
of repair events (14% in A549 and 8% in U2OS) were of
the MMEJ type (Figure 1E). These results are in general
agreement with the published literature that NHEJ is the

predominant contributor to DSB repair in the human cell
genome relative to MMEJ (15).

Inhibition of 3′-P removal at DSB termini increases MMEJ
frequency

Because ligation requires removal of the 3′-P at DNA ter-
mini by PNKP (35), we tested the effect of PNKP de�-
ciency on MMEJ. We analyzed end joining of pNS in A549
cells in which PNKP was depleted via stable expression of
its shRNA (Figure 2A) (25). The frequency of MMEJ in
PNKP-depleted cells was 3-fold higher compared to that in
the wild type (WT) cells, which was reversed by ectopic ex-
pression of WT-PNKP but not by the phosphatase-inactive
mutant (Figure 2A and B). These results strongly suggest
that NHEJ involves 3′-P removal by PNKP, as reported ear-
lier (34), and that its de�ciency promotes MMEJ-mediated
DSB repair. Although it has been suggested that PNKP
promotes MMEJ in vitro via its interaction with PARP1-
XRCC1/Ligase 3 (LIG3) (12), our results indicate that it is
dispensable during in cellMMEJ that utilizes microhomol-
ogy.

MMEJ is enhanced in preirradiated cancer cells

We then asked whether MMEJ and NHEJ are affected in
cells by radiation-induced activation of the DNA damage
response signaling. We irradiated A549 and U2OS cells
with various doses of X-rays immediately before transfec-
tion with pNS, and then analyzed sequences of the repaired
plasmids. The contribution ofMMEJ relative to NHEJ was
enhanced∼5-fold after exposure to a 0.5Gy or higherX-ray
dose in both cell lines (Figure 2C and D, left four columns).
These results are consistent with a previous report of in-
duction of microhomology-mediated end joining in yeast
and mammalian cells after irradiation, although its mecha-
nism was not investigated (36). We also con�rmed that the
microhomology-dependent DSB end joining was not medi-
ated by a variant NHEJ process, based on the result that
MMEJ accounted for up to 95% of DSBR in U2OS cells
when the cells were pretreated with the DNA-PK inhibitor
NU7441 (Figure 2D, last column). Furthermore, induction
of MMEJ in preirradiated cells was absent if any of the
known MMEJ factors, namely, XRCC1, PARP1, MRE11
and CtIP, were either depleted by treatment with cognate
siRNA or inhibited by speci�c inhibitors (Figure 2D and
Supplementary Figure S3). To con�rm that this observed
increase in MMEJ after irradiation was not restricted to
a particular genomic sequence, we performed the in cell
repair assay with another linear plasmid substrate, pNX,
which has incompatible ends and 3 different pairs of 4 nt-
long microhomology regions (Supplementary Figure S4).
Although the ef�ciency of DSBR was lower than that ob-
served for pNS, MMEJ of pNX was observed only in preir-
radiated U2OS cells (Supplementary Figure S4). Moreover,
there was a marked increase in deletions at DSB termini of
pNX in preirradiated cells, indicating a greater extent of end
resection.
Previous reports have suggested that MMEJ is a slow

DSB repair process, which is stimulated during the G2
phase of the cell cycle (37,38). IR-induced genome damage
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Figure 2. Relative percentage of MMEJ of blocked DSBs is enhanced in cancer cells after PNKP depletion and in preirradiated cells. (A) In cell repair of
pNS inWTA549 cells, shRNA-mediated PNKP-depleted cells, or in endogenous PNKP-depleted cells with transient expression of HA-tagged PNKP-WT
or PNKP-phosphatase/kinase inactive (PK-) mutant. (B) Western analysis of extracts from cells as in A. (C) In cell repair of pNS in control A549 cells
and in cells preirradiated with various doses of X-rays, as indicated. (D) In cell repair of pNS in control U2OS cells and cells treated with different doses
of X-rays, XRCC1 siRNA (100 nM, 72 h), CtIP siRNA (100 nM, 72 h), rucaparib (10 �M), mirin (100 �M), or NU7441 (10 �M), as indicated. (E) In cell
repair of pNS in U2OS cells (± X-rays, 3 Gy) with plasmid extraction after 2 h (*P < 0.0001).

