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ABSTRACT

Recruitment of RAD18 to stalled replication forks
facilitates monoubiquitination of PCNA during
S-phase, promoting translesion synthesis at sites
of UV irradiation-induced DNA damage. In this
study, we show that RAD18 is also recruited to
ionizing radiation (IR)-induced sites of DNA
double-strand breaks (DSBs) forming foci which
are co-localized with 53BP1, NBS1, phosphorylated
ATM, BRCA1 and c-H2AX. RAD18 associates
with 53BP1 and is recruited to DSB sites in a
53BP1-dependent manner specifically during
G1-phase, RAD18 monoubiquitinates KBD domain
of 53BP1 at lysine 1268 in vitro. A monoubiquitina-
tion-resistant 53BP1 mutant harboring a sub-
stitution at lysine 1268 is not retained efficiently
at the chromatin in the vicinity of DSBs. In Rad18-
null cells, retention of 53BP1 foci, efficiency of
DSB repair and post-irradiation viability are
impaired compared with wild-type cells. Taken
together, these results suggest that RAD18 pro-
motes 53BP1-directed DSB repair by enhancing
retention of 53BP1, possibly through an interaction
between RAD18 and 53BP1 and the modification
of 53BP1.

INTRODUCTION

Genetic screening of Saccharomyces cerevisiae mutants
has shown that RAD18, a RING-type (E3) ubiquitin
ligase, is involved in the post-replication repair pathway
(1). Yeast RAD18 mutants are hypersensitive to various
DNA-damaging agents, including UV light, g rays and
certain chemicals (2). Mammalian RAD18 also plays
a crucial role in post-replication repair. In human cells,
only one homolog of RAD18 has been identified (3).
Rad18-knockout mouse embryonic stem cells and chicken
DT40 cells are sensitive to various DNA-damaging agents
and display enhanced genomic instability (4,5). Similar
to its yeast homolog, human RAD18 forms a complex
with RAD6 (an E2 ubiquitin-conjugating enzyme) and
monoubiquitinates proliferating cell nuclear antigen
(PCNA) at replication forks that are stalled by
UV-induced (and other) DNA lesions (6,7).

We previously demonstrated that RAD18 rapidly trans-
locates to the nuclei of UV-irradiated mammalian cells,
accumulating at sites of stalled replication as discrete
observable foci. Fluorescence microscopy has shown
that these foci colocalize with DNA polymerase Z
(PolZ) and PCNA. We found that human RAD18 also
translocates to the nucleus in response to replication
stress induced by dNTP depletion or the acquisition
of double-strand DNA breaks (DSBs) (8). When stalled
replication forks cannot be resolved and collapse to
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generate DSBs, vertebrate RAD18 facilitates homologous
recombination at the sites of breakage, reducing the
cytotoxic effect of DSB-inducing agents (9).

Recently, it was demonstrated that RAD18-null
HCT116 cells are sensitive to both X-ray irradiation and
camptothecin, due to the defective repair of single-strand
DNA breaks that arise during S-phase (10). These obser-
vations indicate that mammalian RAD18 responds to a
numerous forms of DNA damage in addition to that
induced by UV irradiation. In X-irradiated cells, PolZ
focus formation and PCNA monoubiquitination have
not been observed (10,11). In contrast with PolZ and
ubiquitinated PCNA, which are unresponsive to DSBs,
RAD18 is rapidly dispersed throughout the nucleus
following X-ray irradiation, and it exhibits dynamic
behavior similar to that observed in UV-irradiated cells.
These findings suggest that RAD18 is involved in
the cellular response to DSBs via PCNA- and PolZ-
independent mechanisms. However, the sensitivity of
Rad18-null mouse embryonic stem cells and fibroblasts
to IR is not significantly higher than that of wild-type
(wt) cells (4,12); thus, the putative role of RAD18 in
the response to DSBs is unclear.

Therefore, in the present study, we investigated the
regulation and function of RAD18 in response to DSBs.
In cells exposed to DSB-inducing agents, many proteins
involved in the DNA damage-response pathway, includ-
ing BRCA1, MRE11/NBS1/RAD50 and 53BP1, accumu-
late in nuclear foci. These foci have been designated
IR-induced nuclear foci (IRIFs) (13,14). g-H2AX, which
is immediately phosphorylated at its C-terminus in
response to DSBs, plays a crucial role in regulating
IRIF formation. Many components of IRIFs colocalize
with g-H2AX foci, and g-H2AX is required for the
retention of NBS1 and 53BP1 at DSBs (15). IRIF forma-
tion is thought to be vital for cellular DNA repair and
the activation of DNA-damage checkpoints (16). The
function of RAD18 in IR-irradiated cells and the potential
targets of its E3 ligase activity are unknown. Therefore,
in the present study we sought to identify the role of
RAD18 in the DSB response, and to determine the rela-
tionship between IRIFs and RAD18 foci. The results
presented here identify 53BP1 as a novel substrate of
RAD18-directed E3 ligase activity and demonstrate the
key role of mammalian RAD18 in maintaining 53BP1
IRIFs. Importantly, we show that Rad18-null mouse
embryonic fibroblasts (MEFs) exhibit defects in DSB
repair. Taken together, these results suggest that RAD18
plays a critical role in the DSB damage-response pathway.

MATERIALS AND METHODS

Antibodies (Abs)

Abs specific for Ser139-phosphorylated histone H2A.X
and Ser10-phosphorylated Histone H3 were purchased
from Upstate. Abs specific for ATMpS1981 and BRCA1
(Ab-1) were purchased from Rockland and Oncogene,
respectively. Monoclonal anti-FLAG (M5) Abs were
purchased from Sigma, while monoclonal anti-nibrin

(C-19), �HA and c-Myc Abs were purchased from
Santa Cruz Biotechnology. Monoclonal Abs against
53BP1 (BP13 and BP18) were purchased from Upstate,
whereas polyclonal Abs against 53BP1 (Ab-1) were
obtained from Oncogene. The rabbit polyclonal Abs
against human and mouse RAD18 are described elsewhere
(4,6).

Cell lines

Rad18-null and wt mouse fibloblasts have been described
elsewhere (6). To obtain stable transformants of
Rad18-null cells expressing wt Rad18, or zinc-finger or
RAD6-binding domain deletion derivatives of Rad18,
Rad18-null cells were cotransfected with pcDNA3.1/
Hygro (Invitrogen) and vectors containing wt or mutant
pCAGGS-Rad18. Cells were selected with hygromycin
B (50 mg/ml), and surviving colonies were cloned.
Expression of transgenes was confirmed by immunofluo-
rescence staining and western blotting using anti-mouse
Rad18 Abs. Mouse embryonic fibroblasts (MEFs) were
isolated from mouse embryos taken from C57BL6/J
mothers at 13.5 days of gestation. 53BP1-null MEFs
were kindly provided by Dr J.Chen. DNA-PK Inhibitor
II (NU7026) and bleomycin were purchased from
Calbiochem.

