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ABSTRACT

Following DNA double-strand breaks, poly(ADP-
ribose) (PAR) is quickly and heavily synthesized to
mediate fast and early recruitment of a number of
DNA damage response factors to the sites of DNA
lesions and facilitates DNA damage repair. Here, we
found that EXO1, an exonuclease for DNA damage
repair, is quickly recruited to the sites of DNA dam-
age via PAR-binding. With further dissection of the
functional domains of EXO1, we report that the PIN
domain of EXO1 recognizes PAR both in vitro and
in vivo and the interaction between the PIN domain
and PAR is sufficient for the recruitment. We also
found that the R93G variant of EXO1, generated by
a single nucleotide polymorphism, abolishes the in-
teraction and the early recruitment. Moreover, our
study suggests that the PAR-mediated fast recruit-
ment of EXO1 facilities early DNA end resection, the
first step of homologous recombination repair. We
observed that other PIN domains could also recog-
nize DNA damage-induced PAR. Taken together, our
study demonstrates a novel class of PAR-binding
module that plays an important role in DNA damage
response.

INTRODUCTION

Maintenance of genome integrity is essential to prevent
the accumulation of mutations that leads to cancer, age-
ing and other diseases. The integrity of our genome is
constantly challenged by DNA replication errors, environ-
mental hazards and other genotoxic stresses. In response
to such stresses, cells activate an evolutionarily conserved

pathway termed DNA damage response (DDR), to orches-
trate various cellular responses (1–3). It has been shown
that poly (ADP-ribosyl)ation (PARylation), a unique post-
translational modification, participates in sensing DNA le-
sions and facilitates DNA damage repair (4–6). PARyla-
tion by PARP1, the founding member of the PARP fam-
ily, is one of the earliest responses to DNA damage, includ-
ing single-strand breaks (SSBs) and double-strand breaks
(DSBs). Upon DNA damage, the N-terminal zinc finger
domains of PARP1 directly recognize the ends of DNA
breaks and activate PAR synthesis on substrates includ-
ing PARP1 itself and adjacent histones (7,8). Accumu-
lated evidence shows that DNA damage-induced PAR may
serve as docking signals to recruit DNA damage response
factors to DNA lesions (7–17). Some PAR-binding mod-
ules, such as PAR-binding motif, PBZ domains, Macro do-
main, WWE domain and RRM motif, have been charac-
terized in DNA damage response and other cellular pro-
cesses (4,9,10,12,18–29). Our recent studies also show that
a set of BRCT domain, FHA domain and OB-fold domain
recognize PAR, and facilitate the rapid recruitment of pro-
teins containing these domains to the sites of DNA damage
(14,17,30). These studies reveal novel “readers” of PARyla-
tion as well as novel functions of PARylation. Besides these
PAR-binding modules, other PAR-binding domains may
exist and facilitate different steps of DNA damage repair.
Thus, it is important to identify other “readers” and elu-
cidate the molecular mechanism of PAR in DNA damage
response.

EXO1 is a member of the RAD2 family nuclease that
possesses 5′-3′ exonuclease and flap structure-specific en-
donuclease activity (31). EXO1 exonuclease plays an impor-
tant role in the repair of mismatches and DSBs (32). Be-
sides nuclease activity for excising the nicked strand dur-
ing mismatch repair (MMR), EXO1 also interacts with
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a number of MMR proteins, such as MSH2, MSH3
and MLH1, which are subunits of the mismatch repair
heterodimer complex of MutS� (MSH2-MSH6), MutS�
(MSH2-MSH3) and MutL� (MLH1-PMS2), respectively
(33–36). The functional interaction between EXO1 and
other MMR proteins suggests that EXO1 plays a structural
role in stabilizing multiprotein complexes containing MMR
proteins. In DSB repair, EXO1 fulfills 5′-to-3′ DNA resec-
tion to produce single-stranded DNA that leads to the for-
mation of a Rad51 filament required to initiate homolo-
gous recombination (HR) (32,37–39). Depletion of EXO1
results in cellular chromosomal instability and hypersensi-
tivity to ionizing radiation (IR) (40). Recent studies also in-
dicate that MMR proteins participate in HR (41–44). Thus,
it is possible that EXO1-associated MMR machinery has
crosstalk with HR for DSB repair.

It has been shown that EXO1 is rapidly co-localized
with BRCA1 at laser microirradiation-induced DNA le-
sions (40). However, the molecular mechanism of EXO1’s
recruitment to these DNA damage sites is unclear. Here, we
show that the PIN domain of EXO1 is a PAR-binding do-
main and DNA damage-induced PAR targets EXO1 to the
sites of DNA damage. Moreover, the interaction between
PAR and EXO1 regulates EXO1-dependent DNA damage
response.