causes arrest of dividing human cells in the G2/M phase
(39). We therefore tested if G2 arrest is responsible for en-
hancement ofMMEJ in preirradiated cells, because our ini-
tial assay involved incubation of transfected cells for 15 h,
by which time the cells should be arrested in the G2 phase.
We con�rmed this using �uorescence-activated cell sorting,
which showed that U2OS cells were indeed arrested in the
G2/M phase after irradiation (3 Gy) (Supplementary Fig-
ure S5). The fraction of cells in the G2 phase started to
increase at 4 h post-irradiation; furthermore, ∼69% of the
cells remained G2-arrested after 24 h. Based on these data,
we then transfected preirradiated and untreated U2OS cells
with pNS and harvested plasmid DNA 2 h later (before the
onset of G2/M arrest) for transforming E coli. Sequence
analysis of the repaired plasmids showed that MMEJ com-

prised 46% of DSB repair events at 2 h in post-irradiated
cells, while it was completely absent in untreated cells for
the same time period. These results are similar to our obser-
vations when we recovered plasmids after 15 h incubation
(Figure 2E).
Because radiation-induced reactive oxygen species

(ROS), such as OH• radicals, may have a common signal-
ing process as H2O2 generated by glucose oxidase (GOx),
we checked if GOx treatment similarly enhanced repair of
pNS by MMEJ. Intriguingly, we did not observe activation
ofMMEJ in U2OS cells pretreated with either GOx or neo-
carzinostatin (Neo), which generates predominantly DSBs
(Supplementary Figure S6A). We con�rmed generation of
SSBs and DSBs with the same doses of GOx and Neo, by
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using alkaline and neutral comet assays and �H2AX foci
formation assay (Supplementary Figure S6B–D).

XRCC1 is recruited at DSBs for repair of X-ray-induced
DSBs

Based on our observation that MMEJ is compromised in
XRCC1-de�cient U2OS cells, and also on published re-
ports documenting the involvement of XRCC1 in MMEJ-
mediated DSBR (8,9,40), we tested if XRCC1 localizes to
X-ray-induced DSBs in the genome. Proximity ligation as-
say (PLA) for XRCC1 and the DSB marker �H2AX con-
�rmed that XRCC1 was recruited at DSBs in irradiated cell
nuclei (Figure 3A, upper panel; S13).Moreover, the number
of PLA foci increased signi�cantly after inhibition ofDNA-
PK with NU7441, suggesting that XRCC1’s involvement
in DSB repair is more pronounced when NHEJ is inhib-
ited. Signi�cant reduction in the number of PLA foci show-
ing XRCC4-�H2AX co-localization in NU7441-pretreated
cells con�rmedNHEJ inhibition (Figure 3A,middle panel).
The XRCC1-IgG PLA control exhibited no foci formation,
con�rming the signal speci�cities (Figure 3A, lower panel).
Because we and others have observed that PARP1 is re-
quired for MMEJ (Figure 2D, (41)), and assists recruit-
ment of XRCC1 to SSBs (42), we asked if PARP1 regu-
lates XRCC1 recruitment to DSBs. However, the number of
XRCC1-�H2AX PLA foci were not reduced in irradiated
cells pretreated with PARP1 inhibitor compared to that in
control cells (Figure 3B). This strongly suggests that while
PARP1 stimulates MMEJ, it is not a rate-limiting factor for
XRCC1 recruitment to DSBs, unlike SSB repair (43). Re-
duced auto-poly(ADP)-ribosylation of PARP1 in rucaparib
treated cells con�rmed PARP1 inhibition (Figure 3C).