Cell synchronization and X-ray survival assay

For synchronization of HeLa cells, the double thymidine
block method was used. In brief, after thymidine was
added at a concentration of 1mM, cells were cultured
for 24 h, and then cultured for 8 h in normal medium.
After a second addition of thymidine at 1mM, cells
were cultured for 14 h. These cells were then cultured
again in normal medium, thereby releasing them from
cell cycle arrest at G1/S. FACS analysis was used to
verify the cell synchronization. HeLa cells enriched in
G1, S and G2/M phase populations were X-irradiated
with 5Gy and incubated for 1 h prior to analysis by
immunofluorescence microscopy. To enrich for quiescent
(G0) populations, mouse fibroblasts were cultured in
medium containing 0.1% fetal bovine serum (FBS)
for 6–7 days. The resulting G0 cells were reseeded in
culture medium with or without 10 mM NU7026 contain-
ing 10% FBS 1.5 h prior to X-irradiation. Sixteen hours
following X-ray irradiation, the culture medium was
replaced with fresh medium and 5 days later, surviving
colonies of cells were counted. These survival assays
were performed in triplicate for each X-ray dose. 53BP1
deficient DT40 cells were previously described (24).
Targeting constructs for chicken Rad18 were designed
as previously described (5). DT40 cells were cultured in
RPMI1640 medium (Nissui) supplemented with 10% fetal
calf serum (Valley Biomedical Inc.), 1% chicken serum
(Medical and Biological Laboratories) and 10 mM
b-mercaptoethanol at 39.58C. X-irradiation at 150 kV
and 20mA was performed at a dose rate of 1.9 Gy/min
with an X-ray irradiator (Hitachi Medico). The colony
formation assay was performed as previously described
(24). Briefly, an appropriate number of cells was plated

Nucleic Acids Research, 2009, Vol. 37, No. 7 2177



in 1.5% methylcellulose (Sigma)-containing medium
immediately after irradiation. After incubation at 39.58C
for 7 days, the surviving cell fractions were calculated by
comparing the numbers of colonies formed in the irra-
diated cultures with those in an unirradiated control.
For G1 phase synchronization, DT40 cells were treated

with 1.0 mg/ml nocodazole (Sigma) for 8 h, washed three
times with phosphate-buffered saline (PBS) containing
5% calf serum, and then cultured in medium containing
0.8mM mimosine (Sigma) for 8 h. Synchronized cells
were washed three times as described above and cultured
in medium to release them into the cell cycle.

Plasmids, oligonucleotides and recombinant proteins

The bacterial expression vectors pGEX-3X-53BP1-N1,
-N2, -N3, -N4, -C�BRCT and -BRCT were previously
described (19). Purification of the six GST fusion proteins
encoded by the bacterial expression vectors was also
previously described (19).
To obtain bacterially produced KBD-HA, we used PCR

to generate a DNA fragment encoding amino-acid resi-
dues 1235–1616 of 53BP1 with a 30 HA epitope tag. The
product was inserted into the BamHI sites of pGEX6P-1.
KBD-K1268R and -K1516R mutant were obtained by
PCR using site-directed mutagenesis. The bacterially
expressed GST-KBD-HA fusion protein was purified
on Glutathione–Sepharose 4B resin (Amersham). If
necessary, the GST moiety was subsequently removed
from the fusion protein using PreScission Protease
(Amersham). C-terminal myc-tagged wt or mutant
RAD18 expression vectors were described elsewhere
(6,41). Stealth siRNA specific for 53BP1 (50-CUGAAAG
CCAGGUUCUAGAGGAUGA-30) and control Stealth
siRNA (50-CUGCGAGACUUGAUCGAGAGAAUG
A-30) were synthesized by Invitrogen Life Technologies.
Stealth siRNAs specific for RAD6A, 6B (described for
UBE2A, 2B, respectively) were purchased from
Invitrogen Life Technologies. Cells were transfected
with Stealth siRNA duplexes using Oligofectamine (Invi-
trogen) according to the manufacturer’s instructions. To
generate pEGFP-53BP1-C, pCMH6K53BP1 was digested
with BamHI and XhoI and the 30-fragment of 53BP1 was
inserted into the BglII-SalI sites of pEGFP-C3 (Clontech).
GFP-mouse53BP1-K1253R, pEGFP-53BP1-C-K1268R
and pCMH6K53BP1-C-K1268R were obtained by PCR
using site-directed mutagenesis. GFP-m53BP1 was a kind
gift from Dr Y. Adachi.

In vitro ubiquitination assays

Wild-type and mutant RAD18–RAD6B complexes were
purified from baculovirus-infected Sf9 cells (6) and then
mixed with 100 ng E1, ubiquitin, GST-ubiquitin (Boston
Biochem), and/or bacterially expressed KBD-HA in 30 ml
reaction buffer (25mM Tris–HCl, pH 7.6, 5mM MgCl2,
2mM ATP, 0.5mM dithiothreitol). After incubation
for 30min at 308C, the reaction was stopped by the addi-
tion of SDS sample buffer, and the products were
analyzed by western blotting with an anti-HA Ab.

Immunofluorescence analysis

Cells were washed twice with PBS, treated with 0.2%
Nonidet P-40, and incubated on ice for 5min. After
incubation with NP-40, cells were pre-fixed with 3.7%
formaldehyde in PBS for 5min, washed again with PBS,
and fixed with 80% methanol for 10min at –208C. Cells
were stained with a specific primary Ab, then stained with
species-specific Alexa Fluor 488 (Molecular Probes) or
a rhodamine-conjugated secondary Ab (Cappel) and
observed with a confocal laser-scanning microscope
(FV300, Olympus).

In the case that cells containing RAD18 or 53BP1
foci per nucleus were scored, at least 100 cells per time
point were analyzed for each experiment, and experiments
were performed in triplicate.

Confluent MEF cells were used for g-H2AX foci analy-
sis. The cells were X irradiated (2Gy) and then fixed after
various lengths of time. The g-H2AX foci were visualized
by immunofluorescence staining, and the number of
g-H2AX foci per nucleus was counted. At least 40 cells
per time point were analyzed for each experiment, and
experiments were performed in triplicate.

Immunoprecipitation

Cells were homogenized in Buffer A (20mM HEPES,
pH 7.5, 10mM KCl, 1mM MgCl2, 10% glycerol, 0.1%
Nonidet P-40 and 1mM phenyl methyl sulfonyl fluoride
[PMSF)]) in a Dounce homogenizer on ice, and the nuclei
were sedimented by centrifugation at 1000 rpm for 5min.
After the supernatant fraction was removed, the nuclear
extracts were prepared by extraction with Buffer A con-
taining 300mM NaCl. For immunoprecipitation, nuclear
extracts were mixed with an equal volume of Buffer A
and pre-cleared with protein G-Sepharose (Amersham)
for 30min. The pre-cleared nuclear extracts were
incubated with pre-immune serum, anti-53BP1 Ab
(Oncogene), or anti-RAD18 Ab for 2 h, and then
immunoprecipitated with protein G-Sepharose at 48C.
The precipitated products were analyzed by western
blotting.

Pull-down assay

Recombinant GST-fused 53BP1 fragments bound to
Glutathione–Sepharose 4B were incubated with HeLa
cell lysates in lysis buffer (Buffer B; 50mM Tris–HCl,
pH 7.5, 150mM NaCl, 0.2% Triton-X, 50mM NaF,
protease inhibitors). The beads were washed extensively
with Buffer B, and bound proteins were analyzed by
western blotting with an anti-RAD18 Ab. To examine
the direct interaction between GST-RAD18 and
KBD-HA in vitro, GST-RAD18 was overexpressed in
Sf9 insect cells and purified using Glutathione–
Sepharose 4B. Purified GST or GST-RAD18 was
incubated with purified KBD-HA in buffer consisting of
50mM HEPES, pH 7.5, 10mM NaCl, 0.2% Triton X,
5% glycerol and 1mM DTT at 48C. Glutathione–
Sepharose 4B was added to the reaction mixture, and
the retrieved KBD-HA was analyzed by western blotting
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using an anti-HA Ab. COS7 cells were transfected
with RAD18-myc or RAD18C207F-myc and lysed in
Buffer B. The lysates were incubated with recombinant
GST-53BP1-N1 or GST-53BP1-C�BRCT bound to
Glutathione–Sepharose 4B. Precipitated proteins were
analyzed by western blotting using an anti-myc Ab.

Isolation of the chromatin-enriched fractions

For immunostaining of salt-resistant IR-induced 53BP1
foci, cells were exposed to 5Gy of X-ray, harvested 1 h
later, and then treated with 40 mg/ml cycloheximide. One
or three hours after addition of cycloheximide, cells
were washed with cold PBS and then incubated on ice
for 0.5 h in TNE buffer consisting of 50mM Tris, pH
8.0, 300mM NaCl, 1mM EDTA, 0.2% Nonidet P-40,
1mM PMSF, 1 mg/ml aprotinin, 10 mg/ml each pepstatin
and leupeptin, and 50mM NaF. After fixation of the cells,
salt-resistant 53BP1 foci were visualized by immunofluo-
rescence staining using an anti-53BP1 Ab (BP18), and
nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI). At least 200 cells were scored, and the percen-
tages of cells containing more than five 53BP1 foci were
determined in three independent experiments.

