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DNA single-strand breaks (SSB) are one of the most frequent DNA lesions produced by reactive oxygen
species and during DNA metabolism, but the analysis of cellular responses to SSB remains difficult due to the
lack of an experimental method to produce SSB alone in cells. By using human cells expressing a foreign UV
damage endonuclease (UVDE) and irradiating the cells with UV through tiny pores in membrane filters, we
created SSB in restricted areas in the nucleus by the immediate action of UVDE on UV-induced DNA lesions.
Cellular responses to the SSB were characterized by using antibodies and fluorescence microscopy. Upon UV
irradiation, poly(ADP-ribose) synthesis occurred immediately in the irradiated area. Simultaneously, but
dependent on poly(ADP-ribosyl)ation, XRCC1 was translocated from throughout the nucleus, including nu-
cleoli, to the SSB. The BRCT1 domain of XRCC1 protein was indispensable for its poly(ADP-ribose)-depen-
dent recruitment to the SSB. Proliferating cell nuclear antigen and the p150 subunit of chromatin assembly
factor 1 also accumulated at the SSB in a detergent-resistant form, which was significantly reduced by
inhibition of poly(ADP-ribose) synthesis. Our results show the importance of poly(ADP-ribosyl)ation in

sequential cellular responses to SSB.

DNA damage is a continual threat to genetic stability, as
demonstrated by the cancer-prone phenotype of human dis-
eases in which DNA repair is defective. Among various DNA
lesions, single-strand breaks (SSB) are one of the most fre-
quent DNA lesions produced by endogenous reactive oxygen
species or generated by ionizing radiation or through base
hydrolysis (37). SSB are also intermediate products in various
aspects of DNA metabolism, including DNA repair, replica-
tion, and recombination. During base excision repair, SSB are
produced by DNA glycosylases and apurinic/apyrimidinic (AP)
endonucleases at the site of base damage. If SSB are not
properly repaired, they may result in double-strand breaks in
replicating DNA and may also affect transcription (7, 19). In
spite of such harmful effects, however, our knowledge of the
cellular responses to and repair of SSB is still incomplete. One
reason for this is that no experimental procedure that induces
solely SSB in cells has been developed.

In higher eukaryotes, it is known that SSB produced during
base excision repair are processed by two alternative repair
pathways, a DNA polymerase B (PolB)-dependent pathway
and a proliferating cell nuclear antigen (PCNA)-dependent
pathway. Selection of these pathways is considered to be dam-
age and/or dose dependent (12). Poly(ADP-ribosyl)ation, a
posttranslational modification of proteins catalyzed by DNA-
dependent poly(ADP-ribose) polymerase (PARP), occurs very
rapidly in response to SSB. PARP-1 has been proposed to play
a key role in SSB repair by its rapid binding to SSB and
subsequent activation (3). PARP-2 is also activated by SSB and

* Corresponding author. Mailing address: Department of Molecular
Genetics, Institute of Development, Aging and Cancer, Tohoku Uni-
versity, 980-8575 Sendai, Japan. Phone: 81 22 717 8465. Fax: 81 22 717
8470. E-mail: ayasui@idac.tohoku.ac.jp.

3974

participates in the repair of SSB (2, 31). XRCCl is another
protein that plays a central role in the repair of SSB. In bio-
chemical studies, XRCC1 was shown to interact with activated
PARP-1 (8, 22, 31) and PARP-2 (31), OL B (6, 21), DNA
ligase Illa (4, 5), AP endonuclease (39), and polynucleotide
kinase (42). By these interactions, XRCCI is thought to play a
key role in coordinating the DNA OL B-dependent base exci-
sion repair pathway and SSB repair (7).