MATERIALS AND METHODS

GFP-EXOI plasmids were a gift from Zhongsheng You.
N-terminus (a.a. 1–352), middle region (a.a. 353–549)
and C-terminus (a.a .550–846) of EXO1, SMG5-PIN
(a.a. 831–1016), GEN1-PIN (a.a. 1–210) were cloned into
pEGFP-C1 or pGEX-4T vector. The EXO1 natural vari-
ants and siRNA resistant forms were generated using the
QuikChange site-directed mutagenesis kit (Stratagene).

The siRNA sequences targeting PARP1, PARP2, MSH3
and EXO1 are 5′-CAAAGUAUCCCAAGAAGUUdTdT-
3′, 5′-GGAGAAGGAUGGUGAGAAAdTdT-3′,
5′-GAAGAACAAUAUCCUACUAdTdT-3′ and 5′-
CAAGCCUAUUCUCGUAUUUdTdT-3′ respectively.
siRNAs were transfected into cells using oligofectamine
(Invitrogen) according to manufacturer’s instructions.

Anti �-actin, anti-biotin, anti-EXO1 and anti-GFP anti-
bodies were purchased from Sigma. Anti-PARP1 and anti-
PARP2 antibodies were purchased from Millipore. Anti-
PAR antibody was purchased from Trevigen. Anti- RPA32
and phospho-H2AX (� -H2AX) were purchased from Cell
Signaling.

Synthesis, purification and fractionation of PAR

His-tagged human poly (ADP-ribose) polymerase1
(PARP1) was expressed in bacteria and purified by Ni-
NTA affinity resin. PAR was synthesized and purified as
described previously except for the following modifica-
tions (45). PAR was synthesized in a 20 ml incubation
mixture containing 100 mM Tris-HCl pH7.8, 10 mM
MgCl2, 1 mM NAD+, 10 mM DTT, 60 �g calf thymus
histone, 50 �g octameric oligonucleotide GGAATTCC
and 2 mg PARP1. To generate biotinyl-PAR, 10 �M
biotinyl-NAD+ (Trevigen) was included in the reaction.

The mixture was incubated at 30◦C for 60 min and stopped
by an addition of 20 ml ice-cold 20% TCA. Oligo DNA
was removed by DNase I and proteins were digested by
proteinase K. Purified PAR was fractionated according
to chain length by anion exchange HPLC protocol as
described previously (45).

Laser micro-irradiation and imaging of cells

U2OS cells and MEFs with or without transfection of in-
dicated plasmids were plated on glass-bottomed culture
dishes (Mat Tek Corporation). Laser micro-irradiation was
performed using an IX 71 microscope (Olympus) coupled
with the MicroPoint Laser Illumination and Ablation Sys-
tem (Photonic Instruments, Inc.). A 337.1 nm laser diode
(3.4 mW) transmits through a specific Dye Cell and then
yields 365 nm wavelength laser beam that is focused through
X60 UPlanSApo/1.35 oil objective to yield a spot size of
0.5–1 �m. Cells were exposed to the laser beam for about 3.5
ns. The pulse energy is 170 �J at 10 Hz. Images were taken
by the same microscope with CellSens software (Olympus).
GFP fluorescence at the laser line was converted into a nu-
merical value using Axiovision software (version 4.5). Nor-
malized fluorescent curves from 20 cells from three indepen-
dent experiments were averaged. Error bars represent the
standard deviation.

Electrophoretic mobility shift assay (EMSA)

The affinity between the PIN of EXO1 and PAR was
measured by electrophoretic mobility shift assay (EMSA).
Briefly, the EXO1 PIN was incubated with 32P-labeled PAR
(20 000 cpm, 0.5 nM) in a 30 �l reaction containing buffer
A (50 mM Tris–HCl, pH 8.0, 50 mM NaCl, 1 mM DTT,
0.05% NP-40 and 6% glycerol) for 30 min at 4◦C. The re-
action mixtures were electrophoresed at 4◦C on 5% non-
denaturing polyacrylamide gel in a buffer containing 7 mM
Tris–HCl (pH 7.4), 3 mM boric acid and 1 mM EDTA.
Gels were dried and autoradiographed. The apparent disso-
ciation constant (Kd) was estimated as the protein concen-
tration at which half of the radiolabeled DNA probe was
shifted in an EMSA essentially as described (46).

