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53BP1 is a human BRCT protein that was originally identified as a p53-interacting protein by the Saccha-
romyces cerevisiae two-hybrid screen. Although the carboxyl-terminal BRCT domain shows similarity to Crb2,
a DNA damage checkpoint protein in fission yeast, there is no evidence so far that implicates 53BP1 in the
checkpoint. We have identified a Xenopus homologue of 53BP1 (XL53BP1). XL53BP1 is associated with
chromatin and, in some cells, localized to a few large foci under normal conditions. Gamma-ray irradiation
induces increased numbers of the nuclear foci in a dose-dependent manner. The damage-induced 53BP1 foci
appear rapidly (in 30 min) after irradiation, and de novo protein synthesis is not required for this response.
In human cells, 53BP1 foci colocalize with Mrel1 foci at later stages of the postirradiation period. XL53BP1
is hyperphosphorylated after X-ray irradiation, and inhibitors of ATM-related kinases delay the relocalization
and reduce the phosphorylation of XL53BP1 in response to X-irradiation. In AT cells, which lack ATM kinase,
the irradiation-induced responses of 53BP1 are similarly affected. These results suggest a role for 53BP1 in the
DNA damage response and/or checkpoint control which may involve signaling of damage to p53.

Double-stranded DNA (dsDNA) breaks are potentially dan-
gerous to cells since they may lead to chromosome breakage
and loss of genetic information. However, transient dsDNA
breaks are essential to initiate recombination or to solve topo-
logical problems at the end of DNA synthesis (24, 58, 63).
dsDNA breaks can also occur if replication forks are stalled
(e.g., due to base modifications, single-stranded-DNA gaps, or
low deoxynucleoside triphosphate pools), and in Escherichia
coli, RuvABC Holliday junction resolvase has been shown to
catalyze the breakage (53, 68). In general, cells do not enter S
or M phase before the DNA lesions are properly repaired due
to the action of the DNA damage checkpoint (19). The sensi-
tivity of cancer cells to DNA-damaging agents is explained by
the fact that cancer cells have often lost some aspects of check-
point function, which has provided them with a higher rate of
genomic evolution to acquire a growth advantage (18).

The DNA damage checkpoint is a signal transduction cas-
cade that relays information from DNA lesions to components
of the cell cycle (reviewed in references 5, 40, and 41). In
response to DNA damage, ATM-related protein kinases
(ATM, ATR, and possibly DNA-PK) activate the downstream
effector checkpoint kinases Chk1 and Chk2 (28, 35, 62). Then
Chk2 (homologues are Rad53 in budding yeast and Cds1 in
fission yeast) phosphorylates p53 or Cdc25A, which arrests the
cell cycle at the G1/S or G2/M boundary, respectively (6, 7, 8,
20, 54). Compared to these downstream events, the molecular
mechanism of how DNA lesions activate the kinase cascade is
not well understood. Yeast genetics have identified candidate
genes that appear to be involved in these early sensing and
processing stages. These genes are classified into three groups:

yeast homologues of ATM-related kinases that are structurally
similar to phosphatidylinositol 3 kinase (Rad3sp/Mec1sc and
Tel1; superscripts are sp for fission yeast and sc for budding
yeast genes, respectively), putative sliding clamp and clamp
loader complexes structurally related to PCNA and RFC (e.g.,
Rad1sp, Hus1sp, and Rad17sp), and proteins with BRCT do-
mains (Crb2sp/Rad9sc). In response to DNA damage, ATM-
related kinases are activated by unknown mechanisms and the
putative sliding clamp components are phosphorylated (13, 27,
42). The sliding clamp and its loader are required for the
phosphorylation of BRCT proteins, and BRCT proteins are
required for phosphorylation and activation of the checkpoint
kinases (48). The carboxyl (C) termini of BRCT proteins con-
tain a tandem repeat of BRCT domains, each consisting of
;95 amino acid residues, that was first identified in BRCA1
(3). In human and in mouse, BRCA1 is thought to function as
a counterpart of the BRCT proteins in yeasts. A number of
observations indicate that the BRCT domain promotes pro-
tein-protein interactions (11, 34, 37). In contrast to their C
termini, the amino (N) termini of BRCT proteins are not
homologous to each other and the molecular functions of these
large N-terminal domains are totally unknown.

Some proteins involved in repair or checkpoint control are
relocalized to nuclear foci after DNA damage. These include
BRCA1, Rad51, and the Mre11-Rad50-Nbs1 complex (33, 43,
52, 64). Although the functional significance of these damage-
induced foci is unknown, the increased local concentration of
the proteins facilitates their functions, such as enzymatic and
signal transduction processes.

53BP1 is a human BRCT protein that was originally identi-
fied by the yeast two-hybrid screen using p53 as a bait (22). The
protein consists of 1,972 amino acid residues and has a tandem
repeat of the BRCT domain at its C terminus, which shows
similarity to the BRCT domain of Crb2sp (48). Although
53BP1 was shown to stimulate p53-mediated transcription in a
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transient-transfection assay (23), so far there is no evidence
implicating this protein in the DNA damage checkpoint and/or
repair pathway. To investigate this possibility, we have cloned
a Xenopus homologue of 53BP1 and raised antibodies against
the protein. As an initial step towards the understanding of the
function of 53BP1, we examined the behavior of XL53BP1 in
frog cell lines in response to DNA damage. We found that
53BP1 is relocalized to a number of nuclear foci after DNA
damage. dsDNA breaks are most effective in inducing this
focal phenotype. The focal redistribution of 53BP1 appears to
be related to the extent of its phosphorylation, which is also
induced by DNA damage. We will discuss a functional involve-
ment of ATM-related kinases in the focal relocalization of
53BP1.