The repair mechanisms for SSB and base excision repair
proposed so far have mainly been examined in in vitro cell-free
systems reconstituted with purified proteins and/or cell ex-
tracts. Since the actions of the DNA repair proteins are per-
formed at the relevant stage (e.g., on complex chromatin sub-
strates) in time-dependent processes, any in vitro assay tends
to overlook crucial biological processes and effects. To eluci-
date the in vivo repair process of SSB, we previously estab-
lished a nucleotide excision repair-deficient xeroderma pig-
mentosum group A (XPA) cell line expressing Neurospora
crassa UV damage endonuclease (UVDE) (27). UVDE intro-
duces an SSB with a 3'-OH immediately 5’ to UV-induced
cyclobutane pyrimidine dimers, 6-4 photoproducts, and Dewar
photoproducts (13, 16, 33, 44, 45). We showed that in these
cells (XPA-UVDE cells), SSB are produced immediately after
UV irradiation by the action of UVDE on various UV-induced
DNA lesions, and SSB together with UV-induced lesions are
then efficiently repaired (27). A PARP inhibitor, 3-aminoben-
zamide (3-AB), increases the UV sensitivity of the cells, and
XRCCl1-deficient Chinese hamster cells harboring UVDE are
highly UV sensitive, suggesting the involvement of PARP and
XRCC1 in the process of repair of UVDE-induced SSB. We
found that the repair synthesis of the SSB is a long-patch
repair, with a mean patch size of seven nucleotides (27), sug-
gesting that PARP, XRCCl, and aphidicolin-sensitive DNA
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polymerase(s) participate in this SSB repair. Since the cells do
not possess nucleotide excision repair, UV-induced lesions are
processed exclusively by UVDE and subsequent SSB repair.
Thus, the XPA-UVDE cell offers a unique experimental sys-
tem with which to create SSB by UV irradiation.

In order to analyze cellular responses to SSB and dynamic
correlations between DNA repair proteins, we made use of a
recently developed technique to inflict UV damage in re-
stricted small regions of the nucleus (local UV irradiation) for
XPA-UVDE cells. By using antibodies and fluorescence mi-
croscopy, the temporal and spatial behavior of the principal
proteins involved in the repair of SSB were visualized within
the nucleus for the first time.

MATERIALS AND METHODS

Cell lines and culture conditions and cell synchrony. Simian virus 40-trans-
formed human fibroblasts were used in all experiments. XPA-UVDE and XPA-
Vector cells (27) were grown in Eagle’s minimal essential medium (Nissui)
supplemented with 10% fetal bovine serum. Synchrony in G; was achieved by
incubation in mimosine (Sigma) according to the reported procedure used for
human cells (20): cells were incubated in medium containing 0.5 mM mimosine
for 24 h.

DNA transfection. DNA constructs were made according to standard proce-
dures (30). Briefly, the cDNA of full-length XRCC1 as well as various fragments
of XRCC1 were amplified by PCR with 5" and 3’ primers containing Sa/l and
Notl sites, respectively. The amplified DNA fragments were subcloned into the
Xhol and Notl sites of pCY4B-Flag, a modified pCY4B plasmid (26) containing
a chicken B-actin promoter which drives the expression of an in-frame N-termi-
nal Flag peptide tag. Two additional pCY4B-Flag constructs of XRCC1 mutants
having amino acid replacement mutations in the BRCT1 domain were con-
structed by PCR with plasmids pcD2EXH W385D and pcD2EXH LI1360/361 DD
(36) as templates and the same primers used for the full-length XRCC1. The
DNA constructs were verified by sequencing. These plasmids were introduced
into XPA-UVDE cells with Fugene 6 (Roche) according to the manufacturer’s
protocol.

Local UV irradiation. Local UV irradiation was performed essentially as
described previously (17). Cell monolayers in 35-mm glass-bottomed culture
dishes (poly-p-lysine coated; MatTek, Ashland, Oreg.) were covered with a
polycarbonate isopore membrane filter with pores of 3 um in diameter (Milli-
pore) and UV irradiated with a germicidal lamp (GL-10; Toshiba; predominantly
254-nm UV) at a dose rate of 1.82 J/m?/s. The polycarbonate blocks the 254-nm
UV light, and cells are exposed only through the pores of the filter. A filter with
a larger pore size results in larger spots of poly(ADP-ribose) synthesis, indicating
that SSB are produced only at the UV-exposed areas (see Results).

