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XRCCl is an essential protein required for the maintenance of genomic stability through its implication in DNA repair. The
main function of XRCCl1 is associated with its role in the single-strand break (SSB) and base excision repair (BER) pathways that
share several enzymatic steps. We show here that the polymorphic XRCC1 variant R194W presents a defect in its interaction
with the DNA glycosylase OGG1 after oxidative stress. While proficient for single-strand break repair (SSBR), this variant does
not colocalize with OGG1, reflecting a defect in its involvement in BER. Consistent with a role of XRCC1 in the coordination of
the BER pathway, induction of oxidative base damage in XRCC1-deficient cells complemented with the R194W variant results in
increased genetic instability as revealed by the accumulation of micronuclei. These data identify a specific molecular role for the
XRCCI1-OGG]1 interaction in BER and provide a model for the effects of the R194W variant identified in molecular cancer epide-

miology studies.

C ellular DNA is continuously exposed to oxidative stress aris-
ing from both endogenous and exogenous sources. As a con-
sequence, lesions such as modified bases, abasic (AP) sites, and
single-strand breaks (SSBs) are generated (1). One of the major
base lesions induced by oxidative stress is 8-oxoguanine (8-0x0G),
which is recognized and excised by a specific DNA glycosylase,
OGG], initiating the base excision repair (BER) pathway (2). The
AP site produced by OGG1 DNA glycosylase activity is then
cleaved by the AP endonuclease APE1, resulting in a SSB. The
subsequent synthesis and ligation steps are carried out by poly-
merase 3 (POLB) and ligase 3 (LIG3), respectively, to restore an
intact DNA molecule (3). SSBs can also be directly induced in
genomic DNA, and most of the enzymatic steps required for their
repair are common to the single-strand break repair (SSBR) and
BER pathways. Besides the enzymes mentioned above, other pro-
teins participate in the efficient repair of modified bases and SSBs.
Of these proteins, XRCC1, which is essential for embryonic devel-
opment in mice (4), is a protein with no known enzymatic activity
that acts as a scaffolding platform for SSBR and BER activities (5,
6). Cells deficient in XRCC1 exhibit increased frequencies of sister
chromatid exchanges and chromosomal rearrangements. XRCC1
function is based in its capacity to interact with multiple enzymes
and DNA intermediates in various DNA repair pathways (7, 8),
coordinating the rate and sequence of the enzymatic activities and
thus avoiding the exposure of toxic DNA intermediates to the
cellular milieu (9). The various XRCC1 domains responsible for
the interactions with BER or SSBR enzymes have been identified.
XRCCl is composed of three structured domains, interspaced by
two flexible/nonstructured linkers (10) (see Fig. 1A). The NTD
(N-terminal domain) is responsible for the interaction with POL
(11, 12), the BRCT1 (BRCAL1 carboxyl-terminal protein interac-
tion domain 1) is involved in the interaction with poly(ADP-ri-
bose) polymerase 1 (PARP1) and PARP2 (13), and BRCT?2 is re-
quired for the interaction with and stabilization of LIG3 (14, 15).

Protein-protein interactions are crucial events for the recruit-
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ment of BER factors to the site of repair. After induction of direct
SSBs, XRCCl is rapidly assembled in small nuclear foci through a
PARPI-dependent mechanism (16, 17). The XRCC1-L360D mu-
tation results in the perturbation of the BRCT1 domain, thus abol-
ishing the interaction with PARP (13) and consequently, the re-
cruitment of XRCC1 to SSB repair foci (17, 18). Furthermore,
disruption of the interaction between POLB and XRCC1 by the
introduction of the V86R substitution in XRCC1, impairs the re-
cruitment of POLR to the site of the damage (19). Ligation effi-
ciency of BER intermediates is also reduced in cells expressing the
XRCCI1 mutant V86R, suggesting a defect in the recruitment of
later BER factors, such as LIG3 (20).

Taking into account the direct interaction of XRCC1 with sev-
eral DNA glycosylases and with APE1 (6, 21, 22), it has been pro-
posed that XRCCI1 could be recruited during the very first steps of
BER, independently of PARP activity (18, 23). Interestingly, PARP
activity does not seem to be required for the efficient completion
of BER (24). Taken together, these data suggest that a defect in the
interaction between XRCC1 and a DNA glycosylase could have an
impact on the recruitment of XRCC1 to BER and therefore on the
downstream steps of the pathway.

In vitro interaction experiments have shown that both linker 1
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and BRCT1 domains of XRCC1 are involved in the interaction
with several DNA glycosylases, including OGG1 (6, 21). The facts
that the BRCT1 domain mutant (L360D) does not affect the ca-
pacity of XRCCI1 to interact with OGGL1 and is recruited as effi-
ciently as the wild-type XRCC1 to BER sites (18) suggest that
linker 1 is sufficient for the interaction between XRCCI and the
DNA glycosylase.

