SNF2H interacts with XRCC1 and is involved in repair of H2O2-induced DNA damage
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ABSTRACT
The protein XRCC1 has no inherent enzymatic activity, and is believed to function in base excision
repair as a dedicated scaffold component that coordinates other DNA repair factors. Repair foci
clearly represent the recruitment and accumulation of DNA repair factors at sites of damage;
however, uncertainties remain regarding their organization in the context of nuclear architecture and
their

biological

significance.

Here

we

identified

the

chromatin

remodeling

factor

SNF2H/SMARCA5 as a novel binding partner of XRCC1, with their interaction dependent on the
casein kinase 2-mediated constitutive phosphorylation of XRCC1. The proficiency of repairing
H2O2-induced damage was strongly impaired by SNF2H knock-down, and similar impairment was
observed with knock-down of both XRCC1 and SNF2H simultaneously, suggesting their role in a
common repair pathway. Most SNF2H exists in the nuclear matrix fraction, forming salt
extraction-resistant foci-like structures in unchallenged nuclei. Remarkably, damage-induced
formation of both PAR and XRCC1 foci depended on SNF2H, and the PAR and XRCC1 foci

co-localized with the SNF2H foci. We propose a model in which a base excision repair complex
containing damaged chromatin is recruited to specific locations in the nuclear matrix for repair,
with this recruitment mediated by XRCC1-SNF2H interaction.
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1. Introduction
Upon damage of chromosomal DNA, DNA repair proteins assemble at the sites of damage
and execute repair reactions. There exists some controversy regarding how these repair reactions
occur within the context of nuclear architecture. Some authors have proposed that damaged DNA
shows little or no mobility, and that repair occurs essentially at the site of the initial damage via
recruitment of a series of repair proteins in situ [1]. Another proposal borrows a concept from the
transcription factory theory, suggesting that a portion of chromatin containing the damaged DNA is
transported to specialized regions of nuclei, where repair reactions proceed [2].
The former view is supported by experiments with spatially limited irradiation, using
masking filters or micro-beam [3]. These results clearly indicate minimal mobility of damaged
DNA, demonstrating transport of repair proteins to the irradiated areas, where the repair reactions
occur, as visualized by nucleotide analog incorporation. While these results seem to dismiss the
possibility of long-range mobility of damaged chromatin within nuclei, they do not exclude the
possibility of short-range movement. Despite the expectation that spatially limited irradiation would
induce relatively uniform DNA damage within the irradiated area, repair protein accumulation is
often not uniform [4]. This observation suggests greater repair proficiency within some parts of the
irradiated area.
It is estimated that cell treatment with 10 mM H2O2 for 10 min induces
apurinic/apyrimidinic (AP) sites on the order of 104 per nucleus [5]. Under these conditions,
fluorescence microscopy reveals that a number of repair protein accumulation center (often called
repair foci) on the order of 10–102 per nucleus [6,7]. These estimates imply that an optically
unresolved single repair focus represents the repair of dozens to hundreds of DNA damage sites,
suggesting the possibility that dozens of pieces of damaged DNA are transported to a single
compact region for repair. When two double-strand breaks (DSBs) are induced by restriction

nuclease expression in a nucleus, only a single focus is observed [8], strongly supporting the
possibility that the two DSBs are organized into a single area of the nucleus for repair. However, it
remains largely unknown what features distinguish this repair factory from other nuclei areas.
XRCC1 is an essential component of the base excision repair (BER) system. Although
XRCC1 has no reported inherent enzymatic activity of its own, it interacts with a series of repair
enzymes, including DNA ligase III, DNA polymerase β, poly(ADP-ribose) polymerase (PARP),
AP-endonuclease, OGG1, and DNA polynucleotide kinase [9]. It has been proposed that XRCC1
acts as a dedicated scaffold of BER, organizing efficient repair reactions. It was previously thought
that XRCC1 contributes to repair efficiency by stabilizing DNA ligase III. However, recent findings
indicate that the interaction with DNA ligase III, or even nuclear DNA ligase III itself, is
dispensable for cell survival following exposure to a DNA-damaging agent [6,10]. Thus, it remains
unclear how exactly XRCC1 acts as a scaffold and coordinates DNA repair.
We previously reported that upon H O treatment, the XRCC1 protein is transferred from
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the chromatin fraction to the nuclear matrix in a manner that depends on phosphorylation by casein
kinase 2 (CK2) [11]. Abolishing CK2 phosphorylation dramatically reduces XRCC1 foci formation
and DNA repair efficiency. One interesting possibility is that XRCC1 may assemble damaged
chromatin and repair factors, and transport them to specialized repair factory areas in the nuclear
matrix.
In our present study, we investigated XRCC1 translocation by screening a yeast two-hybrid
library for novel XRCC1-interacting proteins. This screen identified the chromatin remodeling
factor SNF2H/SMARCA5. Remarkably, SNF2H knock-down strongly impaired DNA repair
proficiency as well as foci formation of both PAR and XRCC1. These results suggest that XRCC1
mediates BER complex recruitment to specific locations in the nuclear matrix.
2. Materials & methods