GST fusion protein expression and pull-down assay

GST fusion proteins were expressed in E. coli and purified
using standard procedures. Purified GST fusion proteins
(1 pmol) were incubated with biotin-labeled PAR (5 pmol)
and streptavidin beads for 2 h at 4◦C. After washing with
NETN-100 buffer four times, samples were boiled in SDS-
sample buffer and elutes were analyzed by Western blotting
with anti-GST antibody.

Cell culture, cell lysis, immunoprecipitation and Western
blotting

Human cancer cell lines were maintained in RPMI 1640
medium with 10% fetal calf serum and cultivated at 37◦C
in 5% CO2 (v/v). For ionizing radiation, cells were irradi-
ated by using JL Shepherd 137Cs radiation source at indi-
cated doses. Cells were lysed with NETN buffer containing
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10 mM NaF and 50 mM �-glycerophosphate. Immunopre-
cipitation and western blotting were performed following
standard protocol as described previously (47).

Poly (ADP-ribose) (PAR) binding assays

Approximately 2 �M (5X) or 0.4 �M (1X) of each recom-
binant protein were incubated with 10 �M PAR, 30 �l glu-
tathione agarose in the buffer containing 10 mM NaH2PO4
(pH 7.5), 100 mM NaCl. After incubation for 1 h at room
temperature, beads were extensively washed with PBS, and
bound proteins were released by adding 30 �l sample buffer
(150 mM Tris-HCl, 10% SDS, 10 mM EDTA) followed by
heating at 80◦C for 10 min. 2 �l aliquots of samples were
dot-blotted onto nitrocellulose membranes. After incuba-
tion for 1 h at 60◦C, membranes were subjected to dot blot-
ting analysis with anti-PAR antibodies.

Immunofluorescence staining

Cells grown on coverslips were fixed with 3% paraformalde-
hyde for 20 min and permeabilized with 0.5% Triton X-
100 in PBS for 5 min at room temperature. Samples were
blocked with 5% goat serum and then incubated with pri-
mary antibody for 60 min. Samples were washed three times
and incubated with secondary antibody for 30 min. Cov-
erslips were mounted onto glass slides and visualized by a
fluorescence microscope.

DNA damage end resection assay

Cells were grown on 15 mm glass bottom cell culture dish
such that they are rapidly dividing (usually 50% confluent).
Cells were exposed to laser beam for about 3.5 ns. The pulse
energy is 170 �J at 10 Hz. Cells were immediately pretreated
with ice-cold NETN-300 buffer (0.5% NP-40, 2 mM EDTA,
100 mM Tris-HCl pH 7.5, 300 mM NaCl) and fixed with
3% paraformaldehyde for 30 min. Immunostaining was per-
formed as described before (47).

Isothermal titration calorimetry (ITC)

ITC measurements were performed using an ITC200
calorimeter (Northampton, MA). The concentration of
GST-EXO-PIN was measured by UV absorption at 280 and
the concentration of PAR was measured by UV absorp-
tion at 258 as described previously (48). Protein and PAR
were extensively dialyzed against the buffer containing 10
mM NaH2PO4 (pH 7.5), 100 mM NaCl, and degassed be-
fore use. Titrations were carried out in 10 mM NaH2PO4
buffer, (pH 7.5), containing 100 mM NaCl at 16◦C. The
reaction cell contained protein at 20 �M, and the syringe
contained PAR at 250 �M. 20 injections of 2 �l were per-
formed at intervals of 120 s while stirring at 1000 rpm. Bind-
ing isotherms were integrated and analyzed using the soft-
ware Origin 7.0 provided by the manufacturer. Data were fit
by a one-site model.

Homologous recombination assay

The assay was established and modified by Dr. Jasin’s group
(49). Briefly, U2OS cells stably with a single copy of DR-
GFP were transfected with siRNA as indicated. siRNA

treated cells were transfected with indicated plasmid and in-
fected by adenovirus encoded I-SecI (adeno-I-SecI). Cells
were harvested two days after infection and subjected to
flow cytometry analysis and GFP positive cell population
was measured.

RESULTS

The PIN domain mediates the fast recruitment of EXO1 to
DNA lesions

EXO1 has been shown to relocate to DNA lesions in re-
sponse to DSBs, however, the kinetics of the recruitment of
EXO1 to DNA lesions is unclear. Here, we expressed N-
terminal GFP-tagged EXO1 (GFP-EXO1) in mouse em-
bryonic fibroblasts (MEFs). Cells were treated with laser
microirradiation, and the localization of GFP-EXO1 was
monitored with live cell imaging. Interestingly, we found
that EXO1 was recruited to DNA lesions within 30 s, which
is much faster than we expected (Figure 1A). EXO1 was also
retained at DNA lesions for prolonged time (Figure 1A).
These results suggest that EXO1 quickly relocates to DNA
lesions in response to DNA damage.