Several naturally occurring genetic polymorphisms have been
reported for the XRCCI gene, and molecular epidemiology stud-
ies have linked the presence of XRCCI variant alleles with altered
cancer susceptibility (25, 26). For several of those variants found
in the human population, functional analyses have failed to find
alterations in their SSBR capacity that could explain the epidemi-
ological observations. One of the most abundant XRCC1 poly-
morphisms found in the human population is R194W, situated in
linker 1. We thus decided to evaluate the impact of this amino acid
substitution on XRCCI interaction with OGG1 and its recruit-
ment to BER after induction of oxidative base damage. We show
here that the XRCC1(R194W) variant, while able to repair SSBs, as
suggested by previous studies (27), is defective in the interaction
with the DNA glycosylase OGG1 and is not correctly recruited to
BER of 8-0x0G. Furthermore, we observed an increase in genetic
instability in cells expressing the XRCC1(R194W) variant, sug-
gesting an accumulation of BER intermediates. Our findings pro-
vide a mechanism for the recruitment of XRCC1 during BER and
suggest a model to explain the impact of this XRCC1 polymor-
phism in cancer development and treatment.

MATERIALS AND METHODS

Plasmid construction. XRCC1-YFP (YFP stands for yellow fluorescent
protein) and OGG1-DsRED monomer plasmids used in this study have
been previously described (28, 29). The XRCC1(R194W)-YFP variant was
obtained by site-directed mutagenesis of the XRCC1-YFP construct, us-
ing the QuikChange IT XL site-directed mutagenesis kit (Stratagene). For
the plasmid expressing OGG1-FLAG, the OGGI coding sequence was
amplified by PCR using a 3’ primer containing one copy of the FLAG
sequence and subsequently cloned into pCDNA(3.1). Plasmid expressing
LIG3-RFP (RFP stands for red fluorescent protein) was a kind gift from
Heinrich Leonhardt (University of Munich).

Small interfering RNA (siRNA) design and cloning in pEBV siRNA
vectors carrying a hygromycin B resistance cassette and establishment of
stable knockdown clones were carried out as previously described (30).
The RNA interference (RNAi) sequence for XRCC1 (GenBank accession
no. NM_006297) spans nucleotides 1832 to 1850. In order to avoid silenc-
ing of the exogenously expressed XRCC1-YFP proteins, five silent muta-
tions were introduced by site-directed mutagenesis in the sequence tar-
geted by the short hairpin RNA (shRNA). Thus, the sequence TGGATC
TACAGTTGCAATGAG was replaced by TGGATATATAGCTGTAAC
GAG, in which the modifications are underlined.

Cell lines, culture, and treatments. CHO cell line EM9 was obtained
from E. Sage (Institut Curie, Orsay, France). Cell lines used in this study
were cultured in Dulbecco modified Eagle medium (DMEM) (GIBCO-
BRL, Invitrogen) containing 10% fetal bovine serum at 37°C with 5%
CO,. L132 cells expressing the shRNA against XRCCI were maintained in
DMEM supplemented with 125 pg/ml hygromycin B. For stable cell lines
expressing XRCC1-YFP variants, the culture medium was supplemented
with 400 wg/ml of G418.

MoFlo and InFlux cell sorters were used for generation of populations
of CHO and L132 cells expressing equivalent levels of the XRCC1-YFP-
tagged proteins.

Cells were grown on coverslips for microscopy experiments and on
petri dishes for biochemical analysis. Transient transfections were done
with Lipofectamine 2000 (Life Technologies) according to the manufac-
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turer’s instructions. Experiments were performed 24 h after transfection.
Cellsatabout 80% confluence were treated for 30 min at 37°C with 40 mM
potassium bromate (KBrO;) (Sigma) diluted in Dulbecco phosphate-
buffered saline (DPBS) (Cambrex). The cells were then allowed to recover
in DMEM for the times indicated in the figures before fixation or extrac-
tion. For the removal of soluble proteins, cells were washed for 5 min on
ice with cold CSK buffer [100 mM NaCl, 300 mM glucose, 10 mM piper-
azine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (pH 6.8), 3 mM MgClL,,
0.5% Triton X-100, and protease inhibitors]. The cells were washed twice
onice-cold PBS before fixation in 4% paraformaldehyde (PFA) for 30 min
at room temperature. Nuclear DNA was counterstained with 1 pg/ml
4',6'-diamidino-2-phenylindole (DAPI). The cells on the coverslips were
mounted in Dako fluorescence mounting medium.

Determination of cell survival, cell cycle distribution, and quantifi-
cation of micronucleus formation. Cell survival was measured 24 h after
methyl methanesulfonate (MMS) treatment (diluted in DMEM, 1 h at
37°C) or KBrOj; (diluted in DPBS, 30 min at 37°C). Cell viability was
measured with the neutral red uptake assay. Cells were incubated for 1 hat
37°C in medium containing 0.07% (wt/vol) neutral red dissolved in cell
culture medium and washed twice with DPBS. Cell lysis was then carried
out by adding 1% acetic acid in 50% ethanol solution, and the optical
density was measured at 540 nm.