2.1. Yeast two-hybrid screening
Yeast two-hybrid screening of a cDNA expression library from human testis (Clontech) was
conducted using a fragment of XRCC1 as bait (see RESULTS) following the manufacturer’s
instructions (Matchmaker; Clontech). Insert fragments of the positive clones were PCR-amplified
followed by direct sequencing.

2.2. Cell culture, treatment, and immunofluorescent staining
HeLa cells were cultured as previously described [12]. For knock-down of SNF2H and
XRCC1, corresponding siRNA oligonucleotides (Qiagen) were transfected at a final concentration
of 10 nM for 48 hours using HiPerFect Transfection Reagent (Qiagen). The sense sequences of the
utilized

oligonuleotides

are

as

follows:

SNF2H,

aagaggaggaugaagagcuau

[13]

and

caauuguuaugucauuuaa (Qiagen); XRCC1, ccgauggaucuacaguugcaa [14]; and negative control,
uucuccgaacgugucacgu (Qiagen). To analyze changes in protein localization in response to DNA
damage, cells were incubated with 150 µM or 10 mM H2O2 [7] in fresh medium without FBS, for
10 min at 37°C. The cells were then washed twice with PBS, and incubated for 10 min in fresh
medium before collection or fixation.
For immunostaining, cells grown on LabTec chamber slides (Nunc) were washed with PBS,
fixed with ice-cold methanol/acetone (1:1) for 10 min and dried. The cells were then rehydrated by
incubating in PBS on ice for 10 min. Chromosomal DNA and soluble/chromatin proteins were
extracted in situ as previously described [6]. Briefly, cytosolic proteins were removed with
hypotonic buffer containing 0.05% Triton X-100, chromosomal DNAs were digested with DNase I
(Takara) and nuclear proteins were extracted with increasing concentrations of NaCl (0.3, 0.5, 2M).
For immunostaining of γH2AX, cells were washed with PBS and fixed in 4% paraformaldehyde in
PBS, and permeabilized with blocking solution (2% skim milk, 0.2% BSA, 0.2% Triton X-100 in

PBS). Cells were incubated with primary antibody and then with Alexa 488- or Alexa
568-conjugated secondary antibody (Molecular Probes). Antibodies against hSNF2 and SNF2H
were purchased from Upstate Laboratories, Inc. and Bethyl Laboratories, Inc., respectively. The
utilized anti-SNF2H antibody does not cross-react with SNF2L. The anti-XRCC1 antibody was
obtained from NeoMarkers (clone 33-2-5), the anti-PAR antibody from Trevigen, and anti-γH2AX
antibody from Merck Millipore. Slides were mounted in Vectashield (Vector) containing DAPI.
Images were collected with an LSM510 confocal microscope using a Plan Apochromat 63×/1.40 oil
lens (Zeiss). For quantitative analysis, cells were inoculated into 96-well plates, treated with H O ,
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and immunostained. Images were captured using an IN Cell Analyzer 2000 (GE Health Science),
and were analyzed using Developer Tool Box software (GE Health Science).

