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ABSTRACT

DNA single-strand breaks (SSBs) are the most fre-
quent lesions caused by oxidative DNA damage.
They disrupt DNA replication, give rise to double-
strand breaks and lead to cell death and genomic
instability. It has been shown that the XRCC1 protein
plays a key role in SSBs repair. We have recently
shown in living human cells that XRCC1 accumulates
at SSBs in a fully poly(ADP-ribose) (PAR) synthesis-
dependent manner and that the accumulation of
XRCC1 at SSBs is essential for further repair pro-
cesses. Here, we show that XRCC1 and its partner
protein, DNA ligase llla, localize at the centrosomes
and their vicinity in metaphase cells and disappear
during anaphase. Although the function of these pro-
teins in centrosomes during metaphase is unknown,
this centrosomal localization is PAR-dependent,
because neither of the proteins is observed in the
centrosomes in the presence of PAR polymerase
inhibitors. On treatment of metaphase cells with
H,0,, XRCC1 and DNA ligase llla translocate immedi-
ately from the centrosomes to mitotic chromosomes.
These results show for the first time that the repair of
SSBsis presentin the early mitotic chromosomes and
that there is a dynamic response of XRCC1 and DNA
ligase llla to SSBs, in which these proteins are
recruited from the centrosomes, where metaphase-
dependent activation of PAR polymerase occurs, to
mitotic chromosomes, by SSBs-dependent activation
of PAR polymerase.

INTRODUCTION

DNA single-strand breaks (SSBs) are generated directly by the
action of DNA-damaging agents, such as ionizing radiation
and active oxygen species. In addition, they arise as reaction
intermediates during lagging strand DNA synthesis and DNA
excision repair. There is compelling evidence that the DNA
repair protein XRCC1 plays a critical role in the repair of SSBs
[reviewed in (1)]. Notably, XRCCI mutant cells exhibit an
elevated frequency of spontaneous chromosomal aberrations
and deletions (2), and inactivation of the mouse Xrccl gene by
gene targeting results in embryonic lethality (3), suggesting
the importance of XRCCl1-dependent repair in maintaining
genome stability.

Although XRCC1 protein has no known catalytic activity, it
does interact with many different protein partners, including
OGG]1 (4), PARP-1 (5,6,7), PARP-2 (7), DNA polymerase 3
(8,9), AP endonuclease (10), polynucleotide kinase (11) and
DNA ligase IIlo (LIGII) (12,13). These multiple interac-
tions suggest that XRCC1 co-ordinates the repair of SSBs by
acting as a scaffolding factor upon which the other SSB repair
proteins assemble. The interaction between XRCCI and
LIGIIIo is constitutive and stabilizes LIGIIIo (14). Interest-
ingly, studies, in which the LIGIIIa-interacting BRCT domain
of XRCCI1 was inactivated, revealed that XRCC1 repair func-
tions are LIGIIIa-dependent in G1 phase cells and non-cycling
cells but are LIGIIIo-independent in S phase cells (15). These
results suggest that the XRCCI1/LIGIIIo complex participates
in SSBs repair and the repair of base lesions by the short patch
sub-pathway of BER, whereas XRCC1 functions in certain S
phase-specific repair events that are not well understood.