To evaluate cell cycle distribution after KBrO; treatment, cells were
recovered with TrypLE express reagent (Life Technologies) and washed.
One million cells were fixed in 2% PFA, and DNA was stained with 0.5
pg/ml Hoechst 33258 for 15 min at room temperature (diluted in DPBS).
Cells were washed with DPBS and analyzed on a LSRII flow cytometer
(BD Biosciences) for YFP and Hoechst fluorescence. Quantification of the
percentage of cells in the G, S, and G, phases of the cell cycle was per-
formed with FlowJo_V10 software.

For the quantification of micronucleus formation, cells grown on cov-
erslips were fixed 24 h after KBrO; treatment and stained with DAPI.
Image acquisition was performed with an automated scanner workstation
(MetaSystems). A minimum of 1,000 cells was considered for each mea-
surement.

Microscopy and image treatment and analysis. Image acquisition
was performed with a Leica confocal microscope SPE (Wetzlar, Ger-
many), using an ACS APO 40.0X, 1.15-numerical-aperture (NA) oil im-
mersion or ACS APO 63.0X, 1.30-NA oil immersion lens. Plot profiles,
cytofluorograms, and image treatment were done with the ImageJ soft-
ware (W. S. Rasband, Image], U.S. National Institutes of Health, Bethesda,
MD, 1997-2014 [http://rsb.info.nih.gov/ij/]). Pearson’s and Manders’
correlation coefficients, to measure colocalization between green and red
signals, were calculated with the Image] plug-in JACOP (31). The ROI
color-coded plug-in was used for the association of particle-size measure-
ments with a color.

Quantitative reverse transcription-PCR (qQRT-PCR) analysis. Total
RNA was prepared from frozen cell pellets using RNeasy Plus kit (Qiagen)
and quantified by Nanodrop spectrophotometer. Reverse transcription
was performed with Superscript VILO cDNA synthesis kit (Invitrogen).
PCRs were performed on a PRISM 7300 PCR system (Applied Biosys-
tems) by using the Absolute quantitative PCR (QPCR) ROX mix (Ab-
gene). Quantification of gene expression was calibrated using a reference
standard curve obtained by serial dilutions of a control cDNA. The ex-
pression of the constitutive gene rplpo (large ribosomal protein) was used
to normalize the expression of XRCC1. XRCC1 was amplified with Taq-
Man probes purchased from Applied Biosystems (Hs00959834).

Immunoprecipitation and Western blot analysis. Protein extracts
were prepared by sonicating cells with the Bioruptor bath (pulses 30 s on
and 30 s off for 10 min at maximum intensity) in NP-40 buffer (0.1%
NP-40, 1 mM EDTA, 20 mM Tris-HCI [pH 8], 150 mM NaCl) and cen-
trifugation for 20 min at 13,000 rpm. For immunoprecipitations, 1 mg of
protein extract was incubated with anti-FLAG antibody (Sigma), and pro-
tein complexes were recovered using Dynabeads goat anti-mouse IgG
(Invitrogen Dynal AS) by following the manufacturer’s instructions. Protein
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FIG 1 Interaction between OGG1 and XRCC1 is impaired in XRCC1(R194W). (A) Schematic representation of the different domains of XRCC1, the highly
structured N-terminal domain (NTD) and BRCT1 and BRCT2 domains, separated by the two linkers. The domains involved in the interaction with different
protein partners are indicated. The position of the R194W substitution is indicated by an asterisk. hOGG1, human OGG1; PNK, polynucleotide kinase. (B) HeLa
cells cotransfected with plasmids expressing XRCC1-YFP and OGG1-FLAG were treated with KBrO3 (K) or not treated with KBrO3 (NT). Three hours after the
treatment, protein extracts were used for immunoprecipitation with the anti-FLAG antibody. Immunoprecipitated (IP) proteins were analyzed by Western
blotting with anti-FLAG and anti-GFP antibodies. The left blots show the levels of the proteins in the extract (10% of the input). (C) HeLa cells cotransfected with
plasmids expressing XRCC1-YFP (R) or the variant XRCC1(R194W)-YFP (W) and OGG1-FLAG were treated and processed as described above for panel B. aa

in 194, amino acid at position 194.