2.3. In vitro transcription and translation reaction, and template DNA construction
In vitro synthesis of XRCC1, DNA ligase IIIα, and SNF2H proteins was performed using the
rabbit reticulocyte lysate TnT T7 Quick Coupled Transcription/Translation System (Promega),
following the manufacturer’s instructions. To label the synthesized proteins with biotin, biotinylated
lysine-tRNA (Transcend tRNA; Promega) was added in the reaction. The template plasmid DNA
for c-Myc-tagged XRCC1 has been described previously [11]. The template plasmid DNA for
SNF2H or DNA ligase IIIα was constructed by cloning SNF2H cDNA [15] or DNA ligase IIIα [16]
cDNA into the pGADT7 vector (Clontech), respectively. Mutant XRCC1 and SNF2H cDNA
plasmids were constructed by PCR, and their sequences were confirmed.

2.4. Immunoprecipitation and western blotting
Two microlitter of TnT reaction was combined with 30 µL of 0.1% BSA in PBS, and
incubated at 10°C for 24 hours with 1 µL of anti-mouse IgG conjugated magnetic beads (Dynal

Biotech) to ‘pre-clean’ the protein mixture. This protein mixture was then combined with 0.5 µL of
anti-mouse IgG conjugated magnetic beads that were already bound with 0.1 µg of anti-c-Myc
antibody (Clontech), and incubated at 10°C for another 24 hours with constant agitation by rotary
mixer (NRC-20D; Nissin Rika, Corp., Japan). The magnetic beads were then washed five times
with TNE buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; and 1.0% NP-40), and were finally
suspended in 10 µL of SDS sample buffer. Biotin-labeled proteins in the immunoprecipitant were
detected following the manufacturer’s instructions (Transcend tRNA; Promega). Preparation of
HeLa nuclear extracts, immunoprecipitation of cellular XRCC1 from the nuclear extracts, and
western blotting procedures were performed as previously described [12]. For SNF2H
immunoprecipitation, anti-SNF2H antibody was bound to anti-rabbit IgG-conjugated magnetic
beads (Dynal Biotech). Anti-PCNA antibody was purchased from NeoMarkers (clone PC10),
anti-LaminB antibody from Progen and anti-PARP1 antibody from R&D Systems.

2.5. Gel filtration
Gel filtration was performed as previously described [17] with slight modifications. Briefly,
the HeLa nuclear extract (0.5 mg protein) was directly applied to a Superose-6 column (HR 16/50;
GE Health Science) equilibrated with column running buffer (20 mM Hepes, pH 7.9; 200 mM
NaCl; 1 mM DTT; 0.1 mM PMSF; and 10% glycerol). A series of 1.5-mL fraction was collected,
which were then concentrated to 50 µL using a Microcon Centrifugal Filter (YM-10; Millipore).
Each concentrated fraction was analyzed by 5–20% SDS-PAGE and western blotting.

2.6. Nuclear matrix isolation
High-salt isolation of the nuclear matrix was conducted essentially as described previously
[11]. After washing in PBS, cells were extracted for 3 min on ice in cytoskeleton buffer (CSK)

containing 10 mM PIPES (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, and 1 mM
EGTA, supplemented with protease inhibitor cocktail (Complete; Roche), 1 mM DTT, and 0.5%
Triton X-100. The extract was centrifuged at 5000 × g for 3 min to separate the cytoskeletal
frameworks from the soluble proteins (soluble fraction). Chromatin was solubilized by DNA
digestion with 1 unit/mL of RNase-free DNase I (Takara) in CSK, for 15 min at 37°C. Total lysate
volume was measured by micro pipet, and 3 volumes of 1 M ammonium sulfate in CSK were added.
After 5 min on ice, the sample was centrifuged again. The supernatant was collected (chromatin
fraction), and the pellet was further extracted by incubation for 5 min on ice with 2 M NaCl in CSK.
The sample was centrifuged once more, and the supernatant was collected (wash). The pellet was
solubilized in Reagent 3 from the ReadyPrep sequential extraction kit (BioRad) containing 5 M urea
and 2 M thiourea, and this was considered the nuclear matrix-containing fraction (nuclear matrix
fraction). Each fraction was aliquoted and mixed with 2 × SDS sample buffer. Samples from the
soluble, chromatin, and wash fractions were heated at 95°C for 10 min prior to analysis by
SDS-PAGE.