PARP-1 is the first member of a growing family of
enzymes that synthesize poly(ADP-ribose) (PAR). PARP-1
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is an abundant nuclear protein that binds avidly to DNA strand
breaks, in particular DNA SSBs via two tandem arrayed
N-terminal zinc fingers. The binding to SSBs activates the
polymerase activity of PARP-1, resulting in the poly(ADP-
ribosylation) of PARP-1 itself and other proteins. Although the
exact role of PARP-1 in DNA repair remains the subject of
conflicting reports, the spontaneous genetic instability and
hypersensitivity to DNA-damaging agents of parp-1 mutant
cells provides compelling evidence that PARP-1 plays an
important role in maintaining genomic integrity [reviewed
in (16,17)]. Both XRCCl (5,6,7) and LIGIII (18) preferentially
bind to poly(ADP-ribosylated) PARP-1, suggesting that auto-
modified PARP-1 molecules in the vicinity of SSBs may serve
as the signal for the recruitment of SSBs repair proteins. In
support of this idea, it has been shown that local ultraviolet
(UV) irradiation of human nucleotide excision repair-deficient
XPA cells expressing UV damage endonuclease (UVDE),
which generates SSBs at UV-irradiated restricted regions in
nucleus (19) or local laser irradiation (20), resulted in massive
synthesis of PAR only within the irradiated regions. Moreover,
it was shown that the accumulation of XRCC1 at SSBs is
dependent upon PAR synthesis (19,20), and accumulation
of polymerase P as well as proliferating cellular nuclear
antigen (PCNA) at SSBs is dependent on the presence of
XRCC1 (20). Thus, the accumulation of XRCC1 at SSBs is
essential for both polymerase B-dependent short-patch and
PCNA-dependent long-patch repair pathways.

Recently, it has been shown that several members of the
PARP family, PARP-1 (21,22), PARP-3 (23), tankyrase (24)
and PAR glycohydrolase (25), which degrades PAR polymers,
localize to the centrosome in mitotic cells. This prompted us to
examine whether XRCC1 and LIGIIIo exhibit similar beha-
vior. By using immunofluorescence and confocal microscopy,
we show that both XRCC1 and LIGIIIa are mainly localized
within centrosomes during mitosis and that this sub-nuclear
localization is dependent upon PAR synthesis. In response to
DNA damage, both XRCC1 and LIGIIIc translocate from the
centrosomes region to the chromosomes providing the first
evidence for the repair of SSBs in mitotic chromosomes.

MATERIALS AND METHODS
Cell lines and culture conditions

HeLa, XPA-UVDE and XPA-Vector cells (26) were grown in
Eagle’s minimal essential medium (Nissui) supplemented with
10% fetal bovine serum.

DNA transfection

DNA constructs were made according to the standard proce-
dures (27). Briefly, the cDNA of full-length human LIGIIo
was amplified by using PCR with 5" and 3’ primers containing
Sall and EcoRV sites, respectively. The amplified DNA
fragments were subcloned into the Sall and Smal sites of
pEGFP-C1 (Clontech). A CHPL-GFP plasmid (obtained
from Dr Phanglang Chen) contains a CMV promoter and
drives the expression of an in-frame N-terminal green fluor-
escent protein (GFP) protein. The cDNA of full-length
LIGIIIB was subcloned into the Notl site of the modified
CHPL-GFP plasmid. The plasmid expressing full-length
XRCC1 tagged with GFP is described previously (20).
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The DNA constructs were verified by sequencing. These plas-
mids were introduced into cells using Fugene 6 (Roche)
according to the manufacture’s protocol.