extracts and immunoprecipitated proteins were separated on a 10% SDS-
PAGE gel, blotted, and incubated with anti-FLAG (Sigma), anti-XRCC1
(Neomarkers), antitubulin (Invitrogen), anti-GFP (Roche) or anti-LIG3
(GeneTex) antibodies. Horseradish peroxidase (HRP)-conjugated secondary
antibodies were purchased from Amersham Biosciences, and blots were de-
veloped with the Amersham ECL Advance Western blotting detection kit.
Repair kinetics assays. A modified version (32) of the alkaline elution
assay originally described by Kohn et al. in 1976 (33) was used to quantify
SSBs and oxidative purine lesions sensitive to repair by the Fpg DNA
glycosylase. The assay makes use of the fact that the elution rate of chro-
mosomal DNA from a polycarbonate membrane filter (2-wm pore size)
depends on the length of the DNA molecules and therefore the number of
strand breaks. Briefly, the sum of SSBs and DNA modifications sensitive
to the repair glycosylase Fpg was obtained from elution rates in experi-
ments in which the cellular DNA was incubated with Fpg protein (1 g/
ml) immediately after cell lysis, before the elution of the DNA at pH 12.15.
Complete incision (at Fpg-sensitive modifications) by the enzyme was
shown to be achieved under these conditions. To quantify SSBs, the incu-
bation was carried out without the repair enzyme. The number of Fpg-
sensitive modifications was obtained by subtraction of the number of
SSBs. The slope of an elution curve obtained with y-irradiated cells was
used for calibration (6 Gy = 1 SSB/10° bp) (33). To obtain repair kinetics,
approximately 1.7 Fpg-sensitive sites per 10° bp were induced by incuba-
tion with 40 mM bromate for 30 min at 37°C. The numbers of residual
(unrepaired) modifications were determined in cells incubated after dam-
age induction for various times in culture medium at 37°C and indicated
as percentages of the induced lesions. In some experiments, the number of
AP sites was determined as well, using endonuclease IV instead of Fpg.

RESULTS

The XRCCI1 variant R194W presents a defect in its interaction
and colocalization with OGG1. The polymorphism R194W is lo-
cated in the first linker region of XRCC1 (Fig. 1A), a domain of the
protein implicated in the interaction with OGG1 (6). To assess the
interaction between XRCC1 and the DNA glycosylase, we per-
formed immunoprecipitation experiments on extracts from cells
expressing XRCC1-YFP and OGG1 tagged with a FLAG epitope.
The assays were done on untreated cells or 3 h after KBrOj treat-
ment. The oxidant KBrO; mainly induces the formation of
8-0x0G in genomic DNA. SSBs and AP sites are also generated but
in much lower yields and are rapidly repaired. In agreement with
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the hypothesis that DNA repair complexes are assembled in a
dynamic way depending on the DNA lesion to be repaired (35,
36), XRCC1 and OGGl1 are found in the same protein complex
after treatment with KBrOj, while almost no interaction can be
detected between those proteins in untreated cells (18) (Fig. 1B).
In order to determine whether the R194W substitution affected
the interaction with OGG1, we performed the same experiments
in cells expressing either XRCC1 variant and treated with KBrO;.
While we confirmed the presence of XRCCl in the protein com-
plexes precipitated with the anti-FLAG antibody, replacing the
arginine with a tryptophan in position 194 of XRCC1 resulted in
the loss of the association between XRCC1 and OGG1 (Fig. 1C).