MATERIALS AND METHODS

Cell culture and drug treatments. A Xenopus cell line (XTC-2) was grown in
a solution containing 60% Leibovitz L-15, 10% fetal calf serum, and 5 to 50 mg
of gentamicin per ml at room temperature (55). Human cells (HT1080 and the
AT cell line AT1BR/11 obtained from the MRC Cell Mutation Unit, University
of Sussex) were grown in Dulbecco’s modified Eagle’s medium, 10% fetal calf
serum, and 5 mg of gentamicin per ml at 37°C with 5% CO2. For treatment with
caffeine (0.5 M stock solution in H2O) or with wortmannin (10-mg/ml stock
solution in dimethyl sulfoxide [DMSO]; Sigma), XTC-2 cells grown on cover slips
were preincubated for 1 h in media containing either 16 mM caffeine or 23 mg of
wortmannin per ml before the X-ray irradiation. Cycloheximide (50-mg/ml stock
solution in ethanol) and actinomycin D were used as described above at 50 and
25 mg/ml, respectively.

Cloning of XL53BP1 and plasmid construction. Xenopus cDNA encoding a
53BP1 homologue was cloned by low-stringency hybridization. A Xenopus oocyte
cDNA library in lambda gt10 (45) was screened with human cDNA encoding
from Ser 1618 to Pro 1963 of human 53BP1 (23). Hybridization was performed
at 30°C in a solution of 53 SSPE (13 SSPE is 0.18 M NaCl, 10 mM NaH2PO4,
and 1 mM EDTA [pH 7.7]), 50% formamide, 53 Denhardt’s solution, 0.5%
sodium dodecyl sulfate (SDS) and 8% dextran sulfate for 16 h. The filters
(Hybond-N1; Amersham Pharmacia Biotech) were washed twice at room tem-
perature with 23 SSPE–0.1% SDS and twice at 58°C with 13 SSPE–0.1% SDS.
The length of the combined sequences of several overlapping clones was 5,387
bp, and the longest open reading frame (ORF) was 1 to 5199 bp, encoding 1,733
C-terminal amino acid residues.

Antibody preparation. The 1.5-kb HindIII-EcoRI fragment of XL53BP1
cDNA was cloned into the pRSET plasmid (Invitrogen), and the recombinant
protein, tagged with six histidines, was expressed in BL21 (DE3) with pLysS. The
protein found in an insoluble fraction was run on an SDS-polyacrylamide gel,
eluted by diffusion, and used as an antigen to immunize rabbits (1). Poly(A) z

poly(U) was used as an adjuvant (21). The corresponding domain of human
53BP1 was expressed and used for the antigen as described above. Antibodies
were affinity purified with an antigen column as follows. The insoluble fraction
containing approximately 10 mg of the His-tagged recombinant protein was
solubilized with 6 M guanidine-HCl and loaded onto 1 ml of Ni-nitrilotriacetic
acid agarose (Qiagen). The protein was renatured on the column by applying a
6 to 1 M urea gradient essentially according to the manufacturer’s instructions.
The peak fractions were pooled and dialyzed against HNG buffer (0.5 M NaCl,
10% glycerol, 10 mM HEPES-NaOH [pH 7.5]) overnight at 4°C. The dialyzed
fractions containing the solubilized recombinant proteins were coupled to Affigel
10 (Bio-Rad) by following the instructions supplied by the manufacturer. Ap-
proximately 1 mg of the recombinant protein was coupled to 1 ml of the Affigel
resin. Affinity column chromatography was performed essentially according to a
standard procedure (17). The antibodies were concentrated to ;1 ml with
Centricon 30 (Amicon), dialyzed against an appropriate buffer, and stored at
280°C in aliquots.

Immunoprecipitation and immunoblotting. XTC-2 or HT1080 cells were
rinsed briefly with Marc’s modified ringer’s solution (MMR; 100 mM NaCl, 2
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES-NaOH [pH 7.4] [55]) or
with phosphate-buffered saline (PBS), respectively. The dishes were placed on
ice and LA buffer (50 mM HEPES-NaOH [pH 7.5], 0.5 mM EDTA, 80 mM
b-glycerophosphate, 1 mM Na-vanadate, 10% glycerol, 1 mM phenylmethylsul-
fonyl fluoride [PMSF], 1 mM dithiothreitol [DTT], 1 mM lactacystin, 1% NP-40,
50 mM NaF, 400 mM NaCl, 13 protein inhibitor cocktail) was applied at 6.7

ml/cm2. Protein inhibitor cocktail (1,0003) contained 10 mg each of leupeptin,
pepstatin A, chymostatin, and antipain per ml in DMSO. Cells were scraped off
with a silicon rubber scraper, and the cell lysates were spun for 10 min in a
microcentrifuge at 4°C. The supernatants were stored at 280°C. Protein con-
centrations were estimated by the Bradford assay (4) using bovine serum albumin
(BSA) as a standard. Immunoprecipitation was performed as follows. Four
hundred fifty microliters of the cell lysates was diluted with 900 ml of dilution
buffer (10 mM HEPES-NaOH [pH 7.5], 0.5 mM EDTA, 10 mM b-glycerophos-
phate, 1 mM Na-vanadate, 0.1 mM PMSF, 0.5 mM DTT, 0.02% NP-40) and spun
for 10 min in a microcentrifuge at 4°C. The supernatants were added with 6 mg
of the affinity-purified antibodies and incubated for 1 h at 4°C on a rotating
wheel. Twenty microliters of proteins A-agarose beads (Gibco BRL) was added,
and incubation was continued for 1 h. The beads were washed five times with
washing buffer (10 mM HEPES-NaOH [pH 7.5], 0.5 mM EDTA, 10 mM b-glyc-
erophosphate, 50 mM NaF, 100 mM NaCl, 1 mM Na-vanadate, 0.1 mM PMSF,
0.5 mM DTT, 0.02% NP-40). The proteins were eluted with 20 to 50 ml of
denaturation buffers appropriate for the following gel electrophoresis. For phos-
phatase treatments of immunoprecipitates, the resins were washed three times
with Tris-buffered saline, resuspended in 15 ml of phosphatase buffer (50 mM
Tris-HCl [pH 7.5], 0.1 mM EDTA, 5 mM DTT, 0.01% Brij 35, and 2 mM MnCl2)
plus 400 U of lambda protein phosphatase (New England Biolabs), and incu-
bated for 30 min at 30°C. The reaction was stopped by adding EDTA to 5 mM
and appropriate sample buffers for gel electrophoresis. Proteins were separated
on standard Laemmli gels (5 to 12% gradient [29]) or on NuPAGE Tris-acetate
gels (3 to 8% gradient; Novex). For Laemmli gels, the proteins were electro-
transferred onto nitrocellulose filters with Tris-glycine buffer containing 10%
methanol (60). For NuPAGE gels, we followed the protocol supplied by the
manufacturer. The filters were blocked with 5% skimmed milk in Tris-buffered
saline and probed with 1 mg of the affinity-purified antibodies per ml. Preimmune
sera were diluted to 1:1,000 and used for blotting. The antibodies conjugated
with peroxidase were used as secondary antibodies. Enhanced chemilumines-
cence was used for detection.

