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Abstract. p53 binding protein 1 (53BP1), a protein pro-
posed to function as a transcriptional coactivator of
the p53 tumor suppressor, has BRCT domains with
high homology to the Saccharomyces cerevisiae Rad9p
DNA damage checkpoint protein. To examine whether
53BP1 has a role in the cellular response to DNA dam-
age, we probed its intracellular localization by immu-
nofluorescence. In untreated primary cells and U20S
osteosarcoma cells, 5S3BP1 exhibited diffuse nuclear
staining; whereas, within 5-15 min after exposure to
ionizing radiation (IR), 53BP1 localized at discreet nu-
clear foci. We propose that these foci represent sites of
processing of DNA double-strand breaks (DSBs), be-
cause they were induced by IR and chemicals that
cause DSBs, but not by ultraviolet light; their peak

number approximated the number of DSBs induced by
IR and decreased over time with kinetics that parallel
the rate of DNA repair; and they colocalized with IR-
induced Mrell/NBS and y-H2AX foci, which have
been previously shown to localize at sites of DSBs. For-
mation of 53BP1 foci after irradiation was not de-
pendent on ataxia-telangiectasia mutated (ATM), Nij-
megen breakage syndrome (NBS1), or wild-type p53.
Thus, the fast kinetics of 53BP1 focus formation after
irradiation and the lack of dependency on ATM and
NBS1 suggest that S3BP1 functions early in the cellular
response to DNA DSBs.
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Introduction

One of the most serious threats to the integrity of eukary-
otic genomes is DNA double-strand breaks (DSBs).! Such
breaks can be produced from exogenous agents, such as
ionizing radiation (IR), or from errors occurring during nor-
mal replication or recombination and elicit an evolution-
arily conserved checkpoint response that induces cell cycle
arrest and activation of DNA repair (Elledge, 1996; Long-
hese et al., 1998; Weinert, 1998; Boddy and Russell, 1999;
Caspari and Carr, 1999). The first eukaryotic DNA damage
checkpoint gene to be identified was RAD9 in Saccharomy-
ces cerevisiae (Weinert and Hartwell, 1988). The protein en-
coded by RADY, along with proteins encoded by genes in
the RADZ24 epistasis group, including RAD17, RAD24,
MEC3, and DDCI, is proposed to regulate, in response to
DNA damage, activation and phosphorylation of Meclp, a
protein kinase required for subsequent phosphorylation
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and activation of the Rad53p/Spklp and Chklp kinases
(Sanchez et al., 1996; Sun et al., 1996; de la Torre-Ruiz et al.,
1998; Kondo et al., 1999). In turn, Rad53p/Spklp and
Chkl1p regulate through phosphorylation proteins involved
in cell cycle arrest and DNA repair (Cohen-Fix and Kosh-
land, 1997; Sidorova and Breeden, 1997; Huang et al., 1998;
Sanchez et al., 1999; Weinreich and Stillman, 1999). The
Meclp and Rad53p/Spklp components of the DNA dam-
age checkpoint signaling pathway are also involved in the
cellular response to DNA replication blocks. Activation of
Meclp by replication blocks does not require the RAD9 or
RAD24 epistasis group genes, but is instead dependent on
genes that have a role in DNA replication, such as DPBI1,
DNA-polymerase €, DRCI, and others (Araki et al., 1995;
Navas et al., 1996; Wang and Elledge, 1999).