We have previously shown that after induction of oxidative
DNA damage, OGG1 is recruited to chromatin, together with
other BER proteins such as APE1, XRCC1, and LIG3 (18, 28). The
BER-specific recruitment of repair factors can be distinguished
from the recruitment to SSBR through several criteria related to
their relocalization within the nucleus: (i) the kinetics of forma-
tion of detergent-resistant foci or patches; (ii) their morphological
parameters, such as size and circularity; and (iii) the requirement
of PARPI activity for their assembly. Indeed, for XRCC1 and
LIG3, involved in both SSBR and BER late steps, their distribution
presents two types of patterns. They are rapidly—within a few
minutes—recruited to small foci, the formation of which depends
on PARP activity. BER-specific proteins, such as OGG1 and APE1,
are not detected in those structures. Three hours after treatment,
however, XRCC1 and LIG3, now together with the DNA glycosy-
lase and APEI, are retained independently of PARP activity in
larger patches found in euchromatin regions (18). In order to
evaluate the impact of the R194W polymorphism on the recruit-
ment of XRCC1 to chromatin, we compared the subcellular local-
ization of XRCC1-YFP with that of the polymorphic variant 5 min
and 3 h after KBrOj; treatment. In mock-treated cells, both pro-
teins showed the same expected pattern of nuclear localization
(Fig. 2A), the proteins being soluble in the nucleoplasm as re-
flected by the fact that no fluorescence could be detected if a de-
tergent extraction was performed before fixation (data not
shown). Five minutes after KBrO; treatment, both XRCC1 vari-
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FIG 2 Colocalization between OGG1 and XRCCI is impaired in the variant XRCC1(R194W). (A) HeLa cells were transfected with plasmids carrying genes
coding for XRCC1 or the variant XRCC1(R194W) fused to the YFP (green). Twenty-four hours after transfection, cells were fixed, and DNA was stained with
DAPI (blue). The cells were not treated with KBrO; (NT). Bars, 5 pm. (B) HeLa cells expressing XRCC1-YFP were treated with KBrO; for 30 min and allowed
to recover in DMEM for 5 min. The cells were extracted with CSK buffer prior to fixation in order to remove soluble proteins. DNA was stained with DAPI (blue).
Bars, 5 pm. (C) HeLa cells cotransfected with plasmids expressing OGG1-DsRED and the XRCC1-YFP or XRCC1(R194W)-YFP variant and were treated with
KBrOj. Three hours after treatment, soluble proteins were extracted with CSK buffer prior to fixation. Bars, 5 wm and 2 um (insets). The positions of the line
scans used for the plot profiles are indicated in the merged images. Correlations between green and red fluorescence signals are presented in two-dimensional
(2D) cytofluorograms. (D) Pearson’s and Manders’ correlation coefficients between XRCC1 (green) and OGG1 (red) signals were calculated as indicators of
colocalization and presented as the means = standard errors of the means (SEMs) for 10 cells.
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FIG 3 Characterization of foci for the XRCC1 and XRCCI1(R194W) variants. (A) HeLa cells were cotransfected with XRCCI1-YFP (green) variants and
OGGI1-DsRED (red) and treated with KBrO;. Three hours after treatment, the cells were washed with CSK buffer to remove soluble proteins, fixed, and observed
by using a confocal microscope. The OGGL patches are outlined with a white line in both the OGG1 and XRCCI images. Only the major variant of XRCC1 was
detected in those regions. False colors were applied to the XRCC1-YFP image according to the size of the XRCCI particles using the ice LUT (lookup table) ramp
depicted at the right of the images. (B) Sizes of XRCC1 foci in 5 cells for each XRCCI variant.

ants were assembled in small and bright detergent-resistant foci,
characteristic of SSBR (Fig. 2B). As previously shown (18), no
recruitment of OGG1 was detected at this early time. At 3 h after
the treatment, OGG1-DsRED and XRCCI1-YFP colocalized in
larger nuclear regions typical of BER sites (18), but we did not
observe accumulation of the XRCCI1(R194W) variant in those
regions (Fig. 2C, outlined in white in the insets and indicated by a
thick black arrow in the plot profile). In contrast, both XRCC1
variants were detected in smaller foci devoid of OGGI1 (indicated
by a thin black arrow in the plot profile and in the insets of Fig.
2C). The cytofluorograms presented in Fig. 2C show a clear dissoci-
ation between OGG1-DsRED and XRCC1(R194W)-YFP signals as
opposed to the good correlation found for the major form of XRCCI.
Pearson’s and Manders’ coefficients to evaluate colocalization be-
tween red (OGG1) and green (XRCC1) signals were calculated.
While both parameters indicated very good colocalization between
OGG]1 and XRCCl, values were significantly reduced in the case of
OGG1 and the XRCC1(R194W) variant (Fig. 2D). Further image
analysis confirmed the difference in recruitment patterns for the
polymorphic variant. In order to facilitate the visualization of both
patterns, false colors were applied to the XRCC1-YFP image accord-
ing to the size of the particles (Fig. 3). As we have previously reported,
3 h after the KBrO; treatment, XRCC1 displayed a wide range of
fluorescent particle sizes that included both large heterogeneously
shaped patches overlapping with the OGG1 signal (BER) and small
foci where OGG1 was not detected. In contrast, the same analysis of
the XRCC1(R194W)-YFP-expressing cells showed that, while OGG1
displayed essentially the same distribution of large patches associated
with BER, XRCC1(R194W) was found only in small circular foci
corresponding to the SSBR sites (Fig. 3).

Cells expressing the XRCC1(R194W) variant are not affected
in their direct single-strand sealing and base excision rates. EM9
cells, derived from the AA8 CHO cell line, lack XRCCl1, are hyper-
sensitive to alkylating agents and ionizing radiation, and display a
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marked genetic instability reflected in high levels of chromosomal
rearrangements, sister chromatid exchanges, and micronuclei (34,
37). All these phenotypes can be efficiently complemented by the
human XRCCI protein (34, 37). Because the defect in repair of
SSBs potentially explains most phenotypes described for XRCC1-
deficient cells, little is known on the specific role of XRCC1 in
BER. The fact that the XRCC1(R194W) variant is recruited to
SSBR but not to BER provides a powerful tool to analyze the im-
pact of the absence of XRCC1 specifically on BER. We thus com-
plemented EM9 CHO cells with either human XRCCI variant.
Plasmids carrying genes coding for the fusion proteins XRCCl1-
YFP, XRCC1(R194W)-YFP, or YFP alone were transfected into
EMO cells, and cell populations expressing similar levels of the
YFP-tagged proteins were selected by cell sorting and used in fur-
ther experiments (Fig. 4A). Comet assays were performed on the
EM9 populations to measure the repair kinetics of DNA strand
breaks induced by ionizing radiation. In agreement with previous
reports (27, 38), cells expressing XRCC1(R194W) did not show a
defect in their capacity to repair strand breaks (data not shown).
Moreover, both variants were equally efficient in reversing the
sensitivity of EM9 cells to the alkylating agent MMS (Fig. 4B),
confirming the proficiency of the XRCC1(R194W)-YFP for SSBR.