Immunofluorescence staining. Essentially the standard procedure was fol-
lowed (17). XTC-2 cells grown on coverslips were briefly rinsed with MMR and
fixed with freshly prepared 3% paraformaldehyde in MMR for 10 min. The cells
were permeabilized in 0.5% Triton X-100 in PBS for 2 min at room temperature.
After being washed with PBS, the coverslips were blocked in 3% BSA in PBS for
1 h. HT1080 cells were fixed and permeabilized in 50% methanol–50% acetone
at 220°C for 2 min. The first antibodies were affinity-purified antibodies diluted
to 10 mg/ml in 3% BSA in PBS. Preimmune serum was used at a 1:100 dilution
as a negative control. Antibodies were labeled with fluorescein isothiocyanate
(FITC) as described previously (17). For double labeling of HT1080 cells, cells
were first probed with anti-Mre11 antibodies (Novus Biologicals) that are de-
tected by the anti-rabbit immunoglobulin G Cy5. Then the samples were fixed
with paraformaldehyde, followed by blocking and probing with anti-53BP1 an-
tibody–FITC. The coverslips were mounted in 85% glycerol–2.5% propyl gal-
late–2.5 mg of DAPI (49,69-diamidino-2-phenylindole) per ml. Double labeling
with anti-53BP1 antibody and bromodeoxyuridine was performed as follows.
XTC-2 cells on cover glasses were incubated in the presence of 10 mg of bro-
modeoxyuridine per ml for 2 h, fixed, and stained with anti-XL53BP1 antibody as
described above using secondary antibodies conjugated with rhodamine. After
the final wash, the cells were fixed again, rinsed with PBS twice, and treated with
50,000 U of DNase I per ml in a solution containing 150 mM NaCl, 10 mM
sodium acetate (pH 5.2), 10 mM MgCl2, and 100 mg of BSA per ml for 30 min
at room temperature. The cover glasses were rinsed three times with PBS and
probed with monoclonal antibodies against bromodeoxyuridine (Roche Molec-
ular Biology), which was then detected by FITC-labeled secondary antibodies.
Images were recorded with either a conventional microscope (Zeiss Axioskop
microscope equipped with a VYSIS image recording system) or a confocal
microscope (Leica).

Nucelotide sequence accession number. The sequence data for XL53BP1 are
available from the DDBJ, EMBL, and GenBank databases under accession no.
AJ298224 and XLA298224.

RESULTS

Isolation of a Xenopus 53BP1 homologue, XL53BP1. We
cloned a cDNA encoding a Xenopus 53BP1 homologue by
low-stringency hybridization. The human cDNA sequence en-
coding the C-terminal 345 amino acid residues was amplified
by PCR and used as a probe to screen a Xenopus oocyte cDNA
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library. The longest clone obtained in the first screening en-
coded only 60% of the expected full length, and another
screening was performed using the 59 end of the first-round
clone as a probe. The combined sequence of the overlapping
clones had an open reading frame of 1,737 amino acid residues
but still lacked the N terminus (N.B., human 53BP1 is 1,972
amino acids long). The carboxyl-terminal 1,100 amino acid
residues of XL53BP1 shares 57% identity and 80% similarity
with human 53BP1. The N-terminal half of XL53BP1 shows
low similarity to the human protein (data not shown). One
common feature of the N-terminal halves of human and Xe-
nopus 53BP1 is the presence of SQ/TQ motifs spread through-
out the region (22 motifs for the human and 9 for the Xenopus
53BP1). SQ/TQ motifs are the preferred phosphorylation sites
of members of the ATM-related kinase family (25). In addi-
tion, both proteins are rich in acidic amino acid residues (with
a pI of 4.0 for the human and a pI of 4.3 for the Xenopus
53BP1).

53BP1 exists as an oligomeric protein complex. We raised
antibodies against the C-terminal 500 amino acid residues of
XL53BP1 and those of human 53BP1, both of which were
produced in E. coli. Affinity-purified anti-XL53BP1 and anti-
HS53BP1 antibodies recognized a single protein of ;300 kDa
by immunoblotting (Fig. 1A, lanes 1 and 4). Preimmune sera
showed only very weak reactions with proteins in the extracts
(lanes 2 and 3; note that, after the affinity purification, those
minor bands disappeared). Thus, in SDS-polyacrylamide gel
electrophoresis Xenopus and human 53BP1 appeared to mi-
grate significantly more slowly than expected from the primary
sequence. Slower migration of 53BP1 was previously reported
for human 53BP1, in which its identity was confirmed by hem-
agglutinin epitope tagging (23).

Anti-HS53BP1 antibodies precipitated the protein with an
apparent molecular mass of 300 kDa from HeLa cell extracts
labeled with [35S]methionine-cysteine (Fig. 1, lane 6). There
also appeared to be several other proteins that coimmunopre-
cipitated with 53BP1. The preimmune serum control precipi-
tated no detectable proteins (lane 5). Separation of the HeLa
cell extracts by a gel filtration column (Superdex 200) showed
that 53BP1 was eluted in fractions larger than 669 kDa (ap-
proximately 1 MDa) (Fig. 1B). These results suggested that
53BP1 existed as an oligomeric protein complex.