XRCC1’s role in DSB repair was further con�rmed by
the increase in �H2AX foci level and their delayed dis-
appearence in U2OS cells after combined depletion of
XRCC1 and DNA-PK inhibition relative to DNA-PK in-
hibition alone (Figure 3D, E and Supplementary Figure
S7). XRCC1-depleted cells also showed higher radiosensi-
tivity than the control cells when treated with the DNA-
PK inhibitor (Figure 3F). Together, these data indicate that
XRCC1-mediated DSB repair is non-epistatic to NHEJ.
This conclusion is further supported by earlier studies
showing DSB accumulation in the Arabidopsis genome af-
ter loss of XRCC1 (44).

CK2 promotes MMEJ by phosphorylating XRCC1 after ir-
radiation

CK2-catalyzed phosphorylation of XRCC1 promotes
SSBR by enhancing its interaction with LIG3 and PNKP
(45,46). We tested if enhanced MMEJ activity in irradi-
ated cells is also due to CK2 phosphorylation-dependent
protein-protein interactions. FLAG-IP from U2OS cells
expressing ectopic XRCC1-FLAG showed a signi�cant
increase in CK2� level after irradiation with 3 Gy of
X-rays (Figure 4A), consistent with an increase in the
number of nuclear PLA foci for XRCC1-CK2� (Figure 4B
and Supplementary Figure S13). CK2 activated by stress
signaling translocates to the nuclei after irradiation (47),
where it colocalizes with the �H2AX foci (48). We observed

CK2� localization to the nuclei of irradiated U2OS cells
(Figure 4C), together with an increase in phosphorylation
of XRCC1 at S518/T519/T523, which was reduced in
cells pretreated with the CK2 inhibitor CX-4945 (Figure
4D). The speci�city of the phospho-XRCC1 antibody was
con�rmed by in vitro phosphorylation of XRCC1 with
recombinant GST-CK2�2 (Supplementary Figure S8).
Furthermore, the phospho-XRCC1-�H2AX PLA foci in
irradiated cells indicated localization of phosphorylated-
XRCC1 at DSBs, which was blocked by CX-4945 (Figure
4E).

Phosphorylated XRCC1 interacts with theDSB end resection
enzymes MRE11 and CtIP after irradiation

The 3′-ssDNA overhang, a prerequisite for stabilizing
DSB termini via microhomology-dependent annealing in
MMEJ, is generated by the end processing nucleases
MRE11 and CtIP (14,49,50); however, their role in coor-
dinating MMEJ is not clearly understood. Because we ob-
served recruitment of XRCC1 at X-ray-induced DSBs, we
tested the role of XRCC1 in assembling the MMEJ com-
plex. We isolated IPs of endogenous XRCC1 or XRCC1-
FLAG from nuclear extracts of control U2OS cells or
those transiently expressing XRCC1-FLAG, and identi-
�ed MRE11 and CtIP in the IPs (Figure 5A and Supple-
mentary Figure S9A). The levels of these proteins in the
IPs increased after irradiation. The XRCC1 level in the
U2OS nuclear extract also increased after irradiation (hi-
stone H3 was used as the loading control); however, its in-
teraction with MRE11 and CtIP was prevented in cells pre-
treatedwith CX-4945, whichwas further con�rmed by PLA
analysis (Figure 5A, B and Supplementary Figure S10).
We then analyzed FLAG-IP from U2OS nuclear extracts
transiently expressing, at a comparable level, XRCC1WT-
or non-phosphorylable XRCC1CKM-FLAG (each of the
eight primary serine/threonine CK2 target sites within the
linker domain mutated to alanine). We observed a signi�-
cant increase in MRE11 and CtIP levels in the XRCC1WT-
FLAG-IP but not in XRCC1CKM-FLAG-IP isolated from
irradiated cells (Figure 5C, D and Supplementary Figure
S11). This con�rmed that CK2-mediated phosphorylation
of XRCC1 is critical for its interaction with both MRE11
and CtIP. The XRCC1/LIG3 complex has been shown to
interact with the MRN complex via the BRCT domain
of LIG3 and the FHA domain of NBS1 (9). However,
we found that the level of MRE11 in XRCC1-FLAG IP
was unaffected by siRNA-mediated depletion of LIG3 or
NBS1 (Figure 5E and Supplementary Figure S9B), strongly
suggesting direct interaction between XRCC1 and MRE11
rather than indirect association via LIG3–NBS1 interac-
tion.