Immunofluorescence microscopy. For immunolabeling, XPA-UVDE or XPA-
Vector cells were grown for 2 days in glass-bottomed culture dishes, and almost
confluent cultures were UV irradiated. To examine the effect of inhibitors of
PARP, cells were incubated for 1 h in medium supplemented with 1,5-dihydroxy-
isoquinoline (DIQ; 100 pM; Sigma) or 3-aminobenzamide (3-AB; 4 mM; Sigma)
before irradiation and washed twice with Hanks’ solution (Nissui) with DIQ or
3-AB. Then the cells were irradiated with UV at 20 J/m? as described above.
After UV irradiation, cells were incubated in medium with DIQ or 3-AB at 37°C
for various periods of time and then fixed with methanol-acetone (1:1) for 10 min
at —20°C. The fixed cells were dried, subsequently rinsed once with TNT buffer
(0.1 M Tris-HCJ, 0.15 M NacCl, 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.
Cells were then incubated with anti-XRCC1 antibody (ab144; Abcam) at a 1:150
dilution in TNB buffer at 30°C for 1 h.

For observation of the Flag-tagged proteins, XPA-UVDE cells grown in dishes
were transfected with the plasmids mentioned above. At 24 h following trans-
fection, cells were treated and UV irradiated as described above. For labeling the
Flag-tagged proteins, rabbit anti-Flag (5 wg/ml; Sigma) was used. Cells treated
with antibodies against XRCC1 and Flag were then washed three times with
TNT buffer and incubated with Alexa Fluor 594 goat anti-rabbit immunoglobulin
G conjugate (Molecular Probes) at a 1:400 dilution in TNB buffer for 1 h. After
washing with TNT buffer, cells were then incubated with anti-poly(ADP-ribose)
(1:200 dilution; Trevigen) or antinucleolin/C23 (1:25 dilution; MS-3; Santa Cruz)
or anti-PARP-1 (1:25 dilution; F-2; Santa Cruz) in TNB buffer for 1 h. After
washing treatments, cells were incubated with Alexa Fluor 488 goat anti-mouse
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immunoglobulin G conjugate (Molecular Probes) at a 1:400 dilution in TNB
buffer for 1 h. Cell samples were then mounted in drops of PermaFluor (Immu-
non), and coverslips were added. Confocal imaging was performed with an
Olympus FV-500 confocal laser system connected to an Olympus microscope
(IX81) with a 60X oil immersion objective lens (PlanApo).

For double staining of PCNA and CAF-1 p150, cells were further treated
before fixation with ice-cold detergent solution (0.5% Triton X-100, 0.2 mg of
EDTA per ml, and 1% bovine serum albumin in phosphate-buffered saline) for
15 min and washed with phosphate-buffered saline. Then cells were fixed with
methanol-acetone and treated as described above. Cells were labeled succes-
sively with anti-PCNA (1:25 dilution; FL-261; Santa Cruz), Alexa Fluor 594 goat
anti-rabbit immunoglobulin G conjugate, anti-CAF-1 p150 monoclonal antibody
(1:250 dilution; SS1; a kind gift from B. Stillman, Cold Spring Harbor Labora-
tory), and Alexa Fluor 488 goat anti-mouse immunoglobulin G conjugate. Nu-
clear DNA was counterstained with 4’,6'-diamidino-2-phenylindole (DAPI;
Wako; 0.5 pg/ml). Cell samples were mounted, and coverslips were added as
described above. Fluorescence microscopic images were obtained with a Leica
model DMLB30. Images were captured by charge-coupled device camera
(DC250; Leica) and colored with Qfluoro software (Leica).

RESULTS

Local and immediate poly(ADP-ribose) synthesis following
UVirradiation in XPA-UVDE cells through a membrane filter.
We have previously shown, by Western blotting and alkaline
gel analysis, that rapid and transient poly(ADP-ribose) (PAR)
synthesis occurs in XPA-UVDE cells after UV irradiation due
to the activation of PARP by the SSB produced by UVDE at
UV-induced DNA lesions (27). Here, we covered XPA-UVDE
cells in a culture dish with an isopore membrane filter and
irradiated the cells with UV (20 J/m?) through small pores
(pore size, 3 wm) randomly distributed in the filter. This irra-
diation method was recently used to analyze protein assembly
in repair of UV-induced DNA damage (17, 41). This method
applied to cells expressing UVDE enabled us to induce SSB
only at the UV-irradiated spots by the action of UVDE on
UV-induced DNA lesions. In the same way as previously re-
ported (15), we roughly estimated that the number of SSB
introduced in the present experimental conditions (20 J/m?)
was on the order of 10* per irradiated spot.