XL53BP1 is associated with nuclear foci that are induced by
various DNA-damaging agents. Some of the proteins involved
in the DNA damage repair checkpoint are known to change
their localization in response to DNA damage. To determine
whether this is the case for 53BP1, we examined the cellular
localizations of XL53BP1 under differing conditions. The Xe-
nopus cell line XTC2 was fixed and stained with affinity-puri-
fied anti-XL53BP1 antibodies. XL53BP1 showed an exclu-
sively nuclear localization in interphase cells (Fig. 2A). Cells
stained with preimmune serum showed little signal under the
experimental conditions (Fig. 1B; images were recorded under
the same sensitivity setting for panels A to E). In mitosis,
XL53BP1 appeared to be dissociated from mitotic chromo-
somes and was dispersed throughout the cytoplasm (data not
shown; see Fig. 5 for human cells). The nuclear XL53BP1
appeared to exist as two populations. One was distributed
homogeneously over the chromatin, and the other was associ-
ated with a few large foci inside the nucleus. Since the preim-

mune serum control did not show any chromatin signal, the
overall chromatin staining was due to XL53BP1 and not non-
specific background. Often the bright foci were adjacent to
nucleoli (Fig. 2A; the nucleolus appears as a dark hole with the
XL53BP1 stain). On average, one nucleus had 2.1 6 3.4
XL53BP1 foci. Approximately half of the nuclei did not have
any XL53BP1 foci. Double labeling with anti-XL53BP1 anti-
body and with bromodeoxyuridine for S-phase nuclei indicated
that there was no obvious relationship between the presence of
bright XL53BP1 foci and S phase (data not shown).

We next investigated the effects of ionizing irradiation on
the localization of XL53BP1. XTC-2 cells were exposed to
increasing doses of g rays, fixed after 2 h of incubation, and
stained for XL53BP1 (Fig. 2C to E). Exposure to g rays caused
the appearance of an increased number of smaller XL53BP1

FIG. 1. (A) Verification of antibodies against 53BP1 and immuno-
precipitation. Cell lysates were prepared from Xenopus cells (XTC-2),
(lanes 1 and 2) or from HeLa cells (lanes 3 and 4), run on an SDS-
polyacrylamide gel, and subjected to immunoblotting. Affinity-purified
anti-XL53BP1 (Xenopus cells; lane 1) or anti-HS53BP1 (human; lane
4) antibodies react with single proteins in the extracts. Preimmune sera
were used as negative controls (lanes 2 and 3). Lane 6, fluorography of
immunoprecipitate (IP) with anti-HS53BP1 antibody from 35S-labeled
HeLa cell extracts lane 5, immunoprecipitation with preimmune serum
control. (B) Gel filtration of HeLa cell extracts. The extract (Lo) was
loaded on a Superdex 200 (10/30) column, and the fractions were
analyzed by immunoblotting with anti-HS53BP1 antibodies. Positions
where the molecular mass markers were eluted are indicated below the
gel in kilodaltons.
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foci inside the nuclei in most of the cells. We performed optical
sectioning using a confocal microscope and scored the number
of XL53BP1 foci per nucleus for 100 cells. The number of
XL53BP1 foci increased in a dose-dependent manner (Fig.
3A).

We examined the localization of XL53BP1 in cells treated
with other DNA-damaging agents (Fig. 2F to I). The results of
the treatments examined were as follows: VM26 inhibited to-
poisomerase II activity by stabilizing the covalent dsDNA
break protein intermediate (Fig. 2F) (9), mitomycin C cross-
linked interstrand DNA (Fig. 2G), UV induced pyrimidine
dimer formation (Fig. 2H) and hydroxyurea reduced the cel-
lular deoxynucleoside triphosphate concentration through in-
hibiting ribonucleotide reductase (Fig. 2I). It is worth noting
that each agent may generate various other lesions as second-
ary or tertiary effects. We observed that ionizing irradiation (X
or g rays) and VM26 treatments were most effective at induc-
ing the formation of numerous smaller XL53BP1 foci (Fig. 2C
to F; see also Fig. 5). The other treatments were less effective
and induced smaller and fewer 53BP1 foci (Fig. 2G to I).

The XL53BP1 foci dissociate upon recovery from DNA dam-
age. In order to determine the fate of the XL53BP1 foci after
the lesions were repaired, we examined the XL53BP1 localiza-
tion 24 h postirradiation (26, 39). XTC-2 cells were exposed to
5 Gy of g rays. In separate experiments, more than 95% of the
cells survived at this dose of irradiation (data not shown). We
noted that XTC-2 cells were significantly more resistant to
g-ray irradiation than mouse or human cells for unknown rea-

sons. (Only 20% of mouse cells survived under the same con-
ditions. This might be partly due to the fact that the Xenopus
genome has ancient tetraploid features.) The cells were fixed at
2 h or at 24 h postirradiation and stained for XL53BP1. The
number of foci per nucleus was counted in 150 cells and scored
(Fig. 3B, black bars). Nonirradiated cells served as a control
(stippled bars). At 2 h postirradiation, the average number of
XL53BP1 foci per nucleus increased to 10.9 6 3.2 from 0.73 6
0.98 in the nonirradiated control (Fig. 3B, upper graph). At 24
h postirradiation, the number decreased to 1.99 6 2.15 foci per
nucleus. This number was indistinguishable from the value
(2.13 6 1.95) for the nonirradiated control at the same time
point (lower graph). These results indicated that the XL53BP1
foci assembled transiently in response to DNA damage and
that they dissociated at later times, presumably after the le-
sions were repaired.