DNA damage checkpoint genes are highly conserved
throughout evolution. Human homologues of S. cerevisiae
RAD24, RAD17, MEC3, and DDCI have been cloned and
partially characterized (Lieberman et al., 1996; Bao et al.,
1998; Freire et al., 1998; Volkmer and Karnitz, 1999).
There are two human homologues of MECI, ataxia-tel-
angiectasia mutated (ATM) (Savitsky et al., 1995) and
ATR (ATM and Rad3-related) (Bentley et al., 1996; Cim-
prich et al., 1996). ATR is essential for development, but
its precise role in the DNA damage response remains to
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be determined (Brown and Baltimore, 2000). ATM, which
is not essential for development, mediates the early re-
sponse to DNA DSBs and its inactivation in patients with
ataxia-telangiectasia (A-T) leads to checkpoint defects
and chromosomal instability (Halazonetis and Shiloh,
1999). The ATM protein product phosphorylates and acti-
vates Chk2/hCdsl, the human homologue of the S. cerevi-
siae Rad53p/Spklp kinase (Matsuoka et al., 1998; Blasina
et al., 1999a; Brown et al., 1999; Chaturvedi et al., 1999),
which in turn targets the pS3 tumor suppressor protein and
other proteins regulating cell cycle progression, such as
Cdc25¢c (Matsuoka et al., 1998; Chehab et al., 2000; Hirao
et al., 2000). Additionally, ATM phosphorylates NBS1
(Gatei et al., 2000; Lim et al., 2000; Wu et al., 2000; Zhao
et al., 2000), a protein mutated in Nijmegen breakage syn-
drome (NBS) (Carney et al., 1998; Matsuura et al., 1998;
Varon et al., 1998). NBS1 and the Mrell and Rad50 pro-
teins form a protein complex, which participates in DNA
repair and in the DNA damage checkpoint response dur-
ing S phase (Haber, 1998; Petrini, 1999; Paull and Gellert,
1999; Lim et al., 2000) and which localizes to sites of DNA
DSBs (Maser et al., 1997; Nelms et al., 1998).

One of the yeast DNA damage checkpoint genes, whose
human equivalent is not known, is S. cerevisiae RAD9.
RADY is an orthologue of Schizosaccharomyces pombe
Crb2/Rhp9 and the protein products of these two genes
share evolutionarily conserved BRCT domains at their
COOH termini (Saka et al., 1997; Willson et al., 1997).
BRCT domains may mediate protein—protein interactions
and are found in many proteins involved in the cellular re-
sponse to DNA damage, including BRCA1, NBS1, XRCC4,
DNA ligase 4, and PARP (Bork et al., 1997; Callebaut and
Mornon, 1997; Zhang et al., 1998). Interestingly, p53 binding
protein 1 (53BP1), a protein identified through its ability to
bind p53 in a yeast two-hybrid screen (Iwabuchi et al., 1994),
also has COOH-terminal BRCT domains. 53BP1 has been
proposed to function as a transcriptional coactivator of p53
(Iwabuchi et al., 1998), but the presence of BRCT domains
suggests that S3BP1 may also have a more direct role in the
cellular response to DNA damage. In this study, we show
that 5S3BP1 localizes rapidly to discreet foci within the nu-
cleus of cells exposed to DNA DSB-inducing agents and
propose that these foci represent sites of DSBs.

Materials and Methods

Antibodies

The 53BP1-reactive monoclonal antibodies were prepared using as antigen
a recombinant protein consisting of the COOH-terminal 312 residues of hu-
man 53BP1 purified from Escherichia coli. Polyclonal antibodies recogniz-
ing Mrell and NBS1 were obtained from Calbiochem; polyclonal (clone
Y11) and monoclonal (clone B11) antibodies recognizing the hemagglutinin
(HA) tag were obtained from Santa Cruz Biotechnology, Inc. and BabCo,
respectively. A polyclonal antibody recognizing propromyelocytic leukemia
(PML) (used at 1:400 dilution) was a gift from G. Maul (The Wistar Insti-
tute). The polyclonal antibody recognizing y-H2AX (used at 1:800 dilution)
was a gift from W. Bonner (National Institutes of Health, Bethesda, MD).

Cell Lines and Immunoblot Analysis

Fibroblasts from NBS patients were a gift from P. Concannon (Virginia
Mason Research Center, Seattle, WA). All other cell lines were obtained
from the American Type Culture Collection or have been described previ-
ously (Chehab et al., 2000). All cell lines were grown in DMEM medium,
10% FCS, penicillin (100 mg/ml)/streptomycin (100 mg/ml), and 2 mM
glutamine (all from Life Technologies) at 37°C in a humidified 5% CO,
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atmosphere. U20S cells stably expressing various HA-tagged 53BP1 pro-
teins were prepared by calcium phosphate transfection of cells with
pSNV2 vectors (Chehab et al., 2000) containing the appropriate 53BP1 in-
sert together with a plasmid conferring neomycin resistance. Colonies
were selected with neomycin, pooled, and studied within one or two pas-
sages. Whole cell and nuclear extracts were prepared and examined by
immunoblotting as described previously (Chehab et al., 2000).