EXO1 contains several domains including an N-terminal
PIN domain and a C-terminal PIP-Box motif. To explore
which domain(s) of EXO1 is responsible for the recruit-
ment, we divided EXO1 to N- terminus, C-terminus and
the middle regions. Each part was fused with a GFP tag
and a nuclear localization sequence (NLS). We found that
both N and C-terminal regions but not the middle region
of EXO1, were able to relocate to the sites of DNA dam-
age (Figure 1B). We also measured the kinetics of this re-
cruitment. Interestingly, similar to the full length of EXO1,
the N-terminal PIN domain was quickly recruited to DNA
lesions within 30 s and stayed for prolonged time (Figure
1B). The C-terminal region fused to GFP-NLS was also re-
cruited to DNA damage sites, but was much slower com-
pared to N-terminal PIN domain region. It has been shown
that the C-terminal PIP-Box interacts with PCNA, which
is likely to mediate the slow accumulation or retention of
EXO1 at the sites of DNA damage (50), whereas the N-
terminal PIN domain region is responsible for the fast re-
cruitment of EXO1 to DNA lesions.

Fast recruitment of EXO1 to DNA lesions is mediated by
PAR

It is known that PAR is synthesized by PARPs at DNA le-
sions within a few seconds following DNA damage. The
rapid recruitment of EXO1 within a few seconds raises the
possibility that the fast recruitment of EXO1 to DNA le-
sions could be mediated by PAR. To test this hypothesis,
we next examined whether DNA damage-induced PARyla-
tion mediates the fast recruitment EXO1. We treated MEFs
with olaparib, a potent PARP1/2 inhibitor to suppress PAR
synthesis, and found that the recruitment of EXO1 is signifi-
cantly delayed (Figure 2A). Interestingly, the recruitment of
the N-terminal PIN domain, but not the C-terminal region,
was significantly delayed with the treatment of olaparib
(Figure 2B). These results suggest that the rapid recruit-
ment of EXO1 may be regulated by DNA damage-induced
PARylation. Since most DNA damage-induced PARylation
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Figure 1. The PIN domain mediates the fast recruitment of EXO1 to DNA lesions. (A)The relocation kinetics of GFP-EXO1 to DNA damage sites. GFP-
tagged EXO1 was expressed in MEFs, and the relocation kinetics was monitored in a time course following laser microirradiation. Upper panel: Schematic
representation of the domain structure of EXO1. (B) The relocation kinetics of EXO1 truncated mutations to DNA damage sites. GFP-tagged EXO1
truncated mutation was expressed in MEFs, and the relocation kinetics as measured as in (A). For quantitative and comparative imaging (A and B), signal
intensities at the laser line were converted into a numerical value using Axiovision software (version 4.5). Normalized fluorescent curves from 20 cells were
averaged. The error bars represent the standard deviation. Signal intensities were plotted using Excel.

is mediated by PARP1 and PARP2 (7,8), whose activities
are suppressed by olaparib. We also knocked down PARP1
and PARP2, respectively. In the absence of PARP1 but not
PARP2, the early recruitment of EXO1 was significantly
suppressed (Figure 2C), suggesting that PARP1-mediated
PARylation facilitates the early recruitment of EXO1.

Of note, even lacking of PAR, the N-terminal region of
EXO1 is still able to slowly reach to the sites of DNA dam-
age. It has been shown that MSH3 interacts with the N-
terminal region (a.a. 129–387) of EXO1 (34). In this study,
we confirmed that MSH3 interacted with GPF-EXO1-PIN
(a.a. 1–352) (Figure 2D). To assess whether MSH3 regu-
lates the recruitment of EXO to DNA damage sites, we de-
pleted MSH3 by siRNA. As shown in Figure 2E, EXO1-
PIN could not be stabilized, but was still recruited to the
sites of DNA damage at the sites of DNA damage in the ab-
sence of MSH3. However, without both PAR and MSH3,
the PIN domain could not be recruited to the sites of DNA
damage (Figure 2E). Collectively, these results demonstrate
that PAR mediates the fast recruitment of EXO1 to DNA
lesions through N-terminal PIN domain, whereas MSH3
retains EXO-PIN for prolonged time at DNA lesions (Fig-
ure 2F).