After local UV irradiation, cells were fixed and then immu-
nolabeled with antibodies against PAR. Before irradiation, no
evident PAR was observed (Fig. 1a, upper panel). Two minutes
after irradiation, PAR synthesis was observed in restricted
spots in the nucleus with diameters comparable to the pore size
(Fig. 1b, upper panel). Ten minutes after irradiation, the siz-
able amount of PAR in the spots had faded away (Fig. 1c,
upper panel), and 30 min after irradiation, these spots were
almost indiscernible (Fig. 1d, upper panel). In irradiated XPA
cells harboring empty vector plasmid (XPA-Vector cells), no
PAR synthesis was observed (Fig. 1f, upper panel).

In the presence of DIQ (100 wM), an inhibitor of PARP
which is known to be superior in potency and specificity to
monoaryl amide inhibitors such as 3-AB (40), PAR was not
detected (Fig. e, upper panel). PAR was also not observed in
the presence of 3-AB (4 mM; data not shown). These results,
together with the previously published data (27), indicate that
SSB are produced at the UV-irradiated area through small
pores and that activation of PARP is restricted only to the
small areas where SSB are induced. The degradation of PAR
occurred very rapidly, which may be attributable to the activity
of poly(ADP-ribose) glycohydrolase (9).
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FIG. 1. Fluorescent micrographs of XPA-UVDE and XPA-Vector cells, doubly immunolabeled for PAR and XRCC1. The columns from a to
e show XPA-UVDE cells, and f shows XPA-Vector cells, before irradiation (a), 2 min after local UV irradiation with 20 J/m? (b and f), and 10
and 30 min after local UV irradiation (c and d, respectively). Cells were fixed and costained with anti-PAR antibody (upper row in green) and
anti-XRCCI1 antibody (middle row in red). Colocalization of PAR and XRCC1 is shown (bottom row in yellow). Column e is DIQ-treated

XPA-UVDE cells fixed 2 min after local UV irradiation. Bar, 10 pm.

Poly(ADP ribosyl)ation-dependent accumulation of XRCC1
in SSB. Before irradiation, XRCC1 was found in many small
dots of various sizes in addition to a faint background in the
nucleus (Fig. 1a, middle panel, and see the next section). Two
minutes after irradiation, XRCC1 had already accumulated at
the irradiated spots (Fig. 1b, middle panel), which completely
overlapped the sites of synthesis of PAR (Fig. 1b, bottom
panel), while the amount of XRCC1 in unirradiated nuclear
regions had drastically decreased (Fig. 1b, middle panel). This
shows that, upon UV irradiation, XRCC1 translocated from
the unirradiated nuclear region to the irradiated spots. In
XPA-Vector cells, the recruitment of XRCC1 was not ob-
served after irradiation (Fig. 1f, middle panel). In the presence
of DIQ (Fig. le, middle panel) or 3-AB (data not shown), no
translocation of XRCCI1 to the irradiated spots was observed
in XPA-UVDE cells. These results indicate that the synthesis
of PAR at the sites of SSB is a prerequisite for XRCC1 accu-
mulation at SSB and also that the translocation of XRCCl1
from throughout the nucleus to SSB is triggered by the syn-
thesis of PAR. In contrast to PAR, the intensities of the spots
of XRCCI1 were not drastically changed 10 and 30 min after
irradiation (Fig. 1c and 1d, middle panels, respectively).

Distribution of XRCC1 and PARP-1 in nucleoli and nucle-
oplasm. As shown in the previous section, XRCC1 was distrib-
uted throughout the nucleus of unirradiated cells. We found
that a part of XRCC1 was located in relatively large foci (Fig.
2Aa, top). These foci were identified as the nucleoli by costain-

ing the cells with antibody to the nucleolar protein nucleolin
(14) (Fig. 2Aa, middle and bottom panels). In HeLa cells
harboring larger nucleoli, the presence of XRCCl1 in the nu-
cleoli was much more evident (Fig. 2Ad). Two minutes after
irradiation, most of the XRCC1 present in the nucleoli as well
as in the nucleoplasm had translocated to the irradiated sites
(Fig. 2Ab). In XPA-Vector cells, no discernible translocation
of XRCC1 was observed after irradiation (Fig. 2Ac).