2.7. Indirect DNA repair ability assay after H O treatment
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In each well of a 96-well plate, 2000 cells were cultured and subjected to siRNA as described
as above (section 2.2.). Cells were rinsed once with DMEM without FBS, and then exposed to 150
µM H2O2 in DMEM without FBS for 10 minutes at 37°C. The cells were next washed twice with
PBS, and fresh DMEM containing FBS and the siRNA was added once again for enforcing
knock-down. For Tetrazolium compound-based NAD(P)H level assay, cells were incubated for 3 or
4 hours with Cell Titer (Promega), followed by measurement of OD490 using a plate reader (BioRad).
The analyses were performed in triplicate, and two independent experiments were performed to
calculate averages and standard deviations of relative NAD(P)H levels. For γH2AX assay, cells

were recovered for 1 hr in fresh medium before fixation. Nucleic γH2AX foci were detected by
immunofluorescence and the images were captured by IN Cell Analyzer 2000 (GE Health Science).
Total intensity of γH2AX foci in each nucleus was calculated by Developer Tool Box software (GE
Health Science). Two independent experiments were performed to confirm reproducibility of data.

3. RESULTS
3.1. Identification of SNF2H as a novel XRCC1-interacting protein
To identify novel factors that mediate XRCC1 foci formation and/or translocation, we
screened a yeast two-hybrid cDNA library prepared from human testis, where XRCC1 is abundant
[18,19]. We used the BRCT2-deleted mutant XRCC1 gene as bait to avoid repeatedly obtaining
positive clones with the highly represented DNA ligase IIIα gene, the product of which binds to
XRCC1 through the BRCT2 domain [20]. Out of 1 × 108 transformants, 91 clones showed adenine
and histidine prototrophy as well as β-galactosidase activity. Of these clones, 11 appeared to share
the middle part of SNF2H (amino acid residues 331–531), an ATPase subunit of the ISWI
chromatin remodeling complex.

3.2. Interaction between endogenous XRCC1 and SNF2H in HeLa nuclear extract
We next investigated the interaction between XRCC1 and SNF2H in HeLa nuclear extract.
Endogenous XRCC1 was immunoprecipitated with anti-XRCC1 antibody, and immunoblotting was
used to examine the precipitate for SNF2H and DNA ligase IIIα. We reproducibly detected a small
amount of SNF2H (Fig. 1A). After gel filtration of the nuclear extract, we detected both XRCC1
and DNA ligase IIIα in the range of 220–700 kDa with a peak around 440 kDa, supporting their
stable interaction (Fig. 1B). SNF2H appeared with a major peak around 4 MDa and a minor peak

around 650 kDa, coinciding with the distribution of a larger side tail of XRCC1 and DNA ligase
IIIα (Fig. 1B). These distributions were consistent with a scenario in which part of XRCC1-Ligase
IIIα binds to SNF2H, forming a larger ternary complex.

3.3. Regions responsible for the interaction between XRCC1 and SNF2H
To further examine the binding strength between XRCC1 and SNF2H, we conducted a
co-immunoprecipitation experiment with in vitro translated proteins under several different salt
conditions: 0.1% BSA/PBS, TNE containing 100 mM NaCl, or TNE containing 150 mM NaCl. We
detected interaction between XRCC1 and Ligase IIIα under all tested conditions, and this
interaction decreased with increasing salt concentration (Fig. 2A). In contrast, the interaction
between XRCC1 and SNF2H was detected only in the 0.1% BSA/PBS condition (Fig. 2A).
Interactions were not eliminated by addition of ethidium bromide, suggesting no mediation by DNA
(data not shown).
We then investigated a series of deletion mutants of XRCC1 and SNF2H to determine the
specific regions responsible for the interaction. Full-length SNF2H bound to the N-terminal half of
XRCC1 (XRCC1-N) but not the C-terminal half (XRCC1-C1 and -C2), indicating that the two
BRCT motifs located within the C-terminal half of XRCC1 (315–403 and 538–633) are not
involved in the interaction with SNF2H (Fig. 2B, C). Moreover, XRCC1 bound to both the
N-terminal and C-terminal truncated SNF2H mutants. Together with our above-described
observations of SNF2H (331–531) interaction with XRCC1 in a yeast two-hybrid assay, these data
indicate that interaction most likely occurs between the N-terminal part of XRCC1 and the middle
part of SNF2H (Fig. 2C).