XL53BP1 is relocalized to the damage-induced foci: de novo
synthesis is not required. Is the induction of XL53BP1 foci in
response to DNA damage due to an increased level of protein
expression? To answer this question, we examined whether the
inhibition of transcription or translation would block the as-
sembly of XL53BP1 foci. XTC2 cells were exposed to 5 Gy of
g rays in the presence of either cycloheximide or actinomycin
D, and after 2 h of incubation the cells were stained for
XL53BP1. As shown in Fig. 4, the damage-induced XL53BP1
foci assembly occurred efficiently in the presence of these in-
hibitors (compare Fig. 4B to D). There were slight increases in
the numbers of XL53BP1 foci per nucleus after irradiation in

FIG. 2. XL53BP1 localizes to nuclear foci, which increase in number after DNA damage. Xenopus XTC-2 cells were immunostained with
anti-XL53BP1 antibodies. (A) In control cells, there were two types of XL53BP1 populations. One was homogeneously distributed over chromatin,
and the other was associated with large foci. (B) Staining with preimmune serum showed very little background. (C to E) After exposure to g rays,
XL53BP1 formed increased numbers of smaller foci dispersed throughout the nucleus. g-Ray dosages were 1.5 Gy (C), 7.5 Gy (D), and 20 Gy (E).
(F to I) XL53BP1 foci were also induced by various DNA-damaging agents. Cells were subjected to 3.3 mg of VM26 per ml (F), 60 mg of mitomycin
C per ml (G), 300 J of UV per m2 (H), and 10 mM hydroxyurea (HU) (I). Cells were fixed for staining at 2 h postirradiation or at 16 h after addition
of the chemicals.
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the presence of these inhibitors, although the reason for this
was unknown. In a control experiment, there was very little
incorporation of35S-labeled amino acids into proteins in the
presence of 50 mg of cycloheximide per ml (data not shown).
To further confirm these results, we compared the amounts of
XL53BP1 in cells exposed or not exposed to g rays by quan-
titative immunoblotting (Fig. 4E). We did not observe any
change of the XL53BP1 levels before and after exposure to g
rays (compare lanes 1, 2, and 3). These results indicated that
the increased number of XL53BP1 foci in cells after ionizing
irradiation was due to relocalization of the protein that was
already there and that de novo synthesis was not required.

Colocalization of 53BP1 foci with Mre11 foci in human cells.
As described above, XL53BP1 relocalized to nuclear foci tran-
siently in response to DNA damage. In the absence of DNA
damage, the protein did not appear to change its localization in
a cell cycle-dependent manner except in M phase. This behav-
ior of XL53BP1 is quite similar to that of the Rad50-Mre11-
Nbs1 complex in human cells (33, 38). To investigate the spa-
tial relationship between 53BP1 and Mre11, we monitored the
kinetics of 53BP1 and Mre11 focus assembly in response to
DNA damage in the human fibrosarcoma cell line HT1080.
HT1080 cells were either untreated or exposed to 84 Gy of X

FIG. 3. (A) g-Ray-dose-dependent increase of XL53BP1 focal
number. The average number of foci per nucleus was plotted versus
radiation dose. Error bars indicate standard deviations. (B) Recovery
of the XL53BP1 focal phenotype after g-ray irradiation. XTC-2 cells
were either untreated (stippled bars) or irradiated with 5 Gy of g rays
(black bars) and fixed for XL53BP1 staining at 2 h or at 24 h postir-
radiation. Optical sections were recorded by confocal microscope. The
number of XL53BP1 foci per nucleus was counted in 150 cells for each
sample. At 2 h postirradiation, the nuclei had 10.9 6 3.2 XL53BP1 foci
(upper graph, black bars). At 24 h postirradiation, the average focus
number per nucleus decreased to 1.99 6 2.15 (lower graph, black
bars), which was equivalent to that of the untreated control cells
(stippled bars).

FIG. 4. Neither inhibitors of transcription nor translation blocks
the assembly of XL53BP1. XTC-2 cells were irradiated with 5 Gy of g
rays in the presence of 50 mg of cycloheximide (Cyh) per ml (C) or 25
mg of actinomycin D (Act) per ml (D). (A) Nonirradiated control. (B)
Cells irradiated without the inhibitors. (E) the amount of XL53BP1
did not increase after g-ray irradiation. XTC-2 cells were exposed to 5
or 15 Gy of g rays, and at 2 h after irradiation, cell extracts were
prepared for immunoblotting with anti-XL53BP1 antibody. Each slot
was loaded with the same amount of proteins.
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rays, fixed at 15 h postirradiation and doubly stained with
anti-53BP1 (detected by FITC) and anti-Mre11 (detected by
Cy5) antibodies (Fig. 5A to F). Increased numbers of smaller
53BP1 foci were induced in response to X-ray irradiation (Fig.
5B). At this later time postirradiation, in 40% of cells, Mre11
localized to discrete foci as previously reported (Fig. 5D) (33).
Mre11 foci showed almost 100% colocalization with 53BP1
foci in these cells (Fig. 5F, a merged image of panels B and D).
In untreated HT1080 cells, there were smaller numbers of
53BP1 foci and the cells had Mre11 foci at the corresponding
sites, although the Mre11 signals were not as prominent as
53BP1 signals (Fig. 5A, C, and E). It is worth noting that
bleedthrough of the FITC and Cy5 signals to the opposite
channel was minimal under the experimental conditions (data
not shown).

In Fig. 5G, the number of 53BP1 foci (upper graph) or
Mre11 foci (lower graph) per nucleus were counted for 50
nuclei at each time point after X-ray irradiation using a con-
focal microscope and categorized as indicated, and the per-
centages of each category were plotted. The average number of
53BP1 foci in untreated HT1080 cells was 12.9 6 10, which was
higher than the number in Xenopus XTC-2 and AT cells for
unknown reasons (see Table 1). Some HT1080 cells had very
few foci and some had more (5 to 30 foci/nucleus) under
normal conditions (see Fig. 8D). At 30 min postirradiation, the
number of 53BP1 foci increased to 62 6 24. In contrast, at this
early stage of postirradiation Mre11 did not show discrete focal
distribution (Fig. 5G, lower graph) (at 30 min there were no
countable foci). This result appeared to be consistent with the
previous observation by Nelms et al. (38), who had shown that
Mre11 is recruited to chromatin in the nuclear volume, where
the DNA lesions and repair synthesis occur as early as 30 min
after the irradiation though the protein does not show focal
distribution under a standard microscope. As reported, dis-
crete Mre11 foci were observed only at later stages of postir-
radiation (9, 15, and 24 h) (33). Here we scored only large