Fluorescence recovery after photo-bleaching (FRAP)

FRAP experiments were performed using a Leica TCS
DMIRE2 confocal laser-scanning microscope with a
63�/1.32 HCX PLAPO CS objective (Leica, Mannheim,
Germany). Cells transfected with a plasmid expressing
GFP-m53BP1 were cultured on 14mm glass-bottom
dishes (Matunami, Osaka, Japan) for 2 days. The trans-
fected cells were treated with bleomycin (3 mg/ml) and
incubated for 3 h before FRAP analysis. Before photo-
bleaching, three images were captured with 15% laser
power. GFP-m53BP1 fluorescence was then photo-
bleached by two scans with a 488-nm argon laser at
100% power. For post-bleach recording, the fluorescence
intensity within a region of interest was measured every
1.5 s at 15% laser power.

RESULTS

RAD18 forms nuclear foci at DSBs in response to IR

We previously showed that RAD18 relocalizes to form
discrete nuclear foci, likely corresponding to sites of
stalled replication, in response to a variety of genotoxic
agents, including UV irradiation (8,12). We therefore
compared the subcellular distribution of RAD18 in
cells after UV- and IR- treatments. In response to
UV-irradiation, RAD18 formed numerous nuclear foci
(>80 per cell) that colocalized with PCNA (Figure 1A).
In contrast, fewer foci (�50 per cell) were induced by
X-ray irradiation. The X-ray-induced foci were larger
than those induced by UV light and did not colocalize
with PCNA (Figure 1A). This observation is consistent
with our finding that PCNA is not monoubiquitinated in
response to X-ray irradiation. Moreover, colocalization
with PCNA was observed only in S-phase cells harboring
stalled DNA replication forks, suggesting that the

X-ray-induced RAD18 foci differ from those induced
by UV light. Distinctive RAD18 nuclear foci were
formed in mammalian cells exposed to X-rays, even in
the presence of cycloheximide, indicating that focus
formation does not require de novo protein synthesis
(data not shown).
The histone variant H2AX is instantly phosphorylated

at chromatin regions flanking DSBs, and the number
of phosphorylated H2AX (g-H2AX) foci in cells reflects
the number of DSBs (17). To assess whether RAD18
forms nuclear foci at the chromatin flanking DSB sites,
we examined the localization of RAD18 and g-H2AX foci
in cells exposed to IR. In the absence of X-ray exposure,
RAD18 showed diffuse nuclear localization (Figure 1B,
upper panel). After X-ray exposure, however, RAD18
formed nuclear foci that largely colocalized with
g-H2AX foci (Figure 1B, center panel). Exposure to
bleomycin, another DSB-inducing agent, also caused
RAD18 to form nuclear foci that colocalized with
g-H2AX foci (Figure 1B, lower panel). Taken together,
these results indicate that RAD18 forms nuclear foci
at DSBs.
In response to DSB formation, various proteins are

recruited to the regions flanking the breaks to form
IRIFs containing NBS1, phospho-ATM, BRCA1 and
53BP1 (13,14,18). To determine if RAD18 is recruited
to IRIFs, we examined whether nuclear RAD18 foci colo-
calized with IRIF component proteins. In X-irradiated
cells, RAD18 foci largely colocalized with IRIF com-
ponent proteins including NBS1, pATM, BRCA1 and
53BP1 (Figure 1C). As shown in Figure 1D, RAD18
foci appeared within 15min after X-ray exposure and
reached a plateau at 30min (�90% the cells contained
RAD18 foci). Thirty minutes after irradiation, the
number of cells containing RAD18 foci began to gradually
decrease; after 24 h, the number of cells with nuclear
RAD18 foci had returned to the background level
(�10%) (Figure 1D). The kinetics with which RAD18
was recruited to nuclear foci following irradiation was
similar to those for 53BP1 and g-H2AX, known com-
ponents of IRIF. These results indicate that RAD18 is a
component of IRIFs.

X-ray-induced RAD18 focus formation is dependent
on 53BP1 during G1 -phase

We next examined IR-induced RAD18 focus formation
in various human cell lines defective for IRIF component
proteins. Human cell lines deficient for NBS1, BRCA1
or ATM exhibited robust RAD18 focus formation in
response to X-irradiation, indicating that the absence of
these proteins does not affect this process (data not
shown).
The similar kinetics with which RAD18 and 53BP1 foci

formed following IR-treatment prompted us to examine
whether 53BP1 is required for the IR-induced formation
of RAD18 foci. To examine the role of 53BP1 in RAD18
focus formation, 53BP1 was depleted from MCF7 cells
using a 53BP1-specific siRNA. More than 90% of the
53BP1 was depleted within 24 h of siRNA treatment,
and the level of depletion was sustained for at least 72 h.
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The level of RAD18 was unaffected by 53BP1 depletion
(Supplementary Figure 1). In the non-depleted cells,
53BP1 and RAD18 were homogeneously distributed
throughout the nucleus prior to irradiation (Figure 2A).

Following IR-treatment, RAD18 and 53BP1 formed dis-
crete nuclear foci, however, in the 53BP1-depleted cells,
the numbers of cells containing IR-induced RAD18
foci was reduced by �35% relative to the controls

Figure 1. RAD18 foci colocalize with ionizing radiation-induced foci (IRIFs). (A) Human GM637 fibroblasts were non-irradiated or irradiated
with UV light (10 J/m2) or X-rays (5Gy). The images shown are double-stained with anti-RAD18 and -PCNA antibodies (Abs). Bar=5 mm (B)
MCF7 cells were untreated, irradiated with X-rays, or treated with bleomycin (BLO). The images shown are double-stained with anti-RAD18
and g-H2AX Abs. Bar=5 mm (C) Human lung carcinoma H1299 (for NBS1 staining) or MCF7 cells were exposed to X-rays (5Gy) and fixed 2 h
later. The cells were then doubly immunostained with anti-NBS1, -BRCA1, -phospho-ATM, or -53BP1 Abs and anti-RAD18 Abs. Bar=10 mm
(D) Time course of RAD18 (dark grey), 53BP1 (light grey) or g-H2AX (red) focus formation in MCF7 cells after X irradiation. MCF7 cells were
exposed to X-rays (3Gy) and allowed to recover for the lengths of time indicated. Cells containing more than five RAD18, 53BP1 or g-H2AX
foci per nucleus were scored.
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(Figure 2B). These results suggest that the formation
of RAD18 nuclear foci at DSB sites is dependent on
53BP1. g-H2AX and 53BP1 IRIF formation was observed
in the wt and Rad18-null cells, indicating that RAD18 is
not required for g-H2AX or 53BP1 focus formation (data
not shown).

Next, to examine whether RAD18 IRIF formation is
dependent on the presence of 53BP1 or cell-cycle status,
confluent wt and 53BP1-null mouse cells were synchro-
nized at G1 and then irradiated with X-rays
(Supplementary Figure 2A). RAD18-containing IRIF
were observed in the wt cells but not in the 53BP1-null
cells (Figure 3A, left). In contrast, RAD18 IRIFs were
observed in the asynchronous cells irrespective of the pre-
sence of 53BP1 (Figure 3A, right). Next, we investigated
whether RAD18 IRIFs are formed in 53BP1-depleted
cells at S or G2/M phase. 53BP1-depleted HeLa cells
synchronized at G1 also showed no IR-induced RAD18
focus formation, but the HeLa cells synchronized at S or
G2/M showed RAD18 focus formation irrespective of the
53BP1 status (Figure 3B, Supplementary Figure 2B).
Moreover, asynchronous 53BP1-null cells expressing
GFP-RAD18 were immunostained with anti-PCNA and
-p-histoneH3 antibodies (Abs) for the identification of
cells at S and G2/M phase, respectively (Figure 3C).
GFP-RAD18 IRIFs were observed in both the S- and
G2/M-phase 53BP1-null cells. Taken together, these
data indicate that RAD18 IRIF formation is dependent
on 53BP1 and its dependency was restricted to G1-phase
cells.