PARP-1 is known to be present in the nucleolus (11). By
costaining with antibodies against XRCC1 and PARP-1, both
proteins were shown to be colocalized in nucleoli (Fig. 2Be,
bottom panel). In contrast to XRCC1, no location change from
the nucleoli was observed for PARP-1, nor was any accumu-
lation of PARP-1 found in the irradiated spots (Fig. 2Bf).

In situ determination of domain in XRCC1 responsible for
recruitment to SSB. In order to identify which part of XRCCl1
is necessary for the recruitment to SSB sites in situ, we used
deletions and site-specific mutagenesis. A series of expression
constructs harboring various XRCC1 fragments and two
BRCT1 domain mutants with amino acid replacement muta-
tions (W385D and LI360/361DD) were tagged with the Flag
epitope at the NH, terminus and transiently expressed in
XPA-UVDE cells. They were then assayed for their ability to
be recruited to the PAR-synthesized spots (Fig. 3). As shown
in Fig. 3Aa, the full-length Flag-XRCC1 accumulated in nu-
clear foci in transfected cells, as described previously (35).
However, Flag-XRCC1 was not present in nucleoli, nor was
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FIG. 2. Nuclear distribution of XRCC1 and PARP-1 before and after local UV irradiation. (A) Double immunolabeling for nucleolin and
XRCC1 in XPA-UVDE cells, XPA-Vector cells, and HeLa cells. Panels in column a are unirradiated XPA-UVDE cells, b and ¢ are XPA-UVDE
and XPA-Vector cells fixed at 2 min after local UV irradiation (20 J/m?), respectively, and panels in column d are unirradiated HeLa cells. Panels
in the upper and middle rows correspond to XRCCI1 (red) and nucleolin (green), respectively. Panels in the bottom row represent an overlay of
the panels from the upper and middle rows. Colocalization of the two proteins appears yellow. (B) Double immunolabeling of XPA-UVDE cells
for XRCC1 (red in the upper-row panels) and PARP-1 (green in middle-row panels); panels in the bottom row are the corresponding overlay;
colocalization of the proteins appears yellow. Panels in column e are unirradiated cells, and those in f are cells at 2 min after local UV irradiation

(20 J/m?). Bar, 10 pum.

XRCC1 which had been tagged with green fluorescent protein
(GFP) at the carboxyl terminus located in nucleoli (data not
shown), suggesting that the nucleolar distribution of XRCCl1
may be very sensitive to its modification.

UV irradiation of the transfected cells initiated accumula-
tion of the Flag-XRCC1 to the irradiated spots (Fig. 3Ab,
middle), which coincided with the spots for PAR accumulation
(Fig. 3Ab, bottom panel) and was inhibited by DIQ treatment
(Fig. 3Ac). Almost the same results as those obtained for the
full-length XRCC1 were obtained by transfection of XRCCl1
fragment 242 to 403 (Fig. 3Ad, e, and f). In XPA-Vector cells,
UV-induced assembly of the full-length XRCC1 and the
XRCC1(242-403) to the irradiated spots was not observed
(data not shown). XRCCI1 fragments containing the BRCT1
domain (1 to 537 and 242 to 633) were found to accumulate at
spots after irradiation (Fig. 3B), while XRCC1 fragments de-
void of the BRCT1 domain (1 to 300) and XRCC1 fragments
having an incomplete BRCT1 domain (1 to 378 and 242 to 378)
were not recruited to irradiated spots after irradiation (Fig.
3B).

Transfected XRCC1 fragment containing the BRCT2 do-
main (538 to 633) without the nuclear localization signal (22)
was diffusely distributed throughout the cell, including the nu-
cleus, and was not recruited to the irradiated spots after irra-
diation (data not shown). Significantly, two BRCT1 domain
mutants corresponding to the mutants of the BRCT2 domain
shown previously to disrupt its folding (46) or activity (24, 34)
were not recruited to irradiated spots (Fig. 3B). These results
indicate that the BRCT1 domain, the site for interacting with

poly(ADP-ribosyl)ated PARP-1 (22) and PARP-2 (31), plays a
crucial role in the recruitment of XRCCl1 to SSB.