3.4. Increased amounts of XRCC1 and SNF2H in nuclear fraction upon H2O2 treatment

We previously reported that H2O2 treatment induces apparent translocation of
chromatin-bound XRCC1 to the nuclear matrix [21]. In our present study, we investigated the
behavior of SNF2H under the same condition. In non-challenged HeLa nuclear extract, SNF2H was
predominantly detected in the nuclear matrix fraction, with only a small amount in the chromatin
fraction (Fig. 3A). Following H O treatment, we confirmed our previous result that XRCC1 in the
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NM increased compared to constitutive NM protein LaminB (Fig. 3B). SNF2H further decreased
from the chromatin fraction, with a concomitant increase in the NM (Fig. 4B). PARP1 was scarcely
detected in the NM in unchallenged cells, but also showed clear increase in the NM after H2O2
exposure, supporting the idea that DNA repair reaction is conducted in the NM. After H2O2
treatment, we fixed the cells, extracted chromatin proteins and DNA in situ, and observed them
using immunofluorescence microscopy. Even in unchallenged nuclei, SNF2H appeared as foci (Fig.
3C). H2O2 treatment increased the fluorescence intensity without apparently changing the number of
foci (Fig. 3C). XRCC1 foci were visible only after H2O2 treatment, and co-localized or overlapped
with SNF2H foci. These observations suggest a functional link between the two proteins, and the
possible involvement of SNF2H in H2O2 -induced XRCC1 translocation.

3.5. SNF2H knock-down impaired H O -induced PAR and XRCC1 foci
2
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DNA nicks activate PARP, which poly-ADP-ribosylates chromatin and DNA repair
proteins at the sites of DNA damage. It was previously reported that XRCC1 foci formation
depends on damage-induced poly-ADP-ribosylation [22]. To investigate the involvement of SNF2H
in this process, we examined SNF2H localization in relation to PAR foci after H2O2 treatment and
in situ extraction (Fig. 4A). Consistent with the above-described results, SNF2H foci increased their
intensity in the nuclear matrix following H2O2 treatment without notably changing the distribution
(Fig. 3, Fig. 4A). Strikingly, most of the H2O2-induced PAR foci co-localized with SNF2H foci (Fig.

4A). This result prompted us to propose a possibility that PAR foci formation may be dependent on
SNF2H and PAR foci may form at pre-existing SNF2H foci.
To test this possibility, we examined how SNF2H knock-down influenced PAR foci
formation. We found that siRNA transfection reduced the amount of SNF2H to 20% of the amount
in control cells (Fig. 4B). Transfected cells also showed markedly impaired formation of
extraction-resistant XRCC1 foci and PAR foci (Fig. 4C). We further quantitatively analyzed the
PAR and SNF2H levels after H O treatment in individual nuclei with or without siSNF2H
2
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transfection. Under the same exposure conditions, SNF2H knock-down led to an average decrease
of 33% in the SNF2H fluorescence per nucleus, which was in accordance with the immunoblotting
results (Fig. 4B, D). Compared to control siRNA-transfected cells, the siSNF2H-transfected cells
also showed decreased fluorescence intensity for PAR (Fig. 4D). A correlation was also observed
between PAR intensity and SNF2H intensity among siSNF2H-transfected cells (R = 0.33),
2

probably reflecting variation in SNF2H knock-down efficiency. These findings suggest a causal
relationship between preexisting, extraction-resistant SNF2H foci and damage-induced PAR foci.