Immunofluorescence

Cells grown on coverslips were either mock-treated or were exposed to 50
J/m? UV light or 0.2 mM etoposide for 24 h or 1 mM hydroxyurea (HU)
for 24 h, or aphidicolin for 14 h, or 100 ng/ml neocarzinostatin for 4 h or
between 0.5 and 12 Gy IR from a '¥Cs source. In some experiments, 20
mM wortmannin or 2 mM caffeine was added to the cells 1 h before irradi-
ation. At the indicated time points, the cells were fixed in 1% paraformal-
dehyde for 15 min followed by extraction on ice for 20 min in 0.2% Triton
X-100/PBS. Coverslips were incubated with primary antibody for 1 h at
room temperature, washed with PBS, and incubated with 1:200 dilution of
secondary antibody (anti-mouse IgG conjugated to Texas red or anti-rab-
bit IgG conjugated to FITC; Vector Laboratories) for 30 min at room
temperature. After washing, the cells were counterstained with DAPI for
2 min at room temperature, washed with PBS, mounted on glass slides,
and inspected with a Leitz fluovert FU microscope. Images were acquired
with an ORCA digital camera (Hamamatsu Photonics) and processed on
an O2 computer using the image analysis tools that are part of the IRIX
operating system (Silicon Graphics).

Results

53BP1 Has Similarity to Yeast DNA Damage
Checkpoint Proteins

The S. cerevisiae Rad9p checkpoint protein and its func-
tional orthologue Crb2p/Rhp9p in S. pombe show obvious
amino acid sequence similarity only within their COOH-
terminal BRCT domains. Within these domains, the amino
acid identity is 25% and involves residues beyond those that
are conserved in all BRCT domains (Fig. 1). Using the most
current sequence database of the Caenorhabditis elegans
genome (The C. elegans Sequencing Consortium, 1998), we
identified TO5F1 as the gene whose open reading frame
(ORF) has the highest amino acid sequence similarity to the
BRCT domains of S. cerevisiae Rad9p and S. pombe Crb2p/
Rhp9p. Within the BRCT domains, 26% of TOSF1 ORF
residues are identical to a Rad9p and/or Crb2p/Rhp9p resi-
due at the corresponding position, suggesting that the
TOSF1 ORF may be their C. elegans orthologue. Analysis of
the most current publicly available database of human se-
quences identified 53BP1 and the KIAA0170 ORF (Nagase
et al., 1996) as the sequences with the highest and second
highest similarity, respectively, to the TOSF1 ORF sequence
(Fig. 1). 37% of the 53BP1 residues are identical to a Rad9p
and/or Crb2p/Rhp9p and/or TO5SF1 ORF residue at the cor-
responding position, versus 22% for KIAAO0170. Thus,
53BP1 has significantly higher sequence similarity to the
aligned sequences of S. cerevisiae Rad9p, S. pombe Crb2p/
Rhp9p, and C. elegans TOSF1 ORF than any other protein
currently in the human sequence database, and may there-
fore be their human orthologue.

53BP1 Monoclonal Antibodies

To investigate whether 53BP1 participates in the cellular
response to DNA damage, we obtained two independent
high-affinity monoclonal antibodies, using as antigen the
COOH-terminal 312 amino acids of human 53BP1 (resi-
dues 1661-1972), which encompass the predicted nuclear
localization signal and the BRCT domains. Both antibody
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clones recognized with high specificity the COOH-termi-
nal 312 amino acids of 53BP1, as determined by immuno-
blot analysis of U20S osteosarcoma cell extracts containing
ectopically expressed, HA-tagged, full-length or truncated
53BP1 proteins (Fig. 2 and data not shown). These anti-
bodies also detected endogenous 53BP1 in nuclear ex-
tracts of U20S cells either nonirradiated or exposed to 8
Gy IR with practically no crossreactivity to other nuclear
proteins (Fig. 2). Endogenous 53BP1 migrated signifi-
cantly slower than its predicted 217-kD molecular mass
consistent with previous reports (Iwabuchi et al., 1998)
and its levels remained unchanged after irradiation. There
was only a hint of slower migration after irradiation, which
does not allow us to comment as to whether 53BP1 is mod-
ified in response to DNA damage.