The PIN domain of EXO1 binds to PAR in vitro and in vivo

To examine whether the PIN domain of EXO1 recognizes
PAR, we first performed an in vitro binding assay by in-
cubating recombinant GST-tagged PIN domain of EXO1
with PAR. Purified recombinant proteins were dot-blotted
on nitrocellulose after incubation with PAR. We found that
like CHFR, a known PAR-binding protein, wild type EXO1
could also bind PAR (Figure 3A). Moreover, the PIN do-
main itself was sufficient to interact with PAR, and deletion
of this domain (i.e. �PIN a.a. 1–300) abolished the interac-
tion (Figure 3A). Similar results were obtained by using a
reverse pull-down assay (Figure 3B, Supplementary Figure
S1), suggesting that the PIN domain of EXO1 is required for
PAR-binding. Moreover, using EMSA and ITC, we quan-
titatively measured the affinities between the PIN domain
of EXO1 and PAR. The dissociation constant of the inter-
action is between 200–300 nM (Figure 3C, Supplementary
Figure S2A). Taken together, these results suggest that the
PIN domain of EXO1 binds to PAR with relative high affin-
ity.

Next, we asked if EXO1 interacts with PAR in vivo. Using
immunoprecipitation (IP) with anti-EXO1 antibody and
dot blotting with anti-PAR antibody, we found that EXO1
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Figure 2. Fast recruitment of EXO1 to DNA lesions is mediated by PAR. (A–B) The effect of olaparib treatment on the recruitment of GFP-EXO1 (A),
GFP-EXO1-PIN and GFP-EXO1-C-term (B) to DNA damage sites. GFP-EXO1, GFP-EXO1-PIN or GFP-EXO1-C-term was expressed in MEFs and
treated with olaparib. The relocation was monitored in a time course following laser microirradiation. Scale bar = 10 �m. (C) The effect of depletion of
PARP1 or PARP2 on the recruitment of GFP-EXO1 to DNA damage sites. GFP-EXO1 was expressed in U2OS cells depletion of PARP1 or PARP2 with
siRNA. The relocation was monitored in a time course following laser microirradiation. Depletion of endogenous PARP1 and PARP2 by siRNA was
examined by western blotting. Scale bar = 10 �m. (D) MSH3 interacts with EXO-PIN. GFP-EXO1-PIN was expressed in U2OS cells. The interaction
between EXO1-PIN and MSH3 was examined with indicated antibodies. (E) Depletion of MSH3 suppresses the retention of EXO-PIN at DNA damage
sites. U2OS cells were treated with siMSH3 or olaparib, and the relocation kinetics of GFP-EXO-PIN to DNA damage sites were examined. Depletion of
endogenous MSH3 by siRNA was examined by western blotting. (F) PAR mediates the early recruitment of EXO1-PIN to DNA damage sites, whereas
MSH3 stabilizes EXO-PIN at DNA damage sites after PAR. For quantitative and comparative imaging (A–C, E), signal intensities at the laser line were
converted into a numerical value using Axiovision software (version 4.5). Normalized fluorescent curves from 20 cells were averaged. The error bars
represent the standard deviation. Signal intensities were plotted using Excel.
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Figure 3. The PIN domain of EXO1 binds to PAR in vitro and in vivo. (A) The recombinant GST-fusion proteins were incubated with PAR. Protein-
associated PAR was examined by glutathione agarose beads pull down and dot blotting with anti-PAR antibody. Recombinant GST and GST-CHFR
were used as the negative and positive controls, respectively. (B) The PIN domain of EXO1 interacts with biotin-PAR. Left panel: the recombinant GST-
EXO1-PIN was incubated with or without biotin-PAR. The interaction was examined by streptavidin beads pull-down assay and Western blotting with
anti-GST antibody. Right panel: indicated GST fusion proteins were incubated with biotin-PAR. The interaction was examined by streptavidin beads
pull-down assay and Western blotting with anti-GST antibody. GST and GST-CHFR were used as the negative and positive controls, respectively. (C)
Analysis of the affinity of the EXO1-PIN toPAR by EMSA. EMSA reactions were carried out in the presence of 0.5 nM radiolabeled oligo(dA) or PAR
and varying amounts of EXO1-PIN as indicated. To calculate dissociation constant (Kd), the percentage of radiolabeled DNA-protein complexes was
quantified and plotted against the quantity of protein. The data are the average of two independent saturation binding experiments. (D and E) The in vivo
interaction between EXO1 and PAR was examined by co-IP (D) and reciprocal co-IP (E). U2OS cells were treated with 0 or 10 Gy of IR. 5 min after IR,
cells were lysed and analyzed with indicated antibodies. Input or IPed samples were analyzed by dot blotting (D) or Western blotting (E) with the indicated
antibodies. (F) The in vivo interaction between EXO1 and PAR was examined by co-IP and reciprocal co-IP in the presence or absence of olaparib (100
nM) and IR treatment (10 Gy) with the indicated antibodies. Irrelevant IgG was included as the IP control.
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Figure 4. The R93G variant of EXO1 abolishes PAR-binding. (A) GFP-tagged EXO1 and the indicated mutants were expressed in 293T cells. Cell lysates
were analyzed by the indicated antibodies. The expression levels of exogenous EXO1 proteins were examined by Western blotting with anti-GFP antibody.
(B) The in vitro interaction between EXO1-PIN and PAR was examined by co-IP (upper panel) and reciprocal co-IP (lower panel). Indicated GST fusion
proteins were incubated with biotin-PAR. The interaction was examined by streptavidin beads pull-down assay and Western blotting with anti-GST. (C)
Indicated GFP-tagged EXO1 variants were expressed in MEFs, and the relocation kinetics as measured as in Figure 1A. GFP fluorescence intensities at
the laser line were converted into a numerical value using Axiovision software (version 4.5). Normalized fluorescent curves from 20 cells were averaged.
The error bars represent the standard deviation. Signal intensities were plotted using Excel.