Immunofluorescence microscopy

For immunolabeling, asynchronous HeLa cells were grown for
2 days in glass bottom culture dishes. To examine the effect of
inhibitors of PARP, the cells were incubated for 1 h in medium
supplemented with 3-aminobenzamide (3-AB) (8 mM;
Sigma), fixed with methanol:acetone (1:1) for 10 min at
—20°C, then dried. In some cases, the cells were fixed by
incubation in 4% formaldehyde in phosphate-buffered saline
(PBS) for 10 min at RT, then permeabilized in 0.2% Triton
X-100 in PBS for 2 min at RT. Local UV-irradiation, in which
XPA-UVDE or XPA-Vector cells were irradiated through tiny
pores in polycarbonate membrane filter, was performed essen-
tially as described previously (19). XPA-UVDE or XPA-
Vector cells were incubated for 1 h in medium supplemented
with or without 1,5-dihydroxyisoquinoline (DIQ) (100 uM;
Sigma) before irradiation, and washed twice with Hanks’
solution (Nissui) with or without DIQ. Then, the cells were
irradiated with UV (20 J/mz). After local UV-irradiation, the
cells were incubated in medium with or without DIQ at 37°C
for 2 min, and then fixed as described above. Fixed cells were
rinsed once with TNT buffer (0.1 M Tris—HCI, 0.15 M NaCl,
0.05% Tween 20, pH 7.5) and then incubated in TNB buffer
[TNT buffer containing blocking reagent (NEN)] at 30°C for
30 min. After incubation with anti-XRCCI1 antibody (ab144,
Abcam) at 1:150 dilution in TNB buffer at 30°C for 1 h, the
cells were washed three times with TNT buffer prior to
incubation with Alexa Fluor 594 goat anti-rabbit immuno-
globulin G (IgG) conjugate (Molecular Probes) at 1:400 dilu-
tion in TNB buffer for 1 h. The cells were washed with TNT
buffer and then incubated with anti-y-tubulin (1:200 dilution,
GTU-88; Sigma), anti-PAR (1:200 dilution; Trevigen) or anti-
DNA LIGIII (1:50 dilution; GeneTex 1F3 or 4C11) in TNB
buffer for 1 h. After washing with TNT buffer, the cells were
incubated with Alexa Fluor 488 goat anti-mouse IgG conjug-
ate (Molecular Probes) at 1:400 dilution in TNB buffer for 1 h.
The cells were washed and then incubated with TOPRO-3
(2 pg/ml, Molecular Probes) and RNaseA (100 pg/ml;
Sigma) in PBS at 37°C for 15 min. After washing, the cell
samples were mounted in drops of PermaFluor (Immunon),
and cover-slips were added. Confocal imaging was performed
using an Olympus FV-500 confocal laser system connected to
an Olympus microscope (IX81) with a 60x oil immersion
objective lens (PlanApo).

RESULTS AND DISCUSSION

DNA ligase Illx is recruited to SSB in response to
the synthesis of PAR

Previously, using local UV-irradiation of human nucleotide
excision repair-deficient XPA cells expressing UVDE, we had
shown that PAR synthesis occurred only within the UV-
irradiated regions and that the recruitment of XRCCI to
these regions was dependent upon PAR synthesis (19).
Since there is evidence that XRCCI1 functions independently
of LIGIIIor under certain circumstances (15,28), we asked
whether LIGIIIow was also recruited to the sites of SSBs
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induced by the action of UVDE in XPA cells after local UV-
irradiation. As shown previously (19), XRCC1 accumulated at
the irradiated spots 2 min after irradiation (Figure 1, column b,
upper panel). LIGIIIo. was also recruited to the same sites of
DNA damage (Figure 1, column b, middle and bottom panels).
As was observed with XRCCl1, the recruitment of LIGIIIo to
the DNA damage sites was dependent upon the expression
of UVDE (Figure 1, column e) and was prevented by DIQ
(100 uM), an inhibitor of PARP (Figure 1 column c¢). To confirm
that the DNA damage-dependent sub-nuclear location of
LIGIIIo. was not an artifact of the immunocytochemistry,
we transiently expressed a GFP-tagged version of LIGIIIa
in XPA-UVDE cells. In accord with the results described
above, GFP-LIGIIIo. was observed in the nucleolus as well
as in the nucleoplasm of undamaged cells (Figure 2, column a)
and was recruited to the sites of DNA damage induced by
irradiation through a membrane filter (Figure 2, column b).
Together, these results demonstrate that LIGIIIo, like its
protein partner XRCCl, translocates to the sites of SSBs
and that this DNA damage-induced sub-nuclear relocation
is dependent upon PAR synthesis. This is consistent with our
recent results using local laser irradiation (20). To examine
whether the recruitment of LIGIIo to SSBs is dependent
upon XRCC1 and not on PARP-1, we transiently expressed
a GFP-tagged version of DNA ligase III (LIGIIIP), which is
normally only expressed in meiotic cells (29). Importantly,
LIGIIIP interacts with poly(ADP-ribosylated) PARP-1 (18)
but does not bind to XRCC1. In undamaged cells, LIGIIIf
was present in the nucleolus as well as in the nucleoplasm
(Figure 2 column d), but, unlike LIGIIIo,, LIGIIIB was not
recruited to the sites of DNA damage (Figure 2, column e).