3.6. SNF2H depletion leads to diminished repair of H O -induced DNA damage
2

To

investigate

possible

SNF2H

2

involvement

in

repair

reactions,

we

assayed

siSNF2H-transfected cells for their proficiency in repairing H2O2-induced base damage. Since a
decrease of cellular NAD(P)H is an indirect index of accumulation of repair intermediates [5,23],
we quantified cellular NAD(P)H level to assess repair proficiency. Transfection of XRCC1 and
SNF2H siRNAs reduced the respective protein levels to about 20%, as evaluated by
immunoblotting (Fig. 5A). Compared to control siRNA-transfected cells, the cells transfected with
siRNAs for either XRCC1 or SNF2H showed reduced NAD(P)H levels after H2O2 treatment (Fig.
5B). The reduction levels of NAD(P)H were comparable to previous report on H2O2-treated

XRCC1-null cells [24]. Simultaneous knock-down of XRCC1 and SNF2H did not further reduce
the NAD(P)H level, suggesting that these proteins function in the same repair pathway (Fig. 5B).
Further, we examined γH2AX foci formation after H2O2 exposure [25,26]. After 10min of H2O2
exposure, cells were allowed to repair damage for 1 hr and remaining damage were detected by
using γH2AX assay. Compared to cells transfected with control siRNA, γH2AX intensity was
remarkably higher in cells transfected with siSNF2H or siXRCC1 (Fig. 5C, D). Combination of
siSNF2H and siXRCC1 did not lead to further increase of γH2AX intensity. This result supports the
idea that SNF2H and XRCC1 are involved in the same repair pathway for H2O2-induced lesion.

3.7. SNF2H interacts with CK2-phosphorylated XRCC1
We previously showed that XRCC1 phosphorylation by CK2 is essential for
damage-induced foci formation, and for XRCC1 translocation from chromatin to the nuclear matrix
[11]. Based on this knowledge, here we investigated whether the interaction between XRCC1 and
SNF2H was also dependent on phosphorylation by CK2. Immunoprecipitation analyses were
performed using XRCC1-deficient EM9 cells expressing wild-type XRCC1 (WT) or mutant
XRCC1 with four putative CK2 sites substituted with alanines (CKM). Electrophoretic mobility of
WT protein showed a shift to cathodic side compared to CKM protein, suggesting phosphorylation
of

WT

protein

(Fig.

6)

[7].

The

XRCC1

mutations

almost

completely

abolished

coimmunoprecipitation with SNF2H (Fig. 6). This finding suggests that XRCC1 phosphorylation
by CK2 is critical for its interaction with SNF2H, which is consistent with the involvement of
SNF2H in the repair of H2O2-induced damage.

4. Discussion

In the present study, we identified SNF2H as a novel interacting partner of the repair
scaffold protein XRCC1. In unchallenged cells, SNF2H protein mainly resides in the nuclear matrix
after biochemical fractionation. With immunofluorescence microscopy, SNF2H appears as granules
scattered around in the nuclei that are resistant to in situ extraction (Figs. 3C and 4A). On the other
hand, most XRCC1 is found in the soluble chromatin fraction. Extraction-resistant insoluble
XRCC1 in unchallenged cells does not show distinct sub-nuclear localization, but is rather
distributed uniformly throughout the nuclei (Fig. 3C). After cells are exposed to H2O2, a portion of
the soluble XRCC1 is redistributed to the nuclear matrix, where it forms a foci-like structure that
co-localizes with the already present SNF2H foci (Fig. 3C). Importantly, damage-induced formation
of both PAR foci and XRCC1 foci depends on SNF2H (Fig. 4C, D). These results support the idea
that the translocation and foci formation are mediated by affinity between XRCC1 and SNF2H.
We previously demonstrated that XRCC1 in the chromatin fraction is constitutively
phosphorylated by CK2, and that this phosphorylated form is likely to translocate to the nuclear
matrix following H O treatment [11]. Consistently, our present results showed that wild-type
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XRCC1 interacted with SNF2H, while the non-phosphorylatable mutant XRCC1 (CKM) did not
(Fig. 6). We currently have few clues indicating how this interaction is regulated in a
damage-dependent manner. The relatively weak binary interaction that we observed between
XRCC1 and SNF2H (Fig. 1A, Fig. 2A) may be explained by the absence of damage-inducible
components, such as PAR. Since previous findings establish that XRCC1 foci formation is
absolutely dependent on PAR [22,27], it is reasonable to speculate PAR affects the interaction
between XRCC1 and SNF2H.
SNF2H knock-down also compromised efficient repair reactions, suggesting a functional
importance of its interaction with XRCC1 (Fig. 5). Our present study did not examine how the
chromatin remodeling activity of SNF2H contributes to DNA repair reactions. Chromatin