In situ visualization of assembly of PCNA and CAF-1 at
SSB. PCNA is known to take a detergent-resistant chromatin-
bound form during S phase and also after DNA damage in-
duced by UV (18), hydrogen peroxide, or alkylating drugs (12).
Chromatin assembly factor 1 (CAF-1) is a histone chaperone
that has a role in chromatin assembly during DNA replication
and nucleotide excision repair (18). CAF-1 p150 interacts di-
rectly with PCNA (23, 32). Involvement of PCNA and the
largest subunit (p150) of CAF-1 in the repair of SSB was
analyzed in our cell system. Cells were irradiated, permeabil-
ized with Triton X-100, fixed, and then analyzed by immuno-
fluorescence microscopy.

In unirradiated control cells, about 34% of nuclei were
found to be in S phase, each having detergent-resistant PCNA
and CAF-1 p150 throughout the nucleus (red-stained PCNA
and green-stained CAF-1 p150 in Fig. 4Aa, first and second
upper panels). Following local irradiation of the cells, deter-
gent-insoluble PCNA and CAF-1 p150 were detected at irra-
diated spots in cells not in S phase (Fig. 4Ab). The spots
overlapped each other (Fig. 4Ab). Cells synchronized in G,
phase by treatment with mimosine were also examined. In
these cells, S-phase nuclei disappeared almost completely
(data not shown). After irradiation, detergent-resistant spots
were observed in every nucleus (Fig. 4Be), while these spots
were not observed in either asynchronous or G,-phase cells
after irradiation in XPA-Vector cells (Fig. 4Ad and Bf). Thus,
the observed detergent-resistant PCNA and CAF-1 p150 do
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FIG. 3. In situ determination of XRCC1 domains necessary for its recruitment to SSB. (A) Double immunolabeling of PAR and Flag-tagged
full-length XRCC1 and XRCC1 fragment after local UV irradiation (20 J/m?). Panels in the columns from a to c are f cells transfected with
full-length XRCC1 tagged with Flag, and those from d to f are the cells transfected with the Flag-tagged XRCC1 fragment which comprises amino
acids 242 to 403 of XRCC1. Columns a and d are unirradiated cells; b and e are cells fixed 2 min after local UV irradiation (20 J/mz); cand f are
DIQ-treated cells fixed at 2 min after local UV irradiation (20 J/m?). Not all the cells express the gene. Cells were costained with anti-PAR (panels
in the upper row, green) and anti-Flag epitope (panels in the middle row, red). The corresponding fluorescent images were superimposed onto
the Nomarski images and are shown in the bottom row. Colocalization appears yellow. Bar, 10 wm. (B) Schematic representation of the ability to
be recruited to SSB for deletion and site-specific mutations of XRCC1 polypeptides, all tagged with Flag at the NH, terminus. Thick lines below
the schematic drawing of XRCC1 protein represent the deleted fragments; the corresponding numbers at the right-hand side are the amino acids
at both ends of the polypeptides. Two mutants having amino acid replacement mutations are also shown here. The results are given at the extreme
right-hand side. The reported binding proteins of XRCC1 are shown uppermost. The N-terminal domain (NTD) contains the binding site for OL
B, and the BRCT domains contain the binding site for PARP-1, PARP-2, and ligase IIla. NLS, bipartite nuclear localization signal.

not reflect DNA replication in S-phase cells but do reflect was residual accumulation of both proteins at irradiated spots
SSB-dependent accumulation and suggest that a PCNA-de- (Fig. 4Ac). These data suggest that the accumulation of PCNA
pendent process is accompanied by chromatin-assembly medi- and CAF-1 p150 at SSB depends partially on PARP activation.
ated by CAF-1.