In order to evaluate the impact of the XRCC1(R194W) variant
on the cell responses to oxidative stress, cells were exposed to
KBrO;. As expected, the major lesion induced by KBrO,; was
8-0x0G, while minor amounts of AP sites and SSBs could be de-
tected. For all three types of lesions, the levels of induced damage
were very similar in the two cell lines, independently of the ex-
pressed XRCCI1 variant (Fig. 4C). In order to assess the capacity of
the cells expressing the different XRCCI variants to excise
8-0x0G, we determined repair kinetics by using the alkaline elu-
tion technique. Cells were treated with KBrO; and directly col-
lected (0-h time point) or allowed to repair in DMEM for different
times. The rates of removal of 8-0xoG were indistinguishable in
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FIG 4 Cellular responses of EM9 cells complemented with either XRCC1 or the XRCC1(R194W) variant. (A) Protein extracts of AA8 (wild-type) cells and EM9
cells (XRCC1 deficient) complemented with YFP alone or with either of the two XRCC1 variants fused to the YFP were analyzed by Western blotting using
anti-XRCC1 and antitubulin antibodies. (B) Cell survival after exposure to increasing concentrations of MMS. (C) Levels of induced 8-oxoG/Fpg-sensitive sites,
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experiments. (D) Cell survival after exposure to increasing concentrations of KBrOs;. (E) Fpg-sensitive sites were measured by alkaline elution at different times
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EMO cells complemented with either human XRCC1 variant, with
about 50% of the lesions repaired 6 h after treatment (Fig. 4D). AP
sites and SSBs directly induced by the KBrOj; treatment were effi-
ciently repaired in both cell lines and were undetectable 3 h after
the treatment (data not shown).

These results confirmed that the R194W substitution does not
affect the removal of 8-0x0G by OGG1 or the repair efficiency of
directly formed SSBs.

Increased genetic instability in cells complemented with the
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XRCC1(R194W) variant after the induction of 8-0x0G. To ana-
lyze the consequences of the defective interaction of XRCCl1
(R194W) with OGG1, we first compared the variants with respect
to the cytotoxicity of KBrO,. No difference on cell survival could
be detected after exposure of the cells to increasing amounts of
KBrO;. Importantly, however, even the complete absence of
XRCC1 did not sensitize the cells to the oxidative stress induced by
this treatment (Fig. 4E). This indicates that the main cause of cell
death under these conditions is not due to DNA lesions.
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are indicated.

We next quantified the micronuclei generated in the two cell
lines after treatment with KBrO;. Micronucleus formation is a
very sensitive indicator of genotoxicity, in particular of the gener-
ation of strand breaks and collapsed replication forks (39). Con-
sistent with a deficiency in the latter steps of BER, EM9 cells com-
plemented with XRCC1(R194W) showed a higher number of
micronuclei than cells complemented with the major form of
XRCCl (Fig. 4F). In order to discard the possibility that the dif-
ference in the number of cells containing a micronucleus was due
to an alteration in the cell cycle progression, we determined the
percentage of cells in different cell cycle phases. Neither the
XRCC1 polymorphism nor the treatment affected the cell cycle
distribution (Fig. 4G). Taken together, these results are consistent
with the hypothesis that the higher levels of micronuclei in the
EMO cells expressing XRCC1(R194W) are the result of a defect in
DNA repair.

To confirm the above results in human cells, we established a
human cell line in which the XRCC1 was downregulated by ex-
pression of an shRNA. Previous studies using this strategy have
shown that deficiency of XRCC1 in human cells has very similar
consequences to the ones described in mouse or CHO cellular
models (40, 41). We therefore stably transfected L132 cells with a
plasmid expressing an shRNA against XRCCl, and different
clones were isolated. Clone 3, with less than 10% of XRCC1 ex-
pression as determined both by RT-PCR (Fig. 5A) and by Western
blot analysis (Fig. 5B) was selected for further experiments and
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named L132-XRCCI1*P (KD stands for knockdown). The in-
creased sensitivity of L132-XRCC1*" cells to the alkylating agent
MMS confirmed the functional efficiency of the endogenous
XRCC1 knockdown (data not shown). Plasmids carrying genes
coding for the fusion proteins XRCC1-YFP and XRCC1(R194W)-
YFP but carrying silent mutations in the sequence targeted by the
shRNA were then transfected into L132-XRCC1*P cells. Cell pop-
ulations expressing similar levels of the YFP-tagged proteins were
selected by cell sorting, and expression levels of the XRCC1-YFP
variants were checked by Western blotting (Fig. 5C). We then
analyzed the induction of micronuclei in both cell lines 24 h after
KBrOj treatment. In agreement with our observations in the EM9
cellular model, high levels of micronuclei were detected in human
cells complemented with the XRCC1 variant R194W after induc-
tion of 8-0x0G compared to those expressing the major variant
(Fig. 5D). While the treatment induced an accumulation of L132
cellsin G,, the cell cycle distribution was again essentially identical
for both XRCC1 genotypes. These results confirm the importance
of XRCCI recruitment to BER for the maintenance of genetic
stability in response to oxidative DNA damage.