CK2-mediated phosphorylation of XRCC1 is required for for-
mation of an MMEJ-competent XRCC1 repair complex

Based on the observation that irradiation enhances the
XRCC1-MRE11/CtIP interaction via XRCC1 phosphory-
lation, we tested if CK2 inhibition or depletion reduces
MMEJ activity. Signi�cant reversal of radiation-induced
MMEJ in U2OS cells pretreated with CX-4945 or CK2�
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Figure 3. XRCC1 is required for repair of X-ray induced DSBs. (A) PLA for XRCC1-�H2AX, XRCC4-�H2AX, and XRCC1-IgG interaction in U2OS
control cells, and in irradiated cells with or without 10 �MNu7441. Quanti�cation of the mean number of PLA foci per cell is shown in the right panel. (B)
PLA for XRCC1-�H2AX interaction in control U2OS cells, and in irradiated cells with or without 10 �M rucaparib. Quanti�cation of the mean number
of PLA foci per cell is shown in the right panel. (C) Western analysis for poly-ADP-ribosylated (ADPR) PARP1 of cell extracts from U2OS control cells,
and irradiated cells with or without 10 �M rucaparib. (D) �H2AX immunostaining in U2OS cells transfected with control siRNA or XRCC1 siRNA,
with or without NU7441 treatment. Cells were �xed 1 h after irradiation with various doses of X-rays. (E) Kinetics of �H2AX foci disappearance in the
same set of cells at different time points (15 min, 1, 3, 6 h) following treatment with 3 Gy X-rays. (F) Clonogenic survival analysis for the same set of U2OS
cells treated with X-rays (0, 1, 3, 6, 9 Gy). Plating ef�ciency (PE) for each set of cells without irradiation is given.

siRNA (Figure 6A and B) suggests a critical role of CK2-
mediated XRCC1 phosphorylation in MMEJ. This was
further supported by restoration of radiation-induced en-
hancement of MMEJ by ectopic WT XRCC1 but not the
phosphomutant XRCC1CKM in cells depleted of endoge-
nous XRCC1 (Figure 6C and D), even though the ectopic
proteins were similarly localized at the DSB sites (Figure 6E
and Supplementary Figure S11).

XRCC1 facilitates formation of multiprotein repair com-
plexes for BER and SSBR by functioning as a scaffold pro-
tein (51). Gel �ltration analysis of the nuclear extract of
irradiated U2OS cells showed that XRCC1 co-eluted with
MRE11, NEIL1, and Ku80 in distinct fractions, suggest-
ing that XRCC1 can form distinct multiprotein repair com-
plexes after irradiation (Supplementary Figure S12). Be-
cause we detected XRCC1 interaction with the DSB pro-
cessing nucleasesMRE11 and CtIP, we asked if the XRCC1
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Figure 4. CK2 interacts with XRCC1 and phosphorylates it after irradiation. (A) Western analysis of CK2� in XRCC1-FLAG IP from nuclear extracts
of U2OS cells transiently expressing XRCC1-FLAG, with or without X-ray (3 Gy) treatment. (B) PLA for XRCC1-CK2� interaction in untreated and
X-ray (3 Gy)-treated U2OS cells. (C) CK2� immunostaining in control and irradiated cells. (D) Western blot analysis of phosphorylated XRCC1 in U2OS
control cells, irradiated cells, and cells treated with CX-4945 (25 �M, 50 �M) prior to irradiation. (E) PLA for phospho-XRCC1-�H2AX interaction in
control cells, and irradiated cells with or without CX-4945 (50 �M) treatment.