XPA-UVDE

By a more sensitive assay using UVA laser irradiation and
GFP-tagged LIGIIIo, we found a weak accumulation of
LIGIIIo. at SSBs in XRCCl-deficient cells (L. Lan and
A. Yasui, unpublished results), which may be explained by
direct interaction between PARP-1 and LIGIIIo. Thus,
although LIGIIIow binds to poly(ADP-ribosylated) PARP-1
in vitro, the in vivo recruitment of LIGIIIo to SSBs is mainly
dependent upon its C-terminal BRCT domain, which is
required for the interaction with XRCC1 (29,30).

XRCC1 and LIGIII« localize to the centrosomes

When exponentially growing HeLa cells were stained with an
XRCC1 antibody, a unique staining pattern that appeared to
correspond to the centrosomes was observed in both interphase
and mitotic cells. To confirm the co-localization of XRCClI
with the centrosomes, we conducted a series of double-
staining experiments using antibodies specific for XRCClI
and y-tubulin, which is a component of pericentriolar matrix
of the centrosome (31). As reported previously (19), the
majority of XRCC1 in interphase cells is in the nucleoli,
but a small fraction co-localized precisely with the two closely
spaced dots of y-tubulin located near the nuclear envelope
(Figure 3A), which correspond to the duplicated centrosomes.
The co-localization of XRCC1 with unduplicated centrosomes
in interphase cells was also observed (data not shown). As
described later, the presence of PAR in the centrosomes is
crucial for the centrosomal localization of XRCCI. Detection
of XRCCl1 in the fraction of the centrosomes by antibodies
failed, possibly because the amount of PAR polymers present
in the centrosomes is limited partially due to the presence of
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Figure 1. Accumulation of XRCC1 and LIGIIIo. at SSBs after local UV-irradiation in XPA-UVDE cells. Co-localization of XRCC1 with LIGIIIo. was identified
by double immunolabeling. Two minutes after local UV-irradiation (20 J/m?) cells were fixed with paraformaldehyde and co-stained with anti-XRCC1 antibody
(red, upper row) and anti-LIGIIIo antibody (green, middle row); the column c is for XPA-UVDE cells treated with DIQ, an inhibitor of PARP, before UV-irradiation.

Co-localization of XRCC1 with LIGIIIo appears yellow in overlay (bottom row).
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Figure 2. In situ visualization of GFP-DNA LIGIIlo, GFP-DNA LIGIIIf and XRCC1 before and after local UV-irradiation. GFP-DNA Ligase IIlo. (GFP-LIGIIIox)
and GFP-DNA Ligase IIIp (GFP-LIGIIIB) were transiently expressed in XPA-UVDE cells before UV-irradiation (20 J/m?). The fluorescence images of the cells
stained with anti-XRCCI (red, second upper row) and the images of GFP (green, uppermost row) are shown. Co-localization appears yellow (third row). GFP-tagged
proteins were visualized 2 min after local UV-irradiation (20 J/m?). Column c is for DIQ treated cells. The fluorescent images of GFP were superimposed onto the
Nomarsky images in the bottom row.
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Figure 3. XRCC1 in centrosomes of HeLa cells during interphase. (A) Fluorescent micrographs of HeLa cells in interphase obtained by double immunolabeling for
Y-tubulin and XRCC1. Cells were fixed with methanol:acetone and co-stained with anti-XRCC1 antibody (a), and anti-y-tubulin antibody (b). XRCC1 and y-tubulin
appear red and green, respectively. The corresponding Nomarsky image is shown in (c). Co-localization of both XRCC1 and y-tubulin appears yellow in overlay (d).
(B) Fluorescent micrographs of HeLa cells in interphase expressing XRCC1-GFP. The cells were fixed with paraformaldehyde. DNA was stained with TOPRO-3
(middle panel) and superimposed onto the fluorescent image in the uppermost panel. Arrows indicate the position of centrosomes.