To our surprise, in the presence of DIQ, the accumulation of
PCNA and CAF-1 was significantly reduced. This indicates
that both proteins accumulate at PARP-activated SSB sites. SSB are very frequent DNA lesions, but their actual repair
However, in contrast to XRCC1, the assembly of PCNA and processes in living cells and the physiological significance of
CAF-1 p150 was not completely blocked by DIQ, and there poly(ADP-ribosyl)ation associated with SSB repair are not

DISCUSSION
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FIG. 4. In situ visualization PCNA and CAF-1 p150 at SSB. (A) Double immunolabeling for PCNA and CAF-1 p150 in asynchronous cells.
Panels in column a are unirradiated XPA-UVDE cells; those in ¢ are DIQ-treated XPA-UVDE cells fixed at 2 min after local UV irradiation (20
J/m?). Those in column b are XPA-UVDE cells fixed at 2 min after local UV irradiation (20 J/m?); those in d are XPA-Vector cells fixed at 2 min
after local UV irradiation (20 J/m?). Panels in the uppermost row are cells immunolabeled for PCNA (red), whereas those in the second row are
cells immunolabeled for CAF-1 p150 (green); both proteins were in the detergent-resistant form, as described in Results. Colocalization of the
proteins appears yellow, as seen in the third row for the overlay of the corresponding panels. The nuclei were stained with DAPI and are shown
in the bottom row. Bar, 10 um. (B) Double immunolabeling for PCNA and CAF-1 p150 in G;-phase cells. XPA-UVDE (column e) and
XPA-Vector (column f) cells were treated with mimosine as described in Materials and Methods. Cells were exposed to local UV irradiation (20
J/m?) and incubated for 2 min, then doubly immunolabeled for PCNA (uppermost row, red) and for CAF-1 p150 (second row, green); both
proteins were in the detergent-resistant form as described in Results. Colocalization of the proteins appears yellow, as seen in the third row for
the overlay of the corresponding panels. The nuclei were stained with DAPI (bottom row). Bar, 10 pm.

well understood. To address these questions, we applied local
UV irradiation to the previously established human XPA-
UVDE cells, which are completely deficient in nucleotide ex-
cision repair but express UVDE, which introduces nicks im-
mediately 5’ to various UV-induced lesions, leaving 3'-OH and
5'-P UV damage. This experimental system enabled us to
produce SSB with a 5’ block and 3'-OH when and where the
cells are irradiated with UV (27). Poly(ADP-ribosyl)ation of
proteins by PARP and its automodification have been shown
to be produced by SSB and are involved in various processes
associated with physiology and pathophysiology (3). Our
present in situ results directly demonstrate that a physiological
significance of poly(ADP-ribosyl)ation is the recruitment of
DNA repair proteins to the sites of SSB, as has been presumed
from in vitro studies (29, 42).

First of all, by production of SSB at the UV-irradiated areas

in the nucleus, we demonstrated that the transient synthesis of
PAR occurs at the restricted area of SSB in the actual context
of the nucleus (Fig. 1). This may be the first in situ visual
demonstration of the widely accepted model for PARP activa-
tion based on in vitro results. Second, we showed that before
UV irradiation, XRCC1 protein was present throughout the
nucleus, including nucleoli (Fig. 2). Park et al. reported that
XRCCI1 was not observed in the nucleolus (28). This discrep-
ancy may be due to the difference in the fixation procedures
and/or antibodies used in the experiments. The binding of
XRCC1 to the structural component of the nucleolus may be
weak, as tagged constructs of XRCC1 were not observed in the
nucleolus. XRCC1 has been proposed to serve as the molec-
ular scaffold or docking platform for other repair proteins (7,
21). Nucleoli may simply be a storage place for XRCC1. How-
ever, it is tempting to consider that this nucleolar localization
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may be responsible for some other unidentified functions of
XRCC1 in transcription or recombination, as proposed previ-
ously (37, 39).

Depending on the presence of PAR at SSB, XRCC1 is
recruited very rapidly and efficiently from throughout the nu-
cleus distant from the sites of SSB (Fig. 1 and 2). In accordance
with these results, after treatment of HeLa cells with H,O, the
distinct nucleolar XRCC1 disappeared, suggesting that H,O,-
induced SSB also recruit XRCC1 (data not shown). Our results
suggest that XRCC1-mediated repair is considerably impaired
in PARP-deficient cells compared with wild-type cells. In
agreement with this, the high sensitivity of PARP-1 knockout
mice and the derived mouse embryonic fibroblasts to alkylating
agents and gamma irradiation (38) and prolonged delays in
SSB repair in PARP-1- and PARP-2-deficient cells following
treatment with alkylating agents (31, 38) have been reported.