associated with PAR in vivo (Figure 3D). Moreover, since
DNA damage induces PAR synthesis at the sites of DNA
damage (7,8), the interaction between PAR and EXO1 was
remarkably increased following IR treatment (Figure 3D
and E). This interaction was further confirmed by recipro-
cal IP (Figure 3E). To exclude the possibility that EXO1 it-
self was PARylated, we treated the precipitates with 1% SDS
to remove the non-covalent interactions. In the presence of
SDS, EXO1 was dissociated with PAR (Supplementary Fig-
ure S3), suggesting that EXO1 itself is not PARylated in re-
sponse to DNA damage. We also treated cells with olaparib
to suppress PAR synthesis and found that EXO1 no longer
interacted with PAR following DNA damage (Figure 3F).
Taken together, these results suggest that EXO1 recognizes
PAR in vivo, especially when PAR is massively synthesized
following DNA damage.

Moreover, IR treatment mainly induces DSBs, whereas
PAR can be induced by both DSBs and SSBs. We treated
cells with H2O2 to induce SSBs and PARylation. However,
the interaction between H2O2-induced PAR and EXO1
is much weaker than that between IR-induced PAR and
EXO1. It indicates that specific PARylated proteins might

be recognized by EXO1 in response to DSBs. Since EXO1
has several functional partners, such as MSH3 and PCNA
(34,51), it is possible that one of its partners could be specifi-
cally PARylated in response to DSBs and mediates the early
recruitment of EXO1.

The R93G variant of EXO1 abolishes PAR-binding

The PIN domain of EXO1 has 5′-3′ exonuclease activity
and cleans DNA lesions. Interestingly, several natural vari-
ants of EXO1 have been identified in the PIN domain, with-
out affecting the enzymatic activity. Since the PIN recog-
nizes PAR, we ask if these variants regulate the interaction
with PAR. We analyzed a total of five common variants and
found that among these variants, the R93G variant largely
disrupted the interaction with PAR in vivo (Figure 4A).

We further performed an in vitro binding assay by incu-
bating recombinant PIN domain variants of EXO1 with
PAR, and further confirmed that the interaction between
PAR and PIN domain was abolished by the R93G muta-
tion (Figure 4B). We also found that the interaction between
the PIN domain of EXO1 and MSH3 is not affected by



10790 Nucleic Acids Research, 2015, Vol. 43, No. 22

Figure 5. Depletion of EXO1 abolishes the early recruitment of RPA to DNA lesions. U2OS cells were transfected with an EXO1 siRNA or a control
siRNA twice, and then co-transfected with siRNA-resistant wildtype EXO1 vector, or a vector expressing the R93G EXO1 mutant. Cells were examined
with laser microirradiation and stained with anti-RPA and anti-�H2AX at indicated time points. Scale bar = 10 �m. Depletion of endogenous EXO1
by siRNA was examined by western blotting. Signal intensities at the laser line was converted into numerical value (relative fluorescence intensity) using
Axiovision software (version 4.5). Normalized fluorescent curves from 20 cells from three independent experiments were averaged. Signal intensities were
plotted using Excel. Error bars represent the standard deviation.

the R93G mutation (Supplementary Figure S4). Moreover,
this mutation abolished the fast recruitment of the EXO1 to
DNA lesions (Figure 4C). In addition, although the R93G
mutation abolishes the interaction with PAR, it does not af-
fect the interaction with MSH3 (Supplementary Figure S4).
Thus, the R93G mutant could still be recruited to the sites
of DNA damage, albeit at much slower rate (Figure 4B). In
summary, these results suggest that the R93 in the PIN do-
main of EXO1 is important for the interaction with PAR.