RAD18 directly associates with 53BP1 at DSBs

We hypothesized that RAD18 forms foci by interacting
with 53BP1 after X-ray exposure. Therefore, we per-
formed co-immunoprecipitation experiments to test
potential associations of RAD18 and 53BP1 in irradiated
(and unirradiated control) 293T cells. An interaction
between RAD18 and 53BP1 was observed only in
the X-ray-treated cells (Figure 4A, upper panel). The
IR-dependent interaction between these two proteins
was confirmed by reciprocal co-immunoprecipitation
using anti-53BP1 Abs (Figure 4A, lower panel).
Moreover, the interaction between these two proteins
could be detected most efficiently in G1-phase
(Supplementary Figure 3), consistent with our finding
that 53BP1-dependent RAD18 IRIF are restricted to
G1-phase (Figure 3).
To evaluate the biological significance of Rad18-53BP1

association, we first sought to determine the region
of 53BP1 that is required for its interaction with
RAD18. We expressed a series of recombinant fusion
proteins consisting of 53BP1 fragments with N-terminal
GST tags in bacteria and partially purified them using
Glutathione beads (Figure 4B, upper panel). Interactions
between the GST–53BP1 fusion proteins and RAD18
were assessed by a pull-down assay using HeLa whole-
cell extracts. The fusion protein containing amino acids
1052–1709 of 53BP1 (GST–53BP1–C�BRCT) retained
the ability to retrieve RAD18 from the whole-cell extract,
indicating that the BRCT domain of 53BP1 is not required
for its interaction with RAD18 (Figure 4B, lower panel).

Figure 2. IR-induced RAD18 focus formation requires 53BP1. (A) MCF7 cells were treated with control or 53BP1-specific siRNA. After no
treatment or X-ray irradiation (3Gy), cells were doubly immunostained with anti-RAD18 and -53BP1 antibodies (Abs). Bar=10 mm (B) The
percentage of RAD18 foci-positive cells present (A) at the indicated intervals after IR is shown. At least 200 cells per time point were analyzed
for each experiment, and experiments were performed in triplicate.
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Figure 3. The 53BP1-dependent RAD18 IRIF formation is restricted to G1-phase. (A) G1-phase (left panel) or asynchronous (right panel) wt and
53BP1-null MEFs were irradiated with X-rays (5Gy). Cells were harvested 1 h after irradiation and immunostained with the indicated Abs. (B) HeLa
cells treated with control or 53BP1 siRNA were synchronized in S, G2/M and G1 phase by a double thymidine block. Then, the cells were exposed to
X-rays (5Gy) and fixed 1 h later. The cells were then doubly immunostained with anti-RAD18 and -53BP1 Abs. The synchronization efficiency of the
cells was verified by FACS analysis. (C) The IRIF formation of GFP-RAD18 in 53BP1-null cells at S- and G2-phase. 53BP1-null MEFs were
transfected with a GFP-RAD18 vector. Asynchronously growing cells were exposed to X-rays (5Gy) and fixed 1 h later. GFP-RAD18 IRIFs were
observed in the cells by immunostaining with anti-PCNA (S-phase) or -phospho-histone H3 (late G2-phase) antibodies (Abs).
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Figure 4. Association of RAD18 with 53BP1. (A) RAD18 binds 53BP1 in an IR-dependent manner. Nuclear extracts from X-irradiated (5Gy) or
untreated 293T cells were immunoprecipitated with anti-RAD18 antibodies (Abs) or control IgG. The precipitates were then analyzed by western
blotting using anti-53BP1 Abs (upper panel). Alternatively, the nuclear extracts were immunoprecipitated with anti-53BP1 Abs and analyzed by
western blotting using anti-RAD18 Abs. (lower panel) (B) GST-53BP1-C�BRCT interacts with endogenous RAD18 in pull-down experiments.
Schematic diagrams of N-terminal GST fusions of 53BP1 and its derivatives are shown. A series of GST-53BP1 fragments were bound to
Glutathione–Sepharose and incubated with whole-cell extracts from unirradiated HeLa cells. Washed beads were analyzed by western blotting
using anti-RAD18 Abs. An asterisk shows nonspecific bands. (C) The purified HA-tagged KBD fragment was incubated with GST-RAD18 or
GST in vitro. Glutathione–Sepharose-bound proteins were analyzed by western blotting using anti-HA-tag Abs. (D) Rad18-null mouse cells were
transiently transfected with myc-tagged wt or mutant RAD18, exposed to X-rays (5Gy), and harvested 1 h later. Cells were then immunostained with
anti-myc Abs, and the nuclei were stained with DAPI. Bar=5mm. Diagrams of myc-tagged wt, truncated and point mutants of RAD18 are shown.
Locations of the RING, zinc-finger, SAP, RAD6-binding (RAD6BD), polZ-binding (polZBD) domains and the nuclear localization signal (NLS) in
RAD18 are indicated (lower panel). (E) COS7 cells were transfected with wt or zinc-finger mutant RAD18 tagged at the C-terminus with myc.
Whole-cell lysates were then incubated with GST-53BP1-N1 or GST-53BP1-C-�BRCT (Figure 4B). The pulled-down proteins were analyzed by
western blotting using anti-myc Abs.
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Since the kinetochore-binding domain (KBD) of 53BP1
harbors a minimal region for focus formation after expo-
sure to X-rays (19), we also assessed whether the KBD is
required for the interaction of 53BP1 with RAD18. In
an in vitro binding assay, the purified HA-tagged KBD
fragment of 53BP1 bound purified GST–RAD18, but
not the GST moiety alone (Figure 4C). These findings
show that RAD18 interacts with 53BP1 via the KBD
of 53BP1 and that the interaction between the two pro-
teins is direct.

RAD18 interacts with 53BP1 via its zinc-finger domain,
which is also required for RAD18 IRIF formation

Next, we sought to identify the region within RAD18 that
is required for its recruitment to IRIFs and its interaction
with 53BP1. To determine the region of RAD18 required
for IRIF formation, we transfected Rad18-null cells with
myc-tagged expression vectors encoding wt or mutant
forms of RAD18. As shown in Figure 4D, localization
to nuclear foci post-IR was observed for full-length
RAD18 and several of the deletion mutants, but not for
RAD18DZ, a mutant lacking the zinc-finger domain and
its flanking regions, or C207F. These findings indicate that
the zinc-finger domain of RAD18 is required for IRIF
formation. Next, we tested whether RAD18 forms nuclear
foci by using its zinc-finger domain to interact with 53BP1.
C-terminal myc-tagged wt and C207F RAD18 were
expressed in COS-7 cells and examined for their ability
to interact with GST-53BP1-C�BRCT in pull-down
assays. As shown in Figure 4E, wt RAD18 was efficiently
retrieved from COS-7 whole-cell extracts by GST-
53BP1-C�BRCT beads. In contrast, RAD18C207F was
not recovered by GST-53BP1-C�BRCT, indicating that
53BP1 interacts with RAD18 via the RAD18 zinc-finger
domain.