FIG. 5. Colocalization of 53BP1 foci and Mre11 foci in human
HT1080 cells. HT1080 cells untreated (A, C, and E) or exposed to 84
Gy of X rays (X) (B, D, and F) were fixed at 15 h postirradiation and
double stained with Cy5 for Mre11 (C and D; pseudo-colored in red)
and with FITC for 53BP1 (A and B; green). (E and F) Merged images
of panels A and C and of B and D, respectively. Colocalization of
green foci and red foci yields yellow signals. The cell marked by an
arrowhead in panels B and D had 53BP1 foci but not discrete Mre11
foci. The cells marked by asterisks in panels C and D were in mitosis,
and 53BP1 and Mre11 were dissociated from mitotic chromosomes
and spread throughout the cytoplasm. (G) Kinetics of 53BP1 and
Mre11 focal formation. HT1080 cells were either untreated (0 h) or
irradiated with X rays, fixed at the indicated times postirradiation, and
stained independently for either 53BP1 or Mre11. Optical sections
were recorded by confocal microscope. The number of 53BP1 foci
(upper graph) or Mre11 (lower graph) foci per nucleus was counted in
50 cells for each sample. Nuclei were categorized as having 0 to 5 foci
(blue bars), 6 to 30 foci (green bars), 31 to 60 foci (yellow bars), 61 to
90 foci (red bars), and .91 foci (brown bars) at each time point. The
y axis indicates the percentage of each category at each time point. For
Mre11, only large, well-distinguished foci were scored (e.g., the nu-
cleus marked with an arrowhead in panel D was scored as negative for
Mre11 foci). Thus, the number of Mre11 foci may have been under-
estimated. Note that 53BP1 foci form early at 30 min postirradiation,
when Mre11 foci were not observed at all.

1724 ANDERSON ET AL. MOL. CELL. BIOL.



discrete Mre11 foci. Since Mre11 staining had a higher overall
chromatin signal than did 53BP1 staining, it was more difficult
to count convincingly the smaller Mre11 foci (e.g., the nucleus
marked with an arrowhead in Fig. 5D was scored as negative
for Mre11 foci; note that the counting was performed with cells
stained singly either with anti-53BP1 or with anti-Mre11 anti-
body). So in Fig. 5G, the number of Mre11 foci was likely to be
underestimated when compared with the number of 53BP1
foci, which always showed more contrast than did the overall
chromatin staining. Thus, in human cells, 53BP1 focus assem-
bly was induced at quite an early stage in response to DNA
damage.

Hyperphosphorylation of XL53BP1 in cells irradiated with
X rays. We examined whether XL53BP1 was phosphorylated
in response to ionizing irradiation, as this has been reported
for other checkpoint proteins like BRCA1, Crb2, Nbs1, and
Rad9sp (10, 31, 65, 67). XL53BP1 from cells irradiated with X
rays migrated more slowly than the XL53BP1 from untreated
cells on SDS-polyacrylamide gel electrophoresis (Fig. 6A,
lanes 2 and 3). This retardation was due to phosphorylation,
since this slower migration was eliminated by treatment of the
immunoprecipitated XL53BP1 with protein phosphatase (Fig.
6A, lane 4). The shift was already visible at 30 min postirradi-
ation (lanes 5 and 6; see also Fig. 6C, lanes 1 and 2, for human
cells) and became more pronounced at 3 h (Fig. 6B, lanes 1, 4,
and 7). Note that there was no significant increase in the
XL53BP1 levels after the X-irradiation.

Next we investigated the effects of known inhibitors of ATM-
related kinases on the hyperphosphorylation of XL53BP1 in-
duced by X-ray irradiation. XTC-2 cells were preincubated in
the presence of either 16 mM caffeine or 23 mM wortmannin
for 1 h and then irradiated with X rays. At 30 min and at 3 h
postirradiation, extracts were prepared and run on a SDS-
polyacrylamide gel for immunoblotting (Fig. 6B). Caffeine was
shown to be a potent ATM-related kinase inhibitor (2, 16, 49).
The 50% inhibitory concentrations of ATM, ATR, and DNA-PK
to caffeine were 0.2, 1.1, and 10 mM, respectively (49). In the
presence of 16 mM caffeine, most of the activities of ATM-
related kinases were expected to be blocked. Wortmannin ir-
reversibly inhibits certain members of the PI3K family, and 23
mM wortmannin blocks the activities of ATM and DNA-PK
but not that of ATR in intact cells (50) (in cells, 50% inhibitory
concentrations of the kinases were 5.8, 3.6, and 100 mM, re-
spectively). We found that the slower migration of XL53BP1
was almost completely eliminated in the extracts prepared
from cells irradiated in the presence of 16 mM caffeine (Fig.
6B, lanes 2, 5, and 8). Wortmannin showed a similar effect but
was less effective (Fig. 6B, lanes 3, 6, and 9). In the presence of
23 mM Wortmannin, XL53BP1 migrated slower than that from
cells without irradiation or from caffeine-treated cells but
faster than that from cells that had not been treated with

FIG. 6. Phosphorylation of XL53BP1 in cells irradiated with X
rays. (A) XL53BP1 was immunoprecipitated from XTC-2 cells either
untreated (lanes 1 and 3; 2 X ray) or exposed to X rays (lanes 2 and
4; 1 X ray) at 2 h postirradiation. Half of the samples were treated
with protein phosphatase (lanes 1 and 4; 1 PPase). The proteins were
run on a gel and immunoblotted with anti-XL53BP1 antibodies.
XL53BP1 of irradiated cells migrated more slowly than that of nonir-
radiated cells (lanes 2). This retardation was lost if the sample was
phosphatased (lane 4). Lanes 5 and 6 indicate that the band retarda-
tion was already seen at 30 min postirradiation. (B) Caffeine blocks the
phosphorylation of XL53BP1. XTC-2 cells were either untreated
(lanes 7 to and 9) or exposed to X rays (lanes 1 to 6) in the absence of
drugs (lanes 1, 4, and 7) or in the presence of 16 mM caffeine (lanes 2,
5, and 8) or 23 mM wortmannin (lanes 3, 6, and 9). Extracts were
prepared from irradiated cells at 30 min (lanes 1, 2, and 3) and at 3 h
(lanes 4 to 6) post-X-ray exposure. The extent of the band retardation
was significantly reduced in the presence of caffeine (e.g., compare
lanes 4 and 5). Wortmannin had a similar effect but with lower effi-
ciency (lane 6). The same amount of protein was loaded per slot. The
lower bands were degradation products of XL53BP1. (C) AT cells
show a reduction in 53BP1 phosphorylation in response to X-ray irra-
diation. Extracts were prepared from untreated cells (lanes 1, 5, and 9)
or from cells irradiated with X rays, at 30 min (lanes 2 and 8), at 1 h
(lanes 3 and 7), and at 3 h (lanes 4 and 6) postirradiation. In control
ATM1 HT1080 cells (lanes 1 to 5), 53BP1 showed slower migration