remodeling/histone chaperoning by SWI/SNF, INO80, and CAF-I have been implicated in
double-strand break repair and nucleotide excision repair [28-30]. Previous work also shows that
nucleosome structure has a inhibitory effect on BER [31,32], thus requiring remodeling prior to
repair. Interestingly, simultaneous knock-down of XRCC1 and SNF2H did not significantly
increase the repair defect compared with knock-down of either alone. This may imply that the major,
if not only, function of XRCC1 is to couple repair reactions with the remodeling of damaged
chromatin.
Odell et al demonstrated that in vitro repair of nucleosomal DNA requires a high
concentration of DNA ligase III-XRCC1 complex [33], indicating that this is the rate-limiting step
of the BER reaction in chromosomal DNA. Another report showed that XRCC1 and PARP are
recruited specifically to sites of DNA damage in heterochromatin [34], and that XRCC1 recruitment
to heterochromatin depends on PARP activity. PARP may function as a nick sensor, and may also
contribute to chromatin structure remodeling [35,36]. Repair reactions in the heterochromatin
require extensive disruption of chromatin structure. Furthermore, after completion of ligation,
chromosomal DNA must be restored into heterochromatin. In cases where epigenetic information is
recovered after repair of base damage, SNF2H and its interacting partner, DNMT1 [37], may
contribute to this restoration. Thus, efficient and controlled BER reactions in the higher
chromosomal structure are executed by interactions between XRCC1 and its partner proteins. This
exciting possibility should be explored in future studies.
In conclusion, our results indicate that phosphorylated XRCC1 interacts with SNF2H. This
interaction is responsible for the foci formation of XRCC1 in the nuclear matrix and efficient repair
of H O -induced damage in chromosomal DNA.
2
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Figure legends

Fig. 1.XRCC1 interacts with SNF2H in HeLa nuclear extracts. (A) HeLa nuclear extracts were
immunoprecipitated (IP) with or without anti-XRCC1 antibody, and the precipitates were analyzed
by western blotting (WB) using antibodies against XRCC1, SNF2H, and DNA ligase IIIα. (B)
Nuclear extracts were prepared from HeLa cells overexpressing XRCC1, and applied to a
Superrose-6 HR column equilibrated with the column running buffer (20 mM Hepes, pH 7.9; 200
mM NaCl; 1 mM DTT; 0.1 mM PMSF; and 10% glycerol). Fractions were collected and analyzed
by SDS-PAGE followed by western blotting. The fraction numbers are indicated at the top. The
fractions corresponding to proteins of known molecular mass are indicated in kilodaltons below the
figure. The void volume of the column is marked as void.

Fig. 2. The N-terminal region of XRCC1 interacts with the middle region of SNF2H. (A)
Myc-tagged XRCC1, SNF2H, and DNA ligase IIIα were produced by an in vitro TnT system and
labeled with biotin. These TnT products were mixed, and myc-XRCC1 was immunoprecipitated
with or without anti-myc antibody (IP, +αmyc or −αmyc). The binding affinity of the proteins was
determined under three incubation conditions: PBS containing 0.1% BSA, TNE buffer containing
100 mM NaCl, and TNE buffer containing 150 mM NaCl. Precipitates were washed with TNE
buffer containing 50 mM NaCl, and analyzed with SDS-PAGE. (B) To determine the protein
regions responsible for the interaction, the in vitro TnT system was used to produce full-length
proteins (FL), and N-terminal (N) or C-terminal (C) regions of the proteins. These products were
subjected to co-immunoprecipitation analysis. Arrowheads indicate SNF2H variants and open
arrowheads indicate XRCC1 variants. (C) Schematic illustration of the truncated mutant proteins.
Numbers indicate the corresponding numbers of amino acids. The Y2H fragment of SNF2H
corresponds to the polypeptides found in positive clones in the yeast 2-hybrid screening. Gray
boxes indicate the region of each protein responsible for the interaction.