ARAD18 complex monoubiquitinates, but does not
poly-ubiquitinate, 53BP1 in vitro

Since our results showed that RAD18 directly associates
with 53BP1 in vitro and in IR-treated cells, we considered
the possibility that RAD18 monoubiquitinates or poly-
ubiquitinates 53BP1. First, we examined whether purified
RAD18–RAD6 complex could ubiquitinate 53BP1 in vitro
using the purified HA-tagged KBD fragment of 53BP1 as
a substrate. Ubiquitination of the 53BP1 KBD fragment
was then analyzed by immunoblotting using anti-HA
Abs (Figure 5A). In the presence of the RAD6–RAD18
complex, the KBD-HA fragment was detected as a more
slowly migrating species than the unmodified HA-tagged
KBD fragment. When ubiquitin was replaced with GST-
ubiquitin in the assay, a much more slowly migrating
band was detected. These results indicate that the
RAD6–RAD18 complex monoubiquitinated the 53BP1
fragment. Notably, we did not detect poly-ubiquitination
of the KBD fragment in this assay.
We next tested whether RAD18C207F, which does not

interact with 53BP1, could also monoubiquitinate the
KBD fragment. As shown in Figure 5B, RAD18C207F
exhibited no ubiquitination activity towards the KBD
fragment. In contrast with 53BP1, PCNA was efficiently

monoubiquitinated by RAD18C207F in vitro (data not
shown). Therefore, RAD18C207F retains ubiquitin
ligase activity towards PCNA but not the 53BP1 KBD
fragment. Most likely, the failure of RAD18C207F to
ubiquitinate the KBD fragment is due to the inability
of RAD18C207F and 53BP1 to interact. Therefore, we
conclude that wt RAD18 functions as an E3 enzyme
for the monoubiquitination of 53BP1 in vitro. Finally, to
identify the site in 53BP1 that is monoubiquitinated by
RAD18, we introduced point mutations into the putative
monoubiquitination sites in KBD and used the purified
fragments as substrates for in vitro ubiquitination assays
with RAD18 (Figure 5C). The efficiency of monoubiqui-
tination was remarkably reduced in the mutant K1268R.
Taken together, we conclude that Lys 1268 of 53BP1
is specifically monoubiquitinated by RAD18 in vitro,
although we could not detect monoubiquitinated form
of endogenous 53BP1 in vivo (data not shown).

The retention of 53BP1 at DSBs is enhanced by the
interaction of 53BP1 with RAD18 and by the
function of RAD18–RAD6 complex

In the cellular response to IR, the exposure of methylated
histones is required for the initial recruitment of 53BP1
to DSBs (20,21). Subsequently, the expansion of g-H2AX
surrounding the DNA breaks is promoted through
protein-protein interactions and protein modification at
the IRIF region, resulting in the retention of 53BP1 at
the sites of breakage (22,23).

We hypothesized that the modification of 53BP1 itself
by RAD18 may influence the proper localization of 53BP1
in response to IR, possibly contributing to its association
with chromatin in the vicinity of DSBs. To assess this
possibility, we determined the number of wt and Rad18-
null mouse cells containing tightly-associated 53BP1 foci
(which are resistant to salt-extraction) following X-ray
irradiation.

To this end, cycloheximide was added to the cells 1 h
after irradiation to block de novo protein synthesis.
Irradiated cultures of wt and Rad18-null cells were incu-
bated with cycloheximide for 1 or 3 h prior to extraction
with a buffer containing 300mM NaCl (to remove the
loosely associated 53BP1 fraction from the chromatin).

In both wt and Rad18-null cells, >95% of the cells
retained 53BP1 foci up to 1 h after the addition of cyclo-
heximide (data not shown). In contrast, 3 h after the
addition of cycloheximide, only 5% of the Rad18-null
cells retained 53BP1 foci, compare to >30% in the wt
cells (Figure 6A). 53BP1 retention was restored by the
introduction of wt Rad18 but not by the expression of
zinc-finger mutants of Rad18 (Rad18C207F) defective
for both the interaction with 53BP1 and 53BP1-directed
monoubiquitination. We also investigated the role of
the E2 ligase RAD6, which cooperates with RAD18
to achieve the perform monoubiquitination and poly-
ubiquitination of RAD18 substrates, in mediating the
retention of 53BP1 foci after IR treatment. We generated
a RAD18 deletion mutant lacking the RAD6-binding
domain (Rad18DR6). Rad18DR6 was expected to display
defective E3 ligase activity due to a failure to associate
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with Rad6. As shown in Figure 6A, Rad18DR6 failed
to correct the defective retention of 53BP1 foci at DSBs
after IR treatment. To further confirm the requirement for
the RAD18–RAD6 complex in mediating the retention

of 53BP1 IRIFs, we used siRNA to ablate the expression
of RAD6A and RAD6B. As shown in Figure 6B (right
panel), we efficiently depleted RAD6A and RAD6B in
U2OS cells.

Figure 5. A RAD18–RAD6 complex mediates monoubiquitination of 53BP1 in vitro (A) Monoubiquitination of the 53BP1 KBD by RAD18 in vitro.
A recombinant HA-tagged KBD fragment of 53BP1 was incubated with components of the ubiquitination system as indicated. The reactions were
analyzed by western blotting using anti-HA antibodies (Abs). (B) The HA-tagged KBD fragment was incubated with wt or zinc-finger mutant
RAD18 (C207F), together with other components of the ubiquitination system. The reactions were treated as in (A). (C) Recombinant WT or
mutant KBD fragment, introduced point mutation into internal lysine residue (upper panel), were incubated with the RAD18–RAD6 complex in the
ubiquitination system, as indicated. The reactions were treated as in (A).
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Figure 6. The stability of IR-induced 53BP1 foci is affected by RAD18. (A) Rad18-null (KO) or wt (shown as WT) mouse cells were exposed to
X-rays (5Gy) and harvested for 1 h. Following X-irradiation, Cycloheximide (40 mg/ml) was added, and salt-resistant 53BP1 foci were visualized by
immunofluorescence staining 3 h later. The same experiments were also performed using Rad18-null mouse cells that stably expressed wt, zinc finger-
mutant (C207F), Rad6-binding domain-defective Rad18 (DR6) or a mock vector. The individual clone numbers are indicated. (B) U2OS cells were
transfected with control or RAD6A,B-specific siRNA for 48h and analyzed by immunoblotting with anti-RAD6B antibodies (Abs). The cells
were treated as in (A) (black bar) or were immunostained with anti-53BP1 Abs without pre-extraction with TNE buffer (gray bar). (C)
Quantitative FRAP analysis of bleomycin-induced GFP-m53BP1 foci in Rad18-null (KO) or wt (WT) mouse cells. Each curve represents the average
of three independent, normalized measurements. (D) The analysis of GFP-mouse 53BP1 (m53BP1) focus formation after bleomycin treatment.
The full-length GFP-tagged m53BP1 WT or K1253R were transiently transfected into Rad18 wt or Rad18-null mouse cells. After 24 h treated with
7mg/ml bleomycin, GFP-m53BP1 foci positive cells were scored. At least 200 cells were analyzed for each experiment, and experiments were
performed in triplicate. (E) U2OS cells stably expressing wt GFP-53BP1-C or mutated GFP-53BP1-C (K1268R) were treated with bleomycin.
The recovery curve for bleomycin-induced GFP-53BP1-C foci in each of the cell lines were plotted.
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We then compared the number of 53BP1 foci in con-
trol and RAD6A/6B siRNA-treated cells following
X-ray irradiation. Without salt-extraction, similar num-
bers of the control and RAD6A/B-depleted cells
contained 53BP1 foci. However, a reduced number
of tightly associated salt-resistant 53BP1 foci were
detected in the RAD6A/B-depleted cells relative to the
cells transfected with a control siRNA (Figure 6B).
These results raise the possibility that the interaction
of 53BP1 with RAD18 and its subsequent RAD18–
RAD6-mediated monoubiquitination promote the
retention of 53BP1 at DSBs. To confirm that RAD18
stabilizes 53BP1 at chromatin regions near DSBs in living
cells, we measured the dynamics of 53BP1 in bleomycin-
induced foci using fluorescence-recovery after photo-
bleaching (FRAP) technique. Mouse wt or Rad18-null
cells were transiently transfected with GFP-mouse53BP1
(m53BP1) and then cultured in the presence of bleomycin.
The FRAP analysis showed that in the wt cells, approxi-
mately 28% of the fluorescent signal was regained,
whereas 42% of the signal was recovered in the
Rad18-null cells (Figure 6C). Thus, the immobile fraction
of GFP-m53BP1 at the DSBs was reduced in the
Rad18-null cells (<60%), compared to the Rad18 wt
cells (>70%). Furthermore, we calculated the rate of the
recovery by measuring the inclination of the curve
obtained by the FRAP assay. Rad18-null cells showed
about 1.9-fold higher inclination of the recovery curve
of the GFP-m53BP1 than that of wt cells, suggesting the
increase of dynamics of 53BP1 in the Rad18-null
cells. These results support the idea that the association
between GFP-m53BP1 and the DSB region is more stable
in wt cells than in Rad18-null cells. In an attempt
to test whether RAD18 affects the chromatin retention
of 53BP1, we monitored bleomycin-induced GFP-
m53BP1 foci in Rad18-null and wt cells (Figure 6D).
In wt cells, the number of nuclei with bleomycin-induced
foci of GFP-tagged mouse 53BP1 harboring the
K1253R mutation, corresponding to human 53BP1
K1268R mutation, was reduced by 50% relative to that
of wt GFP-m53BP1 24 h after treatment with bleomycin.
In contrast, Rad18-null mouse cells showed almost no
difference in the number of nuclei with bleomycin-
induced foci between wt and mutant GFP-m53BP1.
These results suggest that RAD18-directed modification
at Lysine 1268 of 53BP1 promotes the retention of
53BP1 at DSBs. To further investigate whether
RAD18-directed modification of 53BP1 affects retention
of 53BP1 at DSBs, we used FRAP to compare the
dynamics of GFP-fused wt C-terminal half of human
53BP1 fragment (amino-acid residues 1052–1972) with
that mutated at K1268R. The mutated 53BP1 fragment
at K1268R showed about 1.6-fold higher inclination of
the recovery curve than that of wt 53BP1 fragment
(Figure 6E). Therefore, the mutated 53BP1 fragment
at K1268R protein exhibited more dynamic behavior in
bleomycin-induced foci when compared with the wt
GFP-53BP1. Our FRAP analyses support the idea that
RAD18-directed modification promotes the retention of
53BP1 at DSBs.