EXO1 and PARylation regulate the early recruitment of RPA
at DNA damage sites

One major function of EXO1 is to start DNA end resec-
tion of DSB repair. Following DSBs, the DSB end is pro-
cessed by EXO1 and other nucleases to generate 3′ over-

hang, which is first recognized by RPA and subsequently
by RAD51 for strand invasion. Here, we further explored
the biological function of the PAR-dependent recruitment
of EXO1 in DNA end resection by examining the loading
of RPA. Consistent with previous studies, in cells deple-
tion of EXO1, the recruitment of RPA at DNA lesions was
significantly delayed (Figure 5), suggesting that early DNA
end resection is mediated by EXO1. When EXO1-depleted
cells were reconstituted with wild type EXO1, the kinetics
of RPA recruitment to DNA lesions was restored. However,
when cells were reconstituted with the R93G mutant, the re-
cruitment of RPA was not restored (Figure 5). Collectively,
these results suggest that the interaction between EXO1 and
PAR mediates early DNA end resection.
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Figure 6. Other PIN domains interact with PAR. (A) Indicated GST fu-
sion proteins were incubated with PAR. The interaction was examined by
glutathione agarose bead pull-down and dot blotting with anti-PAR anti-
body. (B) Indicated GST fusion proteins were incubated with biotin-PAR,
the interaction was examined by streptavidin bead pull-down assay and
Western blot with anti-GST antibody.

To further examine the functional relevance of the inter-
action between PAR and EXO1 in the homologous recom-
bination (HR), we used an I-SceI-dependent GFP reporter
assay to measure HR in EXO1-depleted cells reconstituted
with wild type EXO1 or the R93G variant. Compared to
EXO1 wild type, reconstituted with the R93G mutant in
EXO1-depleted cells only partially restored the function of
wild type EXO1, suggesting that the interaction between
PAR and EXO1 is involved in HR (Supplementary Fig-
ure S5). However, the functional defect of the R93G in HR
is relatively mild. It is because PARylation only mediates
the early recruitment of EXO1. Even loss of PARylation,
EXO1 could still be recruited to the sites of DNA damage,
albeit at much slower rate. Loss of the early recruitment
only mildly affects partial HR repair. Alternatively, other
enzymes may play redundant function with EXO1 during
HR repair. Lacking EXO1 only mildly affects HR repair
(37,52–55).

The PIN domain is a PAR-binding domain

Besides EXO1, other DNA damage response factors also
contain the PIN domain. Thus, we examined whether the
interaction between the PIN domain and PAR is a general
phenomenon. We screened seven other PIN domains, and
found that the PIN domains of GEN1 and SMG5 could
interact with PAR (Figure 6A). This interaction was fur-
ther confirmed using a reverse pull-down assay (Figure 6B).
GEN1 is a flap endonuclease that processes Holliday junc-
tion during HR repair, whereas SMG5 forms a complex
with SMG7 to process mRNA decay. Thus, it is likely that

the interactions between the PIN domains and PAR partic-
ipate in other steps of DNA damage response.

DISCUSSION

Poly (ADP-ribosyl)ation is one of the earliest DNA damage
response signals (4–6). Here, we reported that EXO1 rec-
ognizes PAR and is quickly recruited to the sites of DNA
damage. It has been shown that EXO1 participates in DNA
end resection during HR repair (32,37–39). The quick re-
cruitment of EXO1 mediates early DNA end resection. Be-
sides EXO1, the MRN complex also participates in DNA
end resection (56–60). Interestingly, the N-terminal BRCT
fold of NBS1 also recognizes PAR and is recruited to the
sites of DNA damage by PAR (14). Thus, it is likely that
DNA damage-induced PARylation recruits both the MRN
complex and EXO1 to function together for the initiation
of DNA end resection.