PAR glycohydrolase and, therefore, the amount of XRCCl1 HeLa cells. Indeed, in interphase cells, GFP-tagged XRCC1
molecules is too low to be detected by western blotting ana- was observed in the centrosomes (Figure 3B).

lysis. Therefore, to confirm the centrosomal location of The association of a small fraction of XRCC1 with the
XRCCl1, we transiently expressed a GFP-tagged XRCCl1 in centrosomes in interphase cells prompted us to examine the
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behavior of XRCC1 during mitosis. Using TOPRO-3 to stain
cellular DNA, we determined the distribution of XRCC1 and
v-tubulin (Figure 4A), XRCC1 and LIGIIIa (Figure 4B), and
XRCCI1 and PAR (Figure 4C) at different stages of mitosis. As
shown in these figures, in metaphase cells the majority of

XRCC1 co-localized with y-tubulin in the centrosomes.
XRCC1 was also detected at the periphery of the centrosomes
in metaphase. XRCC1 accumulated at mitotic centrosome and
its immediate vicinity in the cells from prophase to metaphase
(Figures 5 and 4C, upper panels). However, the pericentriolar
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Figure 4. Co-localization of XRCCl1 in the centrosomes of HeLa cells from different mitotic phases. (A) Double immunolabeling for XRCC1 and y-tubulin. The cells
were fixed with methanol:acetone and stained with anti-XRCC1 (red) and anti-y-tubulin (green) antibodies. Co-localization of the proteins appears yellow in the third
row after overlay. DNA was stained with TOPRO-3 and superimposed onto the fluorescent images of the uppermost row (the bottom row). (B) Double
immunolabeling for LIGIIIo. and XRCC1. The cells were fixed with paraformaldehyde and stained with anti-XRCC1 (red) and anti-LIGIIIo. (green) anti-
bodies. Co-localization of the proteins appears yellow. (C) Double immunolabeling for PAR and XRCCI. The cells were fixed with methanol:acetone, and
co-stained with anti-XRCC1 (red) and anti-PAR (green) antibodies. Panels in the first, the second and the third column are for untreated cells in prometapahase,
metapahase and anaphase, respectively. Co-localization of the proteins appears yellow. DNA was stained with TOPRO-3 and superimposed onto the fluorescent

images of the uppermost row (the bottom row).
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Figure 5. Distribution of XRCCI in human cell lines. The upper left panel:
fluorescent micrograph of HeLa cell in prophase by immunolabeling for
XRCCI. The cells were fixed with paraformaldehyde, and stained with anti-
XRCC1 monoclonal antibody. The lower left panel: fluorescent micrograph of
ATS5BI-VA cell in metaphase by immunolabeling for XRCC1. The cells were
fixed with methanol:acetone, and stained with anti-XRCC1 antibody. The DNA
was stained with TOPRO-3 and the corresponding images were superimposed
onto the fluorescent images in the left columns and shown in the right columns.
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localization of XRCC1 disappeared during anaphase
(Figure 4A). A similar XRCCI staining pattern was observed
by using paraformaldehyde fixation (Figure 4B), and by using an
XRCC1 monoclonal antibody (Figure 5) and in several human
fibroblast cell lines including ATM-deficient (AT5BI-VA)
cells (Figure 5). The staining pattern of LIGIIa detected
with two different monoclonal antibodies was indistinguish-
able from that of XRCCI1 (Figure 4B). Thus, we conclude that
XRCC1 and LIGIIIa are integral components of centrosomes,
and that, during the early stages of mitosis, they also concen-
trate around the pericentriolar matrix.