RAD18 and 53BP1 constitute an epistatic DSB
response pathway in G1 cells

53BP1 is involved in the end-joining repair of a subset of
DNA DSBs. Chicken DT40 cells deficient in 53BP1 have
increased sensitivity to IR in G1-early S phase, whereas
HR plays only a modest role in DSB repair and cell sur-
vival (24). To gain insight into the function of Rad18
in the repair of IR-induced DNA damage, we examined
the X-ray sensitivity of Rad18-deficient DT40 cells at
various stages of the cell cycle. Cells were synchronized
in G1 phase with mimosine after being released from
nocodazole. Following their release from the mimosine-
induced arrest, the synchronously progressing cells were
X-irradiated at various time points and then seeded
onto plates for colony survival assays. Flow cytometric
analysis of the DNA content and bromodeoxyuridine
(BrdU) uptake following the release from mimosine
revealed that wt, 53BP1-deficient, and Rad18-deficient
cells progressed similarly through the cell cycle (Supple-
mentary Figure 4A). The wt cells showed a relatively
stable level of sensitivity to IR throughout the cell cycle
(Figure 7A, left panel). In contrast, similar to the
53BP1-deficient cells, the Rad18-deficient cells exhibited
a higher level of sensitivity to irradiation during G1. The
elevated X-ray sensitivity of the G1-synchronized
Rad18-deficient cells was not evident when the cultures
were irradiated during S phase or late S/G2 (2 h and 4 h
after the release from mimosine, respectively). These data
suggest that the repair of IR-induced DNA damage is
impaired during G1 in Rad18-deficient cells. In parallel,
we examined the UV sensitivity of DT40 cells deficient
for 53BP1 or Rad18 at various stages of the cell cycle.
53BP1-deficient cells showed a slight increase in UV
sensitivity during early S phase compared to wt DT40
cells (Figure 7A, right panel). In sharp contrast to the
increased X-ray sensitivity observed during G1, the
Rad18-deficient cells exhibited elevated UV sensitivity in
early S phase, suggesting that there is distinct cell-cycle
dependency on Rad18 in the response to DNA damage
elicited by IR or UV.
To determine the relationship between Rad18 and

53BP1 in X-ray sensitivity, we performed epistasis analy-
sis using cells irradiated during G1. Rad18- and
53BP1-deficient cells were more sensitive to X-rays
than were wt cells, and the 53BP1-deficient cells were
more sensitive than the Rad18-deficient cells. The X-ray
sensitivity of cells deficient for both Rad18 and 53BP1 was
similar to that of the 53BP1-deficient cells (Figure 7B,
left panel). In contrast, as reported previously (24),
cells deficient for both 53BP1 and Artemis were more sen-
sitive than either of the single mutants (Figure 7B, right
panel). Thus, Rad18 and 53BP1 are epistatic for cell
survival, which suggests that Rad18 and 53BP1 function
in the same pathway for the repair of IR-induced
DNA damage. To confirm that the elevated X-ray sen-
sitivity of the G1-synchronized Rad18-deficient cells is
attributable to lack of Rad18-mediated modification
of 53BP1, we reconstituted Rad18-deficient cells
with wt or Rad18C214F, a chicken mutant Rad18
that corresponds to human Rad18C207F. The protein
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expression level of wt Rad18 and Rad18C214F
was comparable (data not shown). Stable expression
of wt Rad18, but not Rad18C214F, corrected the
X-ray sensitivity of Rad18-deficient cells (Figure 7C),
suggesting that modification of 53BP1 by RAD18 is
important for Rad18-mediated repair of IR-induced
DNA damage.

RAD18 and 53BP1 are involved in DSB repair during G1

To more closely examine the role of RAD18 in the DSB
response pathway, we assessed DSB repair efficiency using
the number of g-H2AX foci as an index of the number
of DSBs. The rate of loss of g-H2AX foci is a
direct marker of DSB repair in low-dose X-irradiated

Figure 7. Divergent responses of 53BP1- and Rad18-deficient DT40 cells to X or UV irradiation. (A) Survival of wt, 53BP1-deficient and
Rad18-deficient DT40 cells after X (left panel) or UV (right panel) irradiation. Cells synchronized in G1 phase were released into the cell cycle
at time 0. The wt and 53BP1-deficient cells were treated with 1Gy of X-rays, while the Rad18-deficient cells were exposed to 2Gy of X-rays (left
panel) or 5 J/m2 of UV (right panel) at the indicated time points then subjected to a colony formation assay. (B) Epistasis analysis between 53BP1
and Rad18 (left panel) or Artemis (right panel). 53BP1 and Rad18, but not Artemis, are epistatic in cell survival. G1-synchronized cells
(Supplementary Figure 4B) were irradiated with the indicated dose of X-rays and subjected to a colony formation assay. Results represent the
means� SD from three independent experiments. (C) Complementation of Rad18-deficient cells by HA-tagged wt Rad18 (WT) or Rad18C214F
(C214F). G1-synchronized cells were irradiated with the indicated dose of X-rays and subjected to a colony formation assay. Results represent the
means� SD from three independent experiments.
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cells (17). The 53BP1-mediated DSB repair mechanism
is distinct from the repair pathway mediated by DNA-
PKcs (24). To assess whether Rad18 is also involved in
the pathway responsible for rejoining of DSB, we exam-
ined kinetics of formation of g-H2AX foci formation
in G1-synchronized mouse cells in the presence of the
DNA-PKcs inhibitor NU7026. As shown in Figure 1D
and Supplementary Figure 5, both DNA-PKcs inhibition

and G1-synchronization did not affect the kinetics of
Rad18 IRIF.
Confluent wt, 53BP1- and Rad18-null MEFs, were syn-

chronized at G1 then exposed to X-rays, and the numbers
of g-H2AX foci were quantified (Figure 8A,
Supplementary Figure 2A). The numbers of g-H2AX
foci were similar in 53BP1- and Rad18-null MEFs at
1 h post-IR, suggesting that almost similar numbers of