The region near the N terminus of XRCC1 binds to OL B
(21), and the BRCT2 domain at the C terminus of XRCCl1
binds to DNA ligase IIla (25). By deletion analysis along with
site-specific mutagenesis, we demonstrated that the BRCT1
domain of XRCCI1 protein, the interaction site with poly-
(ADP-ribosyl)ated PARP-1 (22) and PARP-2 (31), is respon-
sible for its recruitment to SSB (Fig. 3). Thus, the ability of
XRCCI to bind SSB, OL B, and DNA ligase IIla was not
necessarily required for its recruitment to SSB (Fig. 3). The
C-terminal portion of the BRCT1 domain of XRCC1 (379 to
400; PAR-binding site) has recently been reported to interact
noncovalently with PAR (29). Our present results showed that
XRCC1 fragments 1 to 378 and 242 to 378 devoid of the
PAR-binding site were not recruited after irradiation (Fig. 3).
Thus, the site for interacting with PAR may play an essential
role in the recruitment of XRCC1 to SSB.

Two XRCCI1 mutants (XRCC1W385D and LI360/361DD)
could not repair SSB in G, or S/G, phase (36), while the
XRCC1 W385D mutant still bound to OL B and DNA ligase
I in vitro (36). We showed that these mutant XRCC1 forms
were not recruited to SSB (Fig. 3). These results, together with
the deletion data, strongly suggest that the ability of XRCC1 to
bind to activated PARP plays an indispensable role in both G,-
and S/G,-specific repair. In striking contrast to XRCC1, no
discernible translocation of PARP-1 to the SSB was observed
after local irradiation (Fig. 2B). This may be due to the amount
of PARP-1, which is normally present in considerable molar
excess (threefold) compared with XRCC1 (37), or may be due
to the accumulation of many XRCC1 molecules in one poly-
(ADP-ribosyl)ated PARP at SSB.

We showed that a PCNA-dependent process is involved in
the repair of the SSB introduced by UVDE (Fig. 4). This is
consistent with our previous result showing that after whole-
cell UV irradiation with 20 J/m? repair synthesis was de-
creased to about 30% by aphidicoline, suggesting polymerase
d/e-dependent long-patch repair for UVDE-induced SSB (27).
Our present results suggest that this pathway is accompanied
by chromatin assembly mediated by CAF-1 (Fig. 4). This is the
first demonstration that the chromatin assembly mediated by
CAF-1 is involved in the process of SSB repair in vivo. The
recruitment of both PCNA and CAF-1 p150 was reduced in the
absence of PAR at the sites of SSB. In contrast to XRCC1, the
assembly of PCNA with SSB does not fully depend on the
synthesis of PAR (Fig. 4). These results are in harmony with a
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model to explain the function at the molecular level: by PARP
activation at SSB, the relaxation or opening-up of chromatin
superstructure by covalent or noncovalent modification of hi-
stones by PAR occurs, allowing access for the DNA repair
machinery to the SSB (1, 10). In the presence of PARP inhib-
itors, PARP-1 and probably histones would remain bound to
SSB and may partially block the access of the PCNA-loading
machinery and CAF-1, thereby reducing the assembly of these
proteins at SSB. Our results indicate the involvement of PAR
synthesis in the PCNA-dependent repair of SSB.

Sequential assembly of repair proteins at the sites of DNA
damage has been considered to enable various DNA repair
systems to work quite effectively. So far, in vitro studies with
purified proteins and cell extracts along with structural studies
have clarified many features and provided various models for
base excision repair and SSB repair processes (7, 42, 43). Our
in situ results show that SSB repair is a sequential process in
which the order of protein assembly is regulated by PAR.
Although many questions concerning the processes by which
SSB are repaired remain open, our experimental system pro-
vides a powerful tool for understanding the spatial and tem-
poral aspects of the cellular responses to SSB in situ, as exem-
plified here.
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