IP could carry out MMEJ in vitro. The XRCC1-FLAG
IP isolated from the nuclear extract of U2OS cells ex-
pressing ectopic XRCC1-FLAG (Figure 7A) was incubated
with pNS for 30 minutes at 37◦C in a buffer containing
ATP and dNTPs, and supplemented with puri�ed recom-
binant protein complex XRCC1/LIG3� (based on our ear-
lier studies indicating liability of DNA ligases (24)), fol-
lowed by incubation for 15 h at 16◦C (Figure 7A). After
transformation, the plasmids recovered fromE. coli showed
that XRCC1-FLAG IP was able to carry out MMEJ in
vitro with moderate ef�ciency (Figure 7B, 1st bar). How-
ever, unlike plasmids recovered after the in cell repair of
pNS, which showed both NHEJ andMMEJ products, only
MMEJ products were observed for the plasmid substrate
repaired in vitro with XRCC1 IP. This was expected be-
cause the XRCC1 IP should contain only proteins involved
in MMEJ/BER, and not in NHEJ. This novel observa-
tion provides the �rst direct evidence for a speci�c MMEJ
protein complex functioning in cell, which supports and
extends our previous observations for BER (24,52). Irra-

diation of U2OS cells before isolation of the XRCC1 IP
increased its MMEJ activity, consistent with the in cell
data (Figure 7B, �rst and second bar). Importantly, pre-
treatment of the XRCC1-FLAG IP with the MRE11 in-
hibitors mirin and PFM03 (26) strongly inhibited MMEJ
activity, further validating the in vitro assay and supporting
the functional requirement for both MRE11’s exonuclease
and endonuclease activities in MMEJ (Figure 7B, fourth
and �fth bar). Moreover, pretreatment of cells with CX-
4945 prior to isolation of XRCC1 IP reduced the ability
of the isolated complex to carry out MMEJ in vitro (Fig-
ure 7B, third bar). This supports our in cell results show-
ing the requirement for CK2-mediated XRCC1 phospho-
rylation for MMEJ. We further con�rmed this by compar-
ing MMEJ activity in FLAG IPs isolated from cells ectopi-
cally expressing XRCC1WT- or XRCC1CKM-FLAG (Fig-
ure 7C). Although signi�cantly lower than XRCC1WT-IP,
XRCC1CKM-IP from irradiated cells showed some activity
in plasmid circularization, presumably because it partially
mimics phosphorylated XRCC1.
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Figure 5. XRCC1 phosphorylation by CK2 enhances its interaction with the end resection enzymes MRE11 and CtIP after irradiation. (A) Western blot
analysis of XRCC1, phospho-XRCC1, MRE11, CtIP, and LIG3 in endogenous XRCC1-IP isolated from nuclear extract of U2OS cells pretreated with
X-rays (3 Gy) and/or CX-4945 (50 �M) treatment as indicated. (B) PLA for XRCC1-MRE11 (top panel) and XRCC1-CtIP (bottom panel) interactions
in U2OS cells with the same treatments. (C) Western blot analysis of MRE11 and CtIP in XRCC1WT- or XRCC1CKM-FLAG IP isolated from nuclear
extract of U2OS cells transiently expressing XRCC1WT- or XRCC1CKM-FLAG. (D) PLA for interaction of MRE11 and CtIP with XRCC1WT-FLAG
(top panels) or XRCC1CKM-FLAG (bottom panels) in control or irradiated cells. (E) Western blot analysis of MRE11, LIG3 and NBS1 in XRCC1-FLAG
IP from control or irradiated U2OS cells transfected with XRCC1-WT-FLAG (48 h), and scrambled (Sc), LIG3, or NBS1 siRNA (100 nM, 72 h), as
indicated.