Figure 8. RAD18 is involved in the DSB repair during G1 phase. (A) Wild-type (WT) Rad18-null (Rad18KO) or 53BP1-null (53BP1KO) MEFs
were cultured until confluent and synchronized at G1 phase. Cells were irradiated with X-rays (2Gy) in the presence of NU7026 and cultured for the
indicated time. The cells were fixed and g-H2AX foci were visualized by immunofluorescence staining. The number of g-H2AX foci per nucleus was
counted. (B) g-H2AX foci analysis after g-irradiation (2Gy) in Rad18-null cells stably expressing wt Rad18, the zinc finger-mutant Rad18 (C207F) or
a mock vector. The G1-enriched cells were treated with NU7026 for 1 h before X-irradiation. After 24 h, irradiated or non-irradiated cells (0 h) were
fixed and g-H2AX foci were visualized by immunofluorescence staining. The number of g-H2AX foci per nucleus was counted. (C) The analysis of
g-H2AX after g-irradiation (2Gy) in 53BP1-null MEFs transfected with GFP-mouse 53BP1(m53BP1) wt (WT) or K1253R vector. Confluent cells
transfected with the indicated vectors were treated with NU7026 for 1 h before X-irradiation. After 24 h, irradiated or non-irradiated cells (0 h) were
fixed and g-H2AX foci were visualized by immunofluorescence staining. The number of g-H2AX foci per nucleus of GFP-positive cells was counted.
The number of g-H2AX foci in GFP-negative cells was counted as a control. (D) Cologenic survival assay of G1-enriched mouse cells post-IR. Wt,
Rad18-null or stable expressing clones (Rad18, Rad18 C207F and Rad18 DR6) were treated with or without DNA-PKcs inhibitor (PKi) prior to the
indicated dose of IR.
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DSBs were formed in these cells. Moreover, g-H2AX foci
disappeared with similar kinetics in Rad18-null and
53BP1-null MEFs. At 12 h or 24 h post-IR, Rad18-null
or the 53BP1-null MEFs contained approximately twice
as many g-H2AX nuclear foci as wt MEFs. These results
indicate that DSB repair is less efficient in Rad18-null
MEFs than in wt MEFs when DNA-PKcs kinase activity
is inhibited. We conclude that both Rad18 and 53BP1
contribute to DNA DSB repair during G1 independently
of DNA-PK-mediated repair pathway.
To assess whether retention of 53BP1 at DSBs and

putative monoubiquitination of 53BP1 plays a role in
DSB repair during G1, the number of g-H2AX foci at
24 h post-IR was counted in G1-enriched Rad18-null
cells stably reconstituted with wt Rad18 or Rad18C207F
(Figure 8B). The disappearance of g-H2AX foci at 24 h
post-IR was restored by the expression of wt Rad18 but
not by the expression of Rad18C207F. In similar experi-
ments, the numbers of g-H2AX foci remaining 24 h post-
IR were determined in 53BP1-null MEFs transiently
reconstituted with GFP-tagged mouse wt or K1253R-
mutated 53BP1. The disappearance of g-H2AX foci at
24 h post-IR was restored by the expression of wt 53BP1
but not by the mutated 53BP1 at K1253R (Figure 8C).
These results suggest that putative RAD18-directed
modification of 53BP1 was required for DSB repair
during G1.
Finally, to evaluate whether Rad18 is involved in DSB

repair during G1 phase, we examined the IR-sensitivity
of a G1-enriched population of mouse cells treated with
the DNA-PKcs inhibitor NU7026. In the absence of
the inhibitor, Rad18-null cells showed modest X-ray
sensitivity compared to wt cells (Figure 8D). However,
in the presence of the inhibitor, the Rad18-null cells
showed significant sensitivity to X-rays compared to the
wt cells. To confirm that the sensitivity of G1-phase
Rad18-null cells to IR is attributable to Rad18-deficiency,
we reconstituted Rad18-null cells with wt, Rad18C207F
or Rad18DR6. As shown in Figure 8D, stable expression
of wt Rad18, but not C207F or DR6, corrected the
IR-sensitivity of Rad18-null cells. These results suggest
that RAD18 is involved in one of the DNA DSB repair
pathways.

DISCUSSION

RAD18 plays a pivotal role in post-replication DNA
repair in human cells exposed to UV light. In response
to UV irradiation, RAD18 forms nuclear foci, almost
all of which colocalize with PCNA, suggesting that
RAD18 is recruited to stalled replication forks (6). In
the present study, cells exposed to X-rays formed distinct
nuclear foci containing RAD18, which colocalized with
g-H2AX foci but not with PCNA (Figure 1A). These
results suggest that in X-ray-irradiated cells, the recruit-
ment of RAD18 to DSBs and its localization into foci
occur in a replication-independent manner.
RAD18 is also involved in S-phase-specific single-

strand break repair (10). It is recruited to single-strand
break sites induced by UV-A laser irradiation (25).

Although X-ray irradiation causes various types of
DNA breaks, the IR-induced RAD18 foci that we
observed likely represent DSBs based on their colocaliza-
tion with g-H2AX and other early markers of the response
to DSBs (Figure 1B and C). In our study, the formation
of RAD18 IRIFs in G1 cells was dependent on 53BP1
(Figure 3A and B). Given that RAD18 IRIFs were
observed in S- and G2/M-phase cells irrespective of the
presence of 53BP1, the mechanism responsible for the
recruitment of RAD18 to DSBs in G1 cells differ from
that in S- or G2/M-phase cells. Consistent with the
G1-specific, and RAD18/53BP1-dependent mechanism
for DSB repair, the physical interaction between these
two proteins could be detected efficiently at G1-phase
but not at S or G2/M-phase (Supplementary Figure 3).
NHEJ is thought to work mainly during G1-phase and
various proteins including 53BP1 are recruited to DSBs
to perform DSBs repair. The G1-specific binding of
RAD18 with 53BP1 and putative G1-specific chromatin
structure might contribute to the G1-specific dependency
on 53BP1 for RAD18 IRIF. The binding of full-length
53BP1 and RAD18 was observed only when cells were
irradiated with IR (Figure 4A), whereas bacterially-
expressed 53BP1 KBD domain specifically bound to
purified RAD18 in vitro (Figure 4B and C). We speculate
that the apparent discrepancy between in vivo and in vitro
experiments arises because in vivo binding of full length
of 53BP1 to RAD18 is usually strictly suppressed by
other domains of 53BP1 or by 53BP1-binding proteins
unless the suppression is released by IR-induced post-
transcriptional modifications or changes in associations
with binding partners.

To assess the role of RAD18 at different cell-cycle
stages, we investigated the formation of nuclear foci by
a Rad18 cysteine 207 (C207F) mutant. The C207F
RAD18 mutant failed to form foci during G1-phase,
S-phase or G2/M (data not shown). Because 53BP1
was dispensable for IRIF of RAD18 during S- or G2/M
phase, molecules other than 53BP1 will likely interact
with RAD18 following completion of G1. Previous
studies have shown that the zinc finger is required for
accumulation of hRAD18 at sites of DNA damage (25).
Additionally, DNA-damage-induced poly-ubiquitin
chains are produced on histone H2A and H2AX on
damaged chromosomes after irradiation of X-ray.
These poly-ubiquitin chains assemble additional DSB
regulators (26,27). It was also reported that Rad18 binds
poly-ubiquitin chains through its zinc finger domains (28).
Moreover, Surface plasmon resonance analysis (using
GST-fusions of wt or GST-C207F zinc fingers derived
from hRAD18) revealed that the zinc finger is indeed
important for binding to ubiquitin (29). Therefore, we con-
clude that the zinc finger domain of RAD18 interacts with
multiple target(s), possibly including the poly-ubiquitin
chains on histone H2A and H2AX, during different
stages of the cell cycle.