53BP1 Forms Nuclear Foci in Response to Agents That
Induce DNA DSBs

The availability of high-affinity antibodies allowed us to
probe the intracellular localization of 53BP1 by immunoflu-
orescence. In nonirradiated U20S cells, 53BP1 showed dif-

fuse staining of the nuclei with the exception of the nucleoli,
which were not stained. After exposure to 8 Gy IR, 53BP1
relocalized to distinct nuclear foci. 53BP1 relocalization was
evident with both antibody clones and no 53BP1 staining
was observed in the absence of primary antibody (Fig. 3 A).

To verify that the immunofluorescence signal could be
attributed to 53BP1, we also examined the intracellular
localization of HA-tagged full-length 53BP1, stably ex-
pressed in U20S cells, using an HA tag-reactive mono-
clonal antibody. Like endogenous 53BP1, HA-tagged
53BP1 formed foci after irradiation. Again the immunoflu-
orescence reactions were specific, since no HA-reactive sig-
nal was observed in nontransfected U20S cells (Fig. 3 B).

In addition to IR, DNA DSBs can be induced by chemi-
cals, such as etoposide and neocarzinostatin. These two
agents induced relocalization of endogenous 53BP1 to dis-
crete foci. However, UV light, which induces pyrimidine
cross-linking, and HU, which inhibits DNA replication,
did not lead to 53BP1 relocalization (Fig. 3 C). Thus,
53BP1 focus formation was specifically associated with
agents that induce DSBs.

IB MADb 53BP1.WI1 IB PAb HA.Y11
g = g g
Endog o N o~ Endog. o N o~
588P1 7 T &% 538P1 T T &8
ek o S ~ = O
oGy 8Gy £ T £IT ocysey T T =T
Endog. +
HA(T=T972) — i o = . -
- - —  Figure 2. Specificity of 53BP1-
HA(1-1711) reactive monoclonal antibodies
(MAD). Nuclear extracts of non-
P transfected cells and whole cell ex-
tracts from cells stably expressing
HA-tagged full-length or trun-
cated 53BP1 proteins were immu-
— noblotted (IB) with a 53BP1-reac-
tive monoclonal antibody (clone
WI1) at a 1:20 dilution or an HA
S— tag-reactive polyclonal antibody
HA(1 661 __ —_ wessss, — (PAD;clone Y11) used ata 1:1,000
-1 972) N — — dilution. Endog., endogenous.
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The absence of 53BP1 focus formation in cells treated
with HU raises the possibility that 53BP1 does not form
foci when cells are in S phase. To explore this possibility,
the cells were treated with aphidicolin, a DNA polymerase
inhibitor that arrests cells in S phase and leads to DNA
DSBs. Under these conditions, 53BP1 foci formed (data
not shown), suggesting that 53BP1 forms foci in response
to DNA DSBs throughout the cell cycle.

Dose Dependence and Time Course of 53BP1
Focus Formation

The induction of 53BP1 foci by agents that induce DNA
DSBs raises the possibility that these foci represent actual
sites of DNA breaks. According to this hypothesis, the
number of foci should match the number of DNA DSBs
and the kinetics of focus dispersion over time should match
the kinetics of DNA repair. We first studied the dose de-
pendence of 53BP1 focus formation 15 min after exposure
of U20S cells to IR. 53BP1 foci were evident after expo-
sure to 0.5 Gy IR and the number of foci increased linearly
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Figure 3. Relocalization of
53BP1 in response to IR. (A)
Immunofluorescence of non-
irradiated (0 Gy) and irradi-
ated (8 Gy) U20S cells with
53BP1-reactive monoclonal
antibodies (clones WI1 and
WI4) or with no primary an-
tibody (MAb —). a-53BPI,
53BP1 immunofluorescence;
DAPI, DAPI fluorescence
marking the cell nuclei;
a-53BP1 + DAPI-P, merg-
ing of the a-53BP1 immuno-
fluorescence and processed
DAPI image (DAPI-P) that
shows only the periphery of
the nucleus. (B) Relocaliza-
tion of HA-tagged full-length
53BP1 in stably transfected
U20S cells using an HA tag—
reactive monoclonal anti-
body (clone B11). (C) Relo-
calization of endogenous
53BP1 in nontransfected
U20S cells exposed to eto-
poside (ETOP), neocarzi-
nostatin (NCS), UV light, or
HU. The cells exposed to
UV light were examined 1 or
6 h after irradiation.