Recruitment of LIG3 to BER is impaired in cells expressing
the XRCC1(R194W) variant. DNA ligase IITa (LIG3) plays a cen-
tral role in the repair of SSBs, either formed directly or generated
as intermediates in the processing of damaged bases. LIG3 stability
in cells requires its interaction with XRCC1 (42). As shown in Fig.
6A and B, while LIG3 was almost undetectable in EM9 cells, both
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XRCCI1 variants allowed the recovery of the levels of LIG3 found
in the XRCCI-proficient CHO cells (AA8). This is consistent with
in vitro interaction experiments that showed that the R194W sub-
stitution does not affect XRCCI interactions with PARP1, POL,
and LIG3, involving the BRCT1, NTD, and BRCT2 domains of
XRCCI, respectively (27). Furthermore, it has been shown that
the BRCT2 domain of XRCC1 is required for the recruitment of
LIGS3 to the sites of repair in order to perform the last step of BER
(43). In order to analyze whether there was a defect in the recruit-
ment of LIG3 to BER in cells expressing the XRCC1(R194W) vari-
ant, we monitored the localization of LIG3-RFP fluorescent pro-
tein in EM9 cells expressing either of the XRCC1 variants. The
cells were treated with KBrO; and fixed 3 h after the treatment.
LIG3-RFP colocalized with both XRCC1 variants in small and
circular foci corresponding to the SSBR sites. In cells comple-
mented with the major form of XRCCI, larger patches where
XRCCl1 and LIG3 colocalize were also observed, but they were not
observed in cells complemented with the XRCC1(R194W) variant
(Fig. 6C and D). Furthermore, correlation coefficients between
XRCC1 and LIG3 were very high (Fig. 6E), confirming the colo-
calization of the two proteins, independently of the nuclear sub-
structures where they were found. This is in agreement with the
idea that LIG3 is present in the cells in a complex with XRCC1, and
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thus, recruitment of LIG3 depends on that of XRCC1. Further-
more, they are consistent with a model in which the increased
genomiic stability observed in the cells expressing the R194W vari-
ant of XRCC1 is due to an impaired recruitment of LIG3 to BER
processes initiated by OGG1, resulting in a defect in the ligation of
SSBs generated as intermediates.

DISCUSSION

After induction of DNA damage, DNA repair proteins are dynam-
ically recruited to sites of repair inside the nucleus. Depending on
the type of lesion induced, and therefore the DNA repair pathway
analyzed, the kinetics of recruitment of the participating proteins
to the sites of repair can vary from a few seconds to a few hours (19,
36, 44, 45). XRCC1 has been implicated in both SSBR and BER
pathways. The protein is recruited within minutes to a SSB (16, 17,
46), and the formation of XRCC1 foci under those circumstances
correlates with the repair kinetics for SSBs. Impairment of the
assembly of XRCC1 foci is associated with an inefficient recruit-
ment of the downstream activities of SSBR (19). The use of an
oxidative treatment inducing mainly 8-0x0G lesions has allowed
us to characterize the recruitment of XRCCI1 to the repair of oxi-
dative base damage by the BER pathway. Our previous observa-
tions have shown that assembly of BER complexes takes place in
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euchromatin regions independently of PARP activity and with
slower kinetics than the assembly to SSBR foci (18). The kinetics of
relocalization of XRCCI to BER centers is in good correlation with
the slow repair kinetics of oxidized bases. This is likely due to the
time required by the glycosylase to initiate the repair pathway, as
the removal of the base by the glycosylase is considered the rate-
limiting step in BER (47). Both in vitro and in vivo experiments (6,
21,22, 48) have suggested that it is the initiating enzyme, APE1 for
AP sites and the DNA glycosylases for modified bases, that after
recognition of the lesion, recruits XRCC1 through protein-pro-
tein interactions to coordinate the BER process. The later steps of
the pathway would then be, as in the case of SSBR, very rapid to
avoid the accumulation of toxic DNA intermediates (5).