Localization of XRCC1 and LIGIII« to the
centrosomes is dependent upon PAR synthesis

To examine whether poly(ADP-ribosyl)ation is involved in
the centrosomal localization of XRCC1, the cells were incu-
bated with antibodies for PAR and XRCCI1. PAR is reported
to be present in the centrosomes in both interphase and
mitosis (22). During mitosis, PAR co-localized with XRCCl1
in the centrosomes and their immediate vicinity (Figure 4C).
The change in the amount of PAR in the centrosomes and
their immediate vicinity was completely correlated with that
of XRCC1 (Figure 4C), suggesting the presence of yet
unknown DNA damage-independent mechanisms of PARP
activation and the recruitment of XRCC1 to the centrosomal
region during mitosis. When cells were incubated for 1 h in
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the presence of 3-AB (8 mM), a potent inhibitor of
PARP, neither PAR nor XRCC1 was observed at or near
centrosomes in metaphase cells (Figure 4A—C). Similarly,
treatment with 3-AB abolished the localization of LIGIIo
to the centrosomes of metaphase cells (Figure 4B). Moreover,
in interphase cells, the centrosomal localization of XRCCl1
was also prevented by 3-AB (data not shown). Together, these
results show that the synthesis of PAR at or near the centro-
somes is a prerequisite for the localization of both XRCC1
and LIGIIo.

XRCC1 and LIGIIIx translocate from centrosomal
region to chromosomes after treatment of cells
with H202

Since PARP-1 is present in both centrosomes and chromo-
somes in mitotic cells (21), we examined whether during
mitosis PARP is activated by DNA-damaging agents and
whether this activation affects the localization of XRCC1
and LIGIIIo. Following treatment of metaphase cells with
H,0,, PAR was synthesized on the metaphase chromosomes
(Figure 4C). In response to the PAR synthesis, both XRCClI
and LIGIIIo were translocated from the centrosomes to the
metaphase chromosomes (Figure 4A—C). Similar results were
obtained by treating the cells with 100 uM of DNA alkylating
agent, MMS, for 10 min (data not shown). Thus, it appears
that, as in interphase cells (19), the synthesis of PAR by
PARP-1 at DNA strand breaks signals the recruitment of
SSBs repair factors in mitotic cells. This suggests that
DNA repair of SSBs occurs in the condensed chromatin of
metaphase chromosomes.

CONCLUSION

Aneuploidy is a characteristic feature of cancer cells. The
presence of an abnormally high number of centrosomes in
human tumor cells including those lacking p53 suggests
that dysregulation of centrosomes function may contribute
to cancer formation (32,33). Recently, it has been reported
that the PARP inhibitor 3-AB frequently causes centrosome
hyperamplification (22). Here, we have shown that XRCC1
and LIGIIIo., both of which interact with PARP-1, are present
within the centrosomes in various stages of cell cycle. This
effect is particularly evident in mitotic cells when the majority
of these cellular proteins are localized at or near the centro-
meres. Thus, it is possible that XRCC1 and LIGIIo are
involved in the regulation of centrosome function. In this
regard, it is worth noting that several single nucleotide poly-
morphisms associated with a variety of cancer types have been
identified in the XRCCI gene [reviewed in (34)]. Alterna-
tively, it is possible that the association of XRCCI1 and
LIGIIIa with centrosomes in mitotic cells ensures the redis-
tribution of these key DNA repair proteins to the daughter
cells. Nonetheless, the DNA damage-dependent translocation
of XRCCI1 and LIGHIo from the centrosomes to the meta-
phase chromosomes provides evidence for DNA repair in the
condensed chromatin of mitotic chromosomes. Further ana-
lysis of the roles of XRCC1 and LIGIIIo in centrosome func-
tion and the repair of mitotic chromosomes will be important
for understanding the causes of genomic instability in mitotic
cells.
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