The early recruitment of EXO1 is mainly dependent on
PARylation. But besides PAR, EXO1 also interacts with
other DNA damage response factors such as MSH3 and
PCNA. Both MSH3 and PCNA are recruited to the site of
DNA damage, which is PARylation independent (61–64). It
has been shown that PCNA may stabilize EXO1 at the sites
of DNA damage via the interaction with the C-terminal
PIP-Box motif of EXO1 (50,51). Consistently, in the ab-
sence of PAR-binding, the C-terminal PIP-Box alone is able
to be slowly accumulated at DNA lesions. In this study, we
demonstrated that MSH3 plays a role to retain EXO1 at
the sites of DNA damage. MSH3 interacts with the PIN
domain of EXO1, but does not affect the interaction be-
tween EXO1 and PAR. Besides these two, EXO1 also inter-
acts with MSH2 and MLH1 (33–36). These functional part-
ners of EXO1 may act together to stably retain EXO1 once
EXO1 reaches the sites of DNA damage. MSH2, MSH3
and MLH1 all participate in mismatch repair. However,
recent studies indicate that the mismatch machinery is in-
volved in HR repair, especially RAD51 loading (65). Thus,
it is possible that EXO1 functions together with its binding
partners to process DNA ends for the loading of RAD51
during HR repair.

The binding between EXO1 and PAR is through the PIN
domain. Strikingly, we found that the R93G mutant, a nat-
ural variant caused by a SNP (A277G), abolishes the inter-
action with PAR. The R93G mutation occurs far away from
activation site so that it does not affect the nuclease activity
of the PIN domain of EXO1. However, loss of the interac-
tion with PAR delays DNA end resection during HR repair.
Thus, it is likely that the R93G variant affects DSB repair
and might be a pathogenic mutation. Since DNA damage
repair pathway maintains genomic stability and suppresses
tumorigenesis, many DNA damage repair factors are im-
portant tumor suppressors. Further cancer etiology analy-
sis may reveal the significance of this missense mutation in
tumorigenesis.

Because the PIN domain of EXO1 is an exonuclease do-
main, we also ask whether the PAR-binding regulates the
nuclease activity. However, by incubating PAR with the PIN
domain of EXO1, we did not observe any change of the
nuclease activity. EXO1 has several other functional part-
ners, therefore it is possible that the regulation of the nu-
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clease is very complicated. Recent study shows that supple-
ment of PARP1 into a sophisticated in vitro system, includ-
ing MSH2, MSH3, the RPA complex, PCNA, EXO1 and
DNA, could enhance the nuclease activity of EXO1 (66).
PARP1 is very easily activated by DNA, so it is possible
that PARyated PARP1 may activate the nuclease activity of
EXO1. Thus, PARylation may not only mediate the early
recruitment but also facilitate the activation of EXO1.

The PIN domain is an evolutionarily conserved module
that is originally thought to recognize and digest nucleic
acids. However, not all the PIN domains can recognize and
digest nucleic acids (67,68). Although the secondary struc-
ture and tertiary folding are similar among the PIN do-
mains, the primary sequence is not conserved, which might
provide the biochemical basis for the diversified functions
of the PIN domains. Similar phenomena have been ob-
served in the BRCT, FHA and OB-fold domains, three other
poly (ADP-ribose) binding modules (13,14,17,30). Both the
BRCT and FHA domains have been found as the phospho-
amino acid binding modules (69–73). However, due to the
various primary sequences, not all the BRCT and FHA
recognize phospho-amino acids. A set of BRCT and FHA
bind to poly (ADP-ribose). It is likely that these BRCT
and FHA recognize the phosphate groups in ADP-ribose.
Moreover, the OB-fold domain is thought as a nucleic acid-
binding module (74,75). However, not all the OB-folds rec-
ognize DNA/RNA because of the unconserved primary se-
quence. A set of OB-folds interact with poly (ADP-ribose)
(17). Similarly, we found that a set of the PIN domain are
poly (ADP-ribose) binding domains. Here, we found that
the PIN domains of GEN1 and SMG5 also recognize PAR.
Since GEN1 participates in Holliday junction processing
(76,77), it is likely that PARylation plays a key in this process
by either mediating the recruitment or regulating the activ-
ity of the PIN domain. The PIN domain of GEN1 is an en-
donuclease and it is possible that the interaction with PAR
may regulate the endonuclease activity of GEN1. Different
from EXO1 and GEN1, the PIN domain of SMG5 lacks
key residues for enzyme activity and is unlikely to be a nu-
clease (68). SMG5 forms a heterodimer with SMG7, which
is required for efficient nonsense-mediated mRNA decay
(78,79). It is possible that the interaction between PAR and
SMG5 is to mediate the recruitment of the SMG5/7 com-
plex for mRNA substrate degradation. Further functional
analysis is needed to dissect the significance of these interac-
tions. Nevertheless, we have identified a novel class of PAR-
binding module.
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