DISCUSSION

NHEJ, the predominant pathway for DSB repair in the hu-
man genome in both growing and quiescent cells, repairs
∼75% of DSBs within 30 min (4). However, DNA breaks
with complex damage, such as those induced by IR, require
additional processing and may therefore not be repaired via
NHEJ (53). For such complex breaks, slower repair pro-

cesses that involve end trimming, such as accurate HDR
or error-prone MMEJ, may be critical. While HDR criti-
cally contributes to DSB repair in the replicating cancer cell
genome,MMEJ’s role in survival of cancer cells is becoming
increasingly evident, particularly in cancers with HDR de-
fects (18). Furthermore, MMEJ could be particularly pro-
nounced in DSB repair at repetitive sequences, which are
abundant in mammalian genomes (54). Thus, the micro-
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Figure 6. CK2 promotes Alt-EJ by phosphorylating XRCC1 following irradiation. (A) In cell repair of pNS, in control or preirradiated U2OS cells,
pretreated wih CX-4945 (25 �M), or CK2 siRNA. (B) XRCC1 and CK2� expression in U2OS cells transfected with respective siRNAs (100 nM, 72 h). (C)
In cell repair of pNS in U2OS cells transfected with either empty vector, XRCC1WT-FLAG or XRCC1CKM-FLAG plasmids, along with either scrambled
siRNA or XRCC1 3′-UTR siRNA, as indicated, with/without preirradiation. (D) Western analysis for endogenous XRCC1 and ectopic XRCC1WT- or
XRCC1CKM-FLAG after XRCC1 3′-UTR siRNA treatment. (E) FLAG-�H2AX PLA in U2OS cells transiently expressing XRCC1WT or XRCC1CKM-
FLAG in control and irradiated U2OS cells (*P < 0.0001).

homology sequences observed at chromosomal breaks in
many cancers implicate MMEJ in DSBR and radioresis-
tance (20,55). In order to unravel the regulation, molecular
mechanisms and prevalence ofMMEJ, it is important to es-
tablish cellular and in vitro assays for this ‘minor’ pathway
of DSB repair.
To explore repair of IR-induced DSBs containing 3′-

blocked termini (55), we developed a linear plasmid sub-
strate containing 3′-P and DSB-�anking microhomology
sequences, and were able to estimate the relative contribu-
tion of NHEJ andMMEJ toDSB repair. Although the par-
ticular sequence arrangement in this plasmid may not com-
monly occur in the human genome, it does represent ge-
nomicDSBswithmicrohomology sequences, and thus facil-
itaes identi�cation of the parameters that regulate MMEJ.
In spite of the presence of microhomologies, NHEJ was
found to be the preferred pathway of repair in two distinct
plasmid substrates in untreated cells, which is in agreement
with published reports of the comparatively a minor con-
tribution of MMEJ to DSB repair in normal human cells.

At the same time, this provides strong validation for our
assay. While our system of repairing naked plasmid DNA
does not completely simulate DSB repair at the chromatin
level, and cannot exclude possible nonspeci�c degradation
of theDNA substrate during its intracellular transit, it reca-
pitulates the known requirements for NHEJ and MMEJ in
mammalian genomes. Thus, this straightforward assay al-
lowed us to identify external factors, such as radiation ex-
posure and signal transduction, that regulateMMEJ.More-
over, our discovery of the ability of XRCC1-IP to carry out
MMEJ in vitro (in which no possibility of intracellular non-
speci�c substrate degradation exists) provides an opportu-
nity for establishing biochemical requirements for MMEJ.
During elucidation of BER mechanisms, we and others