The identification of a defect of the XRCC1(R194W) variant in
its capacity to interact with the DNA glycosylase OGG1 and in its
recruitment to the BER pathway after the induction of 8-0xo0G
allowed us to explore for the first time the specific role of XRCC1
in BER. Indeed, we observe a defect in the recruitment of the
XRCC1(R194W) variant to the subnuclear regions where OGG1
relocalizes after induction of 8-0xoG by KBrOj; treatment (Fig. 2
and 3). Those particular nuclear subdomains where OGG1 accu-
mulates most likely represent regions where BER of 8-0x0G takes
place (18, 28). The data presented here demonstrate that the in-
teraction of XRCC1 with the DNA glycosylase is necessary for the
recruitment of the scaffolding protein to the BER pathway (6, 22).
Since the 8-0x0G excision rates (Fig. 4D) were very similar in cells
complemented with XRCC1 or XRCC1(R194W), we propose that
the OGG1-XRCC1 interaction is mainly required to ensure the
recruitment and coordination of downstream steps of repair and
avoid the accumulation of toxic DNA intermediates (6, 9, 22). The
detection limits of the techniques available did not allow us to see
potential differences in the levels of 8-0x0G repair intermediates,
such as AP sites or SSBs. However, we show here that cells express-
ing XRCC1(R194W) fail to recruit LIG3 to the sites of BER and
accumulate higher numbers of micronuclei after exposure to ox-
idative stress, a likely consequence of the persistence of repair
intermediates. Efficient sealing of SSBs in chromosomal DNA
during BER is indeed crucial for maintaining genome integrity
(49, 50). It has been previously observed that a defect in XRCCl1
affects a postincision step, the single-strand break rejoining, prob-
ably due to a defect in LIG3 (51). Deletions or mutations of the
BRCT2 of XRCC1 abolishing the interaction with LIG3 result in a
defect in SSB ligation/repair, suggesting that XRCC1 is important
not only for the stabilization of the ligase (42, 52) but also for its
recruitment to sites of strand breaks (43). The results presented
here show that in the case of 8-0x0G repair, impairment of the
OGG1-XRCCl interaction, as achieved by the R194W substitu-
tion, can also lead to a defective LIG3 recruitment and the conse-
quent increase in genetic instability after induction of base dam-
age. The discrepancy between the increased genomic instability
observed in cells expressing XRCC1(R194W) and the lack of effect
of the XRCC1 variant on the cytotoxicity of KBrO; is likely due to
the relatively small number of unprocessed DNA breaks that are
needed to induce micronuclei. This is supported by the observa-
tion that even the complete absence of XRCC1 does not lead to an
increased sensitivity to the treatment, suggesting that the cytotox-
icity induced by this treatment is largely the consequence of dam-
age to targets other than DNA.

It has been previously shown that the interaction of XRCC1
with PARP1 through the BRCT1 domain of XRCCl is essential for
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its recruitment to SSBs (17, 18). The finding that replacement of
single amino acids in the XRCC1 sequence specifically impairs
recruitment of XRCCl to sites of SSBR (BRCT1 mutants such as
L360D) or to sites of BER (R194W) clearly indicates that specific
domains of XRCCI are involved in its recruitment to the different
DNA repair pathways. This is consistent with the idea that the role
of XRCCI in DNA repair is defined by protein-protein interac-
tions. It is worth noticing that although the linker 1 region of
XRCCl presents a high variability between species, the presence of
the arginine at position 194 is extremely conserved throughout
evolution. This region is rich in positively charged residues, and
the substitution of a positively charged arginine by a hydrophobic
tryptophan may affect protein-protein interactions and the for-
mation of complexes effective in DNA repair.

Epidemiological studies have suggested an association of cer-
tain human XRCCI polymorphisms with genetic instability and
cancer susceptibility. However, the association between the
XRCCI1(R194W) variant and either an increased or reduced can-
cer risk is largely dependent on the population considered and the
kind of cancer analyzed (25, 53, 54). The absence of a SSBR defect
for the XRCC1(R194W) variant (38) (Fig. 4B) together with its
proficient protein-protein interactions with its SSBR protein part-
ners (27) (Fig. 6) and its normal recruitment kinetics to the site of
SSBs (27) (Fig. 2B) rule out a straightforward explanation linking
the epidemiological data to a defect in SSBR. Different kinds of
ROS can give rise to an extremely diverse spectrum of genotoxic
damage such as SSBs, base modifications, sugar damage, or abasic
sites that in combination with the polymorphisms of DNA repair
proteins would dictate the overall response of the cell. This could
explain the inconclusive results obtained in epidemiological stud-
ies. It is interesting to note that the persistent oxidative stress
found in tumors may result in an up to a 10-fold increase in the
levels of 8-0x0G in the tumor compared to adjacent healthy tis-
sues (55-57). Our results unveiled a specific defect of
XRCC1(R194W) in BER, thus providing a plausible explanation
for the impact of this polymorphism on genetic stability and can-
cer development.
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