Fig. 3. H2O2 treatment led to increased XRCC1 and SNF2H in the nuclear matrix. (A) HeLa cellular
proteins were sequentially extracted into the following fractions: soluble (Sol), chromatin (Ch),
wash (W), and nuclear matrix (NM). Each fraction was analyzed with SDS-PAGE followed by
western blotting using the indicated antibodies. The Sol, Ch, W, and NM lanes contain proteins
corresponding to 0.5 × 106, 0.5 × 106, 1 × 106, and 1 × 106 cells, respectively. Arrowheads indicate
histones detected by CBB staining of the SDS polyacrylamide gel. (B) HeLa cells were treated with
H2O2 and protein fractions were collected and analyzed as described in the panel A. Numbers
indicate fold increase of the band intensity of nuclear matrix fractions (NM) after H2O2 treatment.
The mean ± standard deviation of two experiments is shown. (C) Cells were treated with 10 mM

H O for 10 min. After in situ extraction of chromosomal DNA and soluble/chromatin proteins,
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SNF2H and XRCC1 were detected in the nuclear matrix using specific antibodies. Plot profile of
the fluorescence intensities of SNF2H and XRCC1 were generated though the indicated lines in the
image.

Fig. 4. After H2O2 treatment, XRCC1 and PAR foci formation was associated with SNF2H foci in
the nuclear matrix. (A) HeLa cells were treated with H2O2 as shown in Fig. 3C, then DNA and
soluble proteins were extracted in situ. PAR and SNF2H in the nuclear matrix were immunostained
with specific antibodies. (B) In HeLa cells, SNF2H was knocked-down by introduction of specific
siRNA (SNF), but not by non-specific siRNA (Cont.). CBB staining of the membrane used for
western detection is shown. (C) SNF2H knocked-down cells were exposed to H2O2 and
immunostained with anti-SNF2H, -XRCC1, or -PAR antibodies. The cell surrounded by
arrowheads exhibited SNF2H knock-down. (D) HeLa cells were inoculated into 96 well plates, and
SNF2H was knocked-down as shown in panel B. The cells were treated with H2O2, and PAR and
SNF2H foci in the nuclear matrix were stained with specific antibodies. Images were collected, and
the relative intensities of signals in each nucleus were measured and plotted. Magenta and blue
spots correspond to the nuclei of cells transfected with control siRNA and SNF2H siRNA,
respectively.

Fig. 5. SNF2H depletion led to reduced DNA repair activity in HeLa cells. (A) Cells were
transfected with siRNA of negative control (NC), SNF2H (SN), and XRCC1 (XR) alone, or with a
combination of SN and XR. Two different siRNAs (SN-1 and -2) were used for SNF2H
knock-down. (B) HeLa cells were transfected with siRNA for 48 hours before 150µM H O
2

2

treatment. After 10 min of H2O2 treatment, cells were rinsed and incubated for 3 to 4 hours with

fresh medium containing the corresponding siRNA and the tetrazolium compound. The absorbance
at 490 nm of the cells transfected with negative control (NC) siRNA was plotted as a relative
NAD(P)H level of 1.0. The mean ± standard deviation of two experiments is shown. (C, D) HeLa
cells were transfected with siRNA and incubated in medium containing 150µM (C) or 0µM (D)
H2O2 as shown in panel B. After rinse, cells were incubated in fresh medium for 1 hr and fixed with
paraformaldehyde. γH2AX foci were detected with specific antibody (red). DNA was detected with
DAPI (blue).

Fig. 6. The interaction between XRCC1 and SNF2H depends on phosphorylation of XRCC1 by
CK2. Immunoprecipitation was performed with prepared nuclear extracts from XRCC1-deficient
EM9 cells harboring expression vector only (Vec), wild-type XRCC1 cDNA (WT), and mutant
XRCC1 cDNA that is not phosphorylated by CK2 (CKM). SNF2H was immunoprecipitated with
(+) or without (−) anti-SNF2H antibody. The precipitates were separated and analyzed with western
blotting (WB) using anti-SNF2H or anti-XRCC1 antibodies.
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