have documented the formation of dynamic repair com-
plexes that enhance repair of diverse DNA lesions in re-
sponse to genotoxic stress (52,56,57). It is evident that
the formation of such complexes is facilitated by the non-
enzymatic scaffold protein XRCC1. The stability of such
repair complexes is likely to be dependent on binary in-
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Figure 7. Phosphorylation of XRCC1 by CK2 is required for formation of MMEJ pro�cient repair complex(es). (A) Schematic outline of MMEJ assay
using XRCC1-FLAG IP. (B) Mean number of colonies obtained from the in vitro repair assay with empty vector (EV) or XRCC1-FLAG IP from control,
irradiated cells and those treated with CX-4945 before irradiation; XRCC1-FLAG IP from irradiated cells was separately incubated with 100 �Mmirin or
PFM03 before performing in vitro repair of pNS. The amount of IP used was normalized to the XRCC1 level. (C) In vitro repair of pNS with XRCC1WT-
or XRCC1CKM-FLAG IP from control or irradiated cells. Western blot analysis of XRCC1-FLAG levels in the IPs for each experiment are given below. (D)
Model for CK2 phosphorylation-dependent activation of MMEJ-pro�cient XRCC1 repair complex: in cancer cells treated with X-rays, CK2 is activated,
localizes to the nucleus, phosphorylates XRCC1 bound to chromatin or in the nuclear lamina, and promotes the formation of MMEJ complexes that
consist of MRN, CtIP, LIG3 and possibly other MMEJ factors such as DNA polymerases. The active XRCC1 repair complexes then localize to DSB sites
(overt or secondarily generated) to carry out MMEJ, possibly competing with or complementing NHEJ. MRE11 endonuclease and exonuclease, PARP1
and CK2 inhibitors prevent activation of MMEJ.

teractions among the components of the complex, which
are modulated by their reversible, covalent modi�cations
(58). In delineating the mechanisms of MMEJ, we discov-
ered XRCC1’s key role in this repair pathway. Because
XRCC1 appears to be limiting inMMEJ, we tested whether
radiation-induced covalent modi�cations of XRCC1 pro-
mote its interactions and involvement in MMEJ. XRCC1 is
phosphorylated at multiple sites, particularly at the linker
regions between the conserved domains (59). Notably,

CK2-mediated phosphorylation of XRCC1 at the inter-
BRCT domain linker region prevents proteasomal degra-
dation (45), and also reduces its af�nity for naked DNA
(60). Thus, XRCC1, normally sequestered in chromatin
(61), may be mobilized by phosphorylation to form multi-
protein repair complexes (Figure 7D), mediated by inter-
actions involving its conserved N-terminal and BRCT do-
mains, as well as the unstructured linker domains (62). The
disordered domains in BER-initiating proteins had been
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implicated in BER complexes (52,63). Here, we have shown
that XRCC1 depends on CK2-mediated phosphorylation
for its interaction with MRE11 in irradiated cells, distinct
from the interaction between the XRCC1-LIG3 and MRN
complexes occurring via LIG3-BRCT and NBS1-FHA do-
mains (9). Our data suggest that phospho-XRCC1 directly
interacts withMRE11, which could be further stabilized by
LIG3-NBS1 interaction. Hence, it is possible that XRCC1
is recruited at DSBs via MRN rather than PARP1, as is
currently believed (15). Future structural studies may illu-
minate how XRCC1’s conformational changes induced by
phosphorylation facilitate speci�c protein-protein interac-
tions. Importantly, we have shown that the induction of
XRCC1 repair complexes via IR-induced CK2 phosphory-
lation could account for the increase in MMEJ-mediated
DSBR in irradiated cells. Based on such a scenario, it would
be worth investigating how MMEJ is affected by XRCC1
phosphorylation at other sites by CHK2 and DNA-PK
(59).
MMEJ, which utilizes the SSBR proteins, is distinct from