In the early response to IR, local changes in chromatin
structure are required for the initial recruitment of 53BP1
to DSBs. The initial recruitment of 53BP1 to DSBs was
proposed to involve the indirect sensing of DSBs
by 53BP1 through its interaction with the methylated
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Lys 79 residue of histone H3 and Lys 20 of histone H4 in
the higher-order chromatin structure (20,30). After 53BP1
is recruited, its retention at the chromatin surrounding the
break requires MDC1. Histone H2AX phosphorylation
mediated by ATM and MDC1, which is also required
for the retention of 53BP1, is thought to be extended
from the site of breakage (31). Therefore, the initial
recruitment of 53BP1 to DSBs and the subsequent accu-
mulation of 53BP1 at these sites are mechanically dissim-
ilar processes. This study demonstrates that RAD18
monoubiquitinates fragments of 53BP1 in vitro and
that RAD18–RAD6 complex plays a role in retaining
53BP1 near DSBs (Figure 6A and B). The extent of
53BP1 retention correlates well with its monoubiquityla-
tion in cells expressing wt, C207F or DR6 mutant RAD18
(Figure 6A). Moreover, the introduction of K1268R
mutation into human 53BP1 dramatically decreased
the efficiency of monoubiquitylation of 53BP1 in vitro
(Fig. 5C). Additionally, the introduction of K1253R
mutation into mouse 53BP1 decreased the efficiency of
its foci formation (Fig. 6D). These results suggest very
strongly that 53BP1 monoubiquitylation and nuclear
retention at DSBs are closely related.

A fragment of 53BP1 was efficiently monoubiquitinated
by RAD18–RAD6 complex in vitro, however, monoubi-
quitination of endogenous 53BP1 could not be detected
in vivo. After IR-irradiation, most of 53BP1 appear to
be poly-ubiquitinated and degradated by the ubiquitin–
proteasome system (32). Moreover, this ubiquitin–
proteasome system is required for IR-induced 53BP1
foci formation at DSBs (33).

So the whole mechanism of 53BP1 foci formation
remains to be elusive. We speculate that both mono-
and poly-ubiquitinaiton of 53BP1 function cooperatively
in the initial recuruitment and retention of 53BP1 IRIF
at DSBs. Thus, we could not identify the monoubiquitina-
tion form of 53BP1 in vivo, distinguishing from
poly-ubiquitinated form of 53BP1. Actually the poly-
ubiquitination and degradation of 53BP1 were observed
in Rad18-null cells as well as in wt cells (data not shown).
Salt-resistant 53BP1 nuclear foci persisted for longer
periods post-irradiation in wt cells than in Rad18-null
cells. Consistent with this finding, our FRAP results
showed that the association of 53BP1 with chromatin at
DSBs was less stable in Rad18-null cells than in control
cells. Moreover, the number of cells with IR-induced foci
of GFP-53BP1 harboring K1268R (or K1253R in mouse
53BP1) mutation in wt cells decreased to the level
in Rad18-null cells. (Figure 6D and E). Since IR-induced
53BP1 focus formation was observed even in Rad18-null
cells, we infer that the initial recruitment of 53BP1
to chromatin is RAD18- independent whereas RAD18–
RAD6-dependent modification of 53BP1 is important
for the retention of 53BP1 at DSBs. However, we
cannot entirely exclude the possibility that RAD18 ubiqui-
tinates unidentified substrate(s), which indirectly influence
the dynamics of 53BP1 at DSBs.

We attribute the decreased retention of the 53BP1 foci
in Rad18-null mouse cells to the loss of an interaction
between 53BP1 and RAD18 and to decreased modifica-
tion of 53BP1. Even in wt mouse cells, the 53BP1 IRIFs

gradually disappeared. The dissociation of 53BP1 from
the foci has two possible causes. First, since g-H2AX is
required for the retention of 53BP1 at DSBs, g-H2AX
dephosphorylation by protein phosphatase 2A (34) may
result in the dissociation of 53BP1 from DSBs. Second,
since RAD18 foci appeared after IR exposure and
disappeared with a time course almost identical to that
of the 53BP1 foci (Figure 1D), the dissociation of
RAD18 from 53BP1 may decrease the retention of both
proteins at DSBs. The dissociation of RAD18 from 53BP1
may increase the accessibility of an unidentified protein
to 53BP1, resulting in the dislocation of 53BP1 from
DSBs. The modification of 53BP1 at lysine 1268 may pro-
mote interactions with the chromatin surrounding DSBs.
Alternatively, since 53BP1 is a mediator of DSB signaling,
the modification of 53BP1 at DSB sites may recruit
putative adaptor protein(s) containing ubiquitin-binding
domains to the DSBs. Appropriate localization of DNA
repair proteins is crucial for their function. 53BP1 plays a
role in a subset of DSB repair events (24,35,36). In this
study, we demonstrated that 53BP1 IRIFs are stabilized
at DSBs through the interaction of RAD18 with 53BP1
and through modification of 53BP1. In addition, putative
modifications of RAD18, including monoubiqitination,
phosphorylation or dephosphorylation may facilitate
the interaction between RAD18 and 53BP1 in response
to IR. We also found that a Rad18-null mutation caused
inefficient DSB repair in MEFs even after 24 h of X-ray
irradiation (Figure 8A). In addition, the Rad18-null cells
were significantly more sensitive to X-rays than the wt
cells under the DNA-PKcs-inactive condition. Therefore,
we conclude that RAD18 is involved in a subset of DSB
repair pathways by promoting stable retention of 53BP1
foci at DSBs. Since the defective DSB repair of
RAD18-null cells was most evident in G1-synchronized
cells (especially in the presence of a DNA-PKcs inhibitor)
we speculate that RAD18 plays a role in DSB repair
via the non-homologous end joining (NHEJ) pathway.
This idea is supported by the fact that the recombinant
KBD protein stimulates double-stranded DNA end-
joining activity of DNA ligase IV/Xrcc4 complex in vitro
(19), that 53BP1 mutants unable to accumulate at IRIFs
cannot correct the DSB repair defect of 53BP1-null cells
(36), and that 53BP1 is functionally involved in
XRCC4-dependent NHEJ (37). Additionally, the most
recent reports show that 53BP1 promotes NHEJ at
telomere-breakage sites through tethering and/or increas-
ing mobility of the DNA ends, and 53BP1 also promotes
NHEJ for V(D)J recombination (38,39). Taken together,
we assume that the 53BP1-directed NHEJ pathway is pro-
moted by RAD18-directed modification of 53BP1 and/or
interaction between RAD18 and 53BP1.
We performed additional assays to detect differences in

levels of DSBs in Rad18-wt and -null cells by using pulse-
field gel electrophoresis (PFGE). PFGE did not reveal
differences between Rad18-wt and -null cells. It should
be noted however that PFGE, Comet and related assays
are inherently insensitive techniques which only detect
large global changes in the integrity of genomic DNA.
For example, 53BP1 is a bona-fide mediator of DSB
signaling, yet other workers have shown that there is no
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difference between the PFGE pattern of genomic DNA
derived from 53BP1-wt and -null following X-ray irradia-
tion (40). Therefore, it is most likely that differences
in levels of DSBs between Rad18-wt and -null cells
are below the sensitivity levels of conventional assays.
Alternatively, it is possible that RAD18 and
53BP1-mediated mechanisms represent partially redun-
dant or minor back-up pathways of DSB repair.
In summary, we identified 53BP1 as a substrate for

RAD18 E3 monoubiquitination activity in vitro, and we
demonstrated that modification of 53BP1 at lysine 1268
has a functional role in promoting the retention of 53BP1
at DSB sites and that RAD18 is involved in DSB repair.
These results increase our understanding of the role of
RAD18 in the cellular response to DSBs.
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