after X-ray irradiation (lanes 2 to 4). In AT cells that are ATM kinase
defective (lanes 6 to 9), the retardation was greatly reduced and the
53BP1 band showed only a slight retardation at 1 and 3 h compared
with that of the untreated control (compare lanes 6 and 7 to 9). 53BP1
from the untreated HT1080 cells ran slightly more slowly than that
from AT cells for unknown reasons. Samples were loaded in an order
to see the shifted and the nonshifted bands next to each other.
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inhibitors after X-ray irradiation (Fig. 6B, lanes 3, 6, and 9).
However, it was possible that the inhibitory effects of these
drugs on the phosphoryaltion of XL53BP1 were not necessarily
through ATM-related kinases, especially given the relatively
high concentration of caffeine used.

To investigate further the possible implication of ATM ki-
nase, we examined the band retardation of 53BP1 before and
after the irradiation of AT cells that were deficient for ATM
kinase. The extent of the 53BP1 band retardation was signifi-
cantly reduced, although the band shift was not completely
abolished (Fig. 6C, lanes 6 to 9; compare with the results for
control HT1080 cells, which are ATM1). Due to technical
reasons, the amount of total protein we could load per slot for
AT cells was approximately half that of HT1080 cells; there-
fore, the 53BP1 bands were slightly fainter in AT cell samples.
These results suggested that ATM, and possibly its related
kinases, were implicated in the hyperphosphorylation of
XL53BP1 in response to the DNA damage induced by X-ray
irradiation.

Caffeine inhibits the focal redistribution of XL53BP1 in
cells irradiated with X rays. Given that the postirradiation
phosphorylation of XL53BP1 was reduced in the presence of
either caffeine or wortmannin, we were interested in examining
whether the focal redistribution of XL53BP1 would also be
affected by the presence of these drugs during damage induc-
tion. XTC-2 cells were treated as described above, fixed, and
stained for XL53BP1 (Fig. 7). In control cells without inhibitor
treatment, the focal redistribution of XL53BP1 was already
visible at 30 min postirradiation, and at 3 h, it was prominent
(Fig. 7A and B, respectively). However, in the presence of 16
mM caffeine, the protein stayed distributed mostly homoge-
neously over the chromatin even after 3 h postirradiation and
the numbers of 53BP1 foci assembled were significantly lower
(Fig. 7C and D). It is worth noting that this concentration of
caffeine was four times higher than that usually required to
block the DNA damage checkpoint (51). At a lower concen-
tration of caffeine (i.e., 4 mM), we did not observe any delay of
53BP1 focus formation after X-ray irradiation (data not
shown). Wortmannin showed a moderate effect, and the focal
redistribution of XL53BP1 appeared to be slightly delayed in
the early stages (Fig. 7E; see also Table 1) of postirradiation.
Later, at 3 h postirradiation, the assembly of XL53BP1 foci was
nearly as efficient as that of the no-drug control (F).

A slight delay of 53BP1 focal redistribution was also ob-
served in AT cells (Fig. 8). In HT1080 (ATM1) cells, 53BP1
focus formation was clearly observed 1 h after X-ray irradia-
tion (Fig. 8E). Whereas, in AT (ATM2) cells at 1 h postirra-
diation, fewer and less distinct 53BP1 foci had formed (Fig.
8B). By 3 h postirradiation, the AT cells had managed to
assemble discrete 53BP1 foci (Fig. 8C). We scored the number
of countable 53BP1 foci per nucleus by optical sectioning with
a confocal microscope (Table 1). Counting was performed by
two independent investigators, and we obtained consistent re-
sults. At 30 min postirradiation, more than 60 foci were
counted on average in HT1080 nuclei. In contrast, only 23.5
foci were counted per AT cell nucleus on average at 30 min.
After 3 h we did not observe a significant difference in numbers
of foci between HT1080 and AT cells. A slight delay in
XL53BP1 focus formation was also observed in XTC-2 cells in
the presence of wortmannin (30 versus 54 foci in the no-drug

control after 30 min). These results suggested that ATM kinase
might be implicated in the rapid response of 53BP1 focus
formation after ionizing irradiation; however, the kinase was
not essential for focal assembly.

DISCUSSION

53BP1, a member of the BRCT protein family, is hyperphos-
phorylated and relocalizes to a number of nuclear foci in re-
sponse to DNA damage. These foci also contain the Mre11-
Rad50-Nbs1 complex. 53BP1, however, concentrates in foci in
30 min, which is significantly earlier than the time any obvious
concentration of Mre11 occurs in the postirradiation period (9
to 15 h after irradiation [33]). There were several proteins that
coimmunoprecipitated with 53BP1 (Fig. 1A). However, we
detected neither p53 nor Mre11 in the 53BP1 immunoprecipi-
tate under the experimental conditions (data not shown).