the HDR and NHEJ pathways for DSB repair. However,
several variations of MMEJ likely exist depending on the
cell type and the nature of DNA strand breaks. For exam-
ple, XRCC1 is apparently dispensable for Alt-EJ/MMEJ
mediated class-switch recombination or IgH/c-myc translo-
cation in XRCC4-de�cient B cells (64). This is evidently
distinct from the MMEJ of IR-induced DSBs. The clus-
tered damage induced by IR in the genome contains a large
number of closely spaced bi-stranded lesions that could
lead to secondary DSBs formed as BER intermediates (30).
These secondary DSBs, possibly with ssDNA overhangs,
have poor af�nity for Ku, whose binding to the DSB ter-
mini is a prerequisite for NHEJ (65,66). Their repair may
thus exploit multiple modes of Alt-EJ, including MMEJ,
whose initiation is dependent on the recruitment of the SSB
factors XRCC1 and PARP1, which compete with Ku (67).
Additionally, in the absence of microhomology spanning
the DSB, MMEJ could utilize microhomology sequences
synthesized de novo, for which the required DNA poly-
merase(s) have not been characterized. Interestingly, treat-
ment of human cells with either glucose oxidase or the
radiomimetic drug neocarzinostatin did not result in in-
creased MMEJ as observed in preirradiated cells; although
such treatment also causedXRCC1phosphorylation and its
increased interaction with MRE11 (data not shown). One
possible explanation for the lack of MMEJ activation in
spite of XRCC1 phosphorylation could be the requirement
of unknown IR-activated downstream factors or protein
modi�cations, which might uniquely cause MMEJ activa-
tion. Furthermore, previous reports on NBS1’s role in BER
(68) could suggest formation of a discrete XRCC1–MRN
complex stimulated by oxidative DNA damage with a role
distinct from that in MMEJ.
Another unanswered question that our assay helps ad-

dress is how resection at the DSB termini regulates MMEJ.
Both MMEJ and HDR require generation of 3′ overhangs
through resection at the 5′ end. Nonetheless, a profound
difference exists between the extended overhang required
in HDR versus the short overhang promoting MMEJ.
We have shown that MMEJ is dependent on both endo-
and 3′→5′ exo-nuclease activities of MRE11, as was also

shown in HDR-based DSB repair (26). Furthermore, the
endonuclease inhibitor showed a stronger inhibitory effect
on MMEJ, suggesting that an initial endonuclease nick fol-
lowed by exonuclease excision generates the 3′ overhang
at blocked DNA breaks in irradiated cells. Overall, the
contribution of MRE11, CtIP, EXO1 and DNA2 to exci-
sion during DSBR is poorly understood (69). Our results
have established a functional role for both nuclease activi-
ties of MRE11 in MMEJ. However, extensive end resection
by MRE11/CtIP could lead to generation of long ssDNA
overhangs where RPA binding would inhibit MMEJ (70).
It is therefore important to investigate if XRCC1 regulates
end resection at DSBs duringMMEJ, similar to the BRCA2
and FANC protein-mediated regulation of MRE11 activity
for replication fork protection or inter-strand crosslink re-
pair (71,72).
In summary, we have shown that the contribution of

MMEJ to DSB repair in the genome is affected by ra-
diation exposure via enhancement of the formation of
MMEJ-pro�cient XRCC1 complex(es). Paradoxically, ra-
diation therapy, while killing tumor cells, may induce ra-
dioresistance in surviving cells by activating MMEJ to re-
pair radiation-induced genome damage, possibly leading to
increased mutations. It is possible that the altered pheno-
type caused by some of these mutations provides growth
advantage to the surviving cells and may promote tumor
regrowth. Our results showing that XRCC1-MRE11 inter-
action, dependent onXRCC1 phosphorylation by CK2, ac-
tivates MMEJ suggest that this interaction could be a po-
tential therapeutic target for inhibiting MMEJ, thereby in-
creasing radiosensitivity of cancer cells.
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