The assembly of 53BP1 foci is not cell cycle stage dependent.
In contrast, Rad51 and BRCA1, which also change their sub-
nuclear localization after DNA damage, show a focal distribu-
tion in S phase and disperse homogeneously over the nucleo-

FIG. 7. XL53BP1 focus formation is diminished or delayed in the
presence of caffeine or wortmannin, respectively. Cells were treated as
described for Fig. 6. XTC-2 cells were exposed to X rays either in the
absence of any drugs (A and B) or in the presence of 16 mM caffeine
(C and D) or 23 mM wortmannin (E and F) and fixed at 30 min (A, C,
and E) or at 3 h (B, D, and F) postirradiation for XL53BP1 stain.
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plasm after genotoxic treatments (52, 64). Ionizing irradiation
induces Rad51 and BRCA1 focal assembly in cells presumed
to be in either G1 or G2 (15, 59, 64), whereas irradiation-
induced 53BP1 foci occur in almost all cells except those in
mitosis. Rad51, Mre11, or BRCA1 foci are observed in a sub-
set of cells after irradiation (10 to 40%, depending on the
protein, cell type, and cell cycle stage [33, 44, 64]).

The histone H2A variant H2AX, which makes up 20% of the
total H2A in human cells, is phosphorylated at Ser 139 in
response to dsDNA breaks. H2AX phosphorylation has been
demonstrated to occur at the sites of lesions by scissoring laser
treatment (46, 47). Recently, a comprehensive study has shown
that the different types of damage-induced foci, including
BRCA1, Rad51, and the Mre11-Rad50-Nbs1 complex foci, all

originate from g-H2AX foci at certain stages of the postirra-
diation period (44). The associations appear to follow a se-
quential order, and some of them might also be cell cycle stage
dependent. The focally distributed H2AX phosphorylated at
Ser 139 (called g-H2AX) appears immediately after irradia-
tion, peaks by 10 min, and then gradually decreases and almost
disappears after 4.5 h (46, 47). Kinetically, the appearance of
53BP1 foci and 53BP1’s hyperphosphorylation occur slightly
later than the appearance of foci and H2AX’s hyperphosphor-
ylation of H2AX but earlier than with the other types of dam-
age-induced nuclear foci. At 30 min postirradiation the focal
distribution and the phosphorylation of XL53BP1 are not at
their maxima (Fig. 6 and 7). This result might be reasonable
since 53BP1 needs to be recruited to the foci after DNA
damage and, in contrast, since H2AX is already there at the
dsDNA breaks. More than half of the dsDNA breaks are
rejoined in an order of minutes, and the rest persist for several
hours (26, 39). 53BP1 foci might be implicated in the repair
and/or checkpoint control associated with the latter.

53BP1 is hyperphosphorylated in response to ionizing irra-
diation, and this phosphorylation is significantly reduced in AT
cells which are deficient in ATM kinase (Fig. 6C). The data
obtained with the inhibitors of ATM-related kinases are con-
sistent with the AT cell results (Fig. 6B). These results suggest
that ATM-related kinases are involved in the phosphorylation
of 53BP1 in response to ionizing irradiation. Interestingly, caf-
feine inhibits 53BP1 phosphorylation more efficiently than

FIG. 8. AT cells show a slight delay in 53BP1 focus formation in response to X-ray irradiation. AT cells (A to C) or HT1080 cells (D to F) were
either untreated (A and D) or exposed to X rays, fixed at 1 h (B and E) or at 3 h (C and F) postirradiation, and stained for 53BP1.

TABLE 1. Slight delay in 53BP1 focus formation in AT cells and in
XTC-2 cells in the presence of wortmannin after X-ray exposure

Cell type

Avg no. of 53BP1 foci per nucleus at indicated
time after X-ray irradiation:

0 h 30 min 3 h

HT1080 12.9 6 10.3 62.1 6 24.9 76.5 6 10.4
AT 0.82 6 1.34 23.5 6 13.2 67.7 6 21.6a

XTC-2 1.5 6 1.5 54 6 18 73 6 13
XTC-2 1 wortmannin 1.5 6 1.5 30 6 16 68 6 14

a At 6 h.
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wortmannin. This is also true for the suppressive effects of
caffeine and wortmannin on the relocalization of 53BP1: caf-
feine blocks and wortmannin slightly delays 53BP1 focus for-
mation (Fig. 7 and Table 1). We observed a slight delay in
53BP1 focal assembly in AT cells after irradiation (Fig. 8 and
Table 1). This suggests that ATM kinase might be involved in
the rapid response of 53BP1 relocalization to ionizing irradi-
ation but that it is not essential for formation of the foci.
Mre11/Rad50 focus formation is reduced in AT cells but not
completely abolished (33). BRCA1 focus formation is not dif-
ferent in wild-type cells and in AT cells (10). ATM, ATR, and
DNA-PK might have overlapping roles in phosphorylation and
in focus formation. During our paper’s revision, Xia et al.
published a paper showing that ATM kinase phosphorylates
XL53BP1 in vitro, which is consistent with our observation of
the inhibitors and AT cells (66).

Our results suggest that the formation of 53BP1 foci is con-
trolled through phosphorylation of the protein. In budding
yeast, accumulating evidence implicates phosphorylation-reg-
ulated protein-protein interactions in the cellular response to
DNA damage. dsDNA breaks induce relocalization of Ku,
Rap1, and SIR proteins, which are normally associated with
telomeres, to the sites of the lesion, and this process is depen-
dent on MEC1sc, an ATM-related kinase, and Rad9sc, a BRCT
protein (32, 36). Rad9SC protein multimerizes through its
BRCT domain, and the interaction occurs with higher affinity
after DNA damage (56). The FHA domain of Rad53sc physi-
cally interacts with phosphorylated forms of Rad9sc (12, 14, 57,
61). Given the fact that there is no evidence for the presence of
an active transport system in the nucleus at the moment and
that RNA and protein factors move by diffusion through the
interchromatin space (see reference 30), it might be reasonable
to speculate that the assembly and disassembly of repair and
checkpoint protein foci are regulated through changing of the
affinities of protein-protein interactions by phosphorylation
(see also reference 44).

The results presented here implicate 53BP1 in DNA damage
repair or checkpoint control in vertebrate cells; however, direct
evidence is still missing. A genetic approach (i.e., disruption of
the 53BP1 gene in DT40 or ES cells) will be required to
investigate these possibilities directly.
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