UV-6 h HU

with the dose of IR, except at the higher doses, where the
lack of linearity may reflect the difficulty in resolving foci
that are very close to each other (Fig. 4, A and B).

We next investigated the time course of 53BP1 focus for-
mation and dispersion after exposure to 1 Gy-IR. 53BP1
foci were evident at the earliest time point examined, 5 min
after irradiation. The average number of foci per cell
peaked at the 30-min time point; by 2 h about half of the
foci had dispersed; and thereafter the rate of dispersion
slowed such that the number of foci per cell returned to
baseline levels 12-24 h after irradiation (Fig. 4, C and D).
At their peak, there were, on average, ~25 53BP1 foci per
cell per Gy similar to the previously calculated number of
~35 DNA DSBs per cell per Gy (Lobrich et al., 1993; Ruiz
de Almodovar et al., 1994; Cedervall et al., 1995). Further-
more, the rate of 53BP1 focus dispersion over time paral-
leled the rate of DNA DSB repair, which shows biphasic ki-
netics with a fast component for repair of most breaks and a
slow component for repair of the remaining breaks (Lo-
brich et al., 1995; Nunez et al., 1995; DiBiase et al., 2000).
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Figure 4. Dose dependence and time course of S3BP1 relocalization. (A and B) Dose dependence: (A) immunofluorescence images of
U20S cells exposed to the indicated dose of IR and examined 15-min later for 53BP1 relocalization; (B) average number of 53BP1 foci
per cell calculated by counting 50-100 cells per data point. (C-E) Time course: (C) immunofluorescence images of U20S cells exposed
to 1 Gy IR and examined at the indicated times after irradiation; (D) average number of 53BP1 foci per cell; (E) fraction of cells with
foci. 50-100 cells were counted per data point. Bars indicate standard errors in three different experiments.

The fraction of cells with 53BP1 foci after irradiation
was also calculated. It peaked at ~90-95% between 15
min and 2 h after irradiation and decreased to baseline at
the 16-h time point (Fig. 4 E). These results provide a
somewhat different perspective than average number of
foci per cell and indicate that virtually the entire pool of ir-
radiated cells responded by forming 53BP1 foci.

To further investigate whether 53BP1 foci represent sites
of DNA DSBs, we examined whether wortmannin, a ki-
nase inhibitor that slows repair of DNA DSBs (Boulton et
al., 1996; Okayasa et al., 1998; DiBiase et al., 2000), affects
53BP1 focus formation and dispersion. Wortmannin was
added 1 h before exposure of U20S cells to 1 Gy IR and
53BP1 focus formation was examined over an 8-h period.
Addition of wortmannin delayed the formation of 53BP1
foci, such that their number peaked 2 h, rather than 30 min,

after exposure to IR. The peak average number of foci per
cell also decreased to about half of the number seen in the
absence of wortmannin and focus dispersion occurred with
slower kinetics (Fig. 5 A). The effect of wortmannin on
53BP1 focus formation and dispersion was also evident
when we plotted the percentage of control and wortman-
nin-treated cells with 53BP1 foci as a function of time after
irradiation (Fig. 5 B). In contrast to wortmannin, caffeine,
which abrogates the DNA damage cell cycle checkpoint
(Lau and Pardee, 1982; Schlegel and Pardee, 1986), did not
affect 53BP1 focus formation or dispersion (Fig. 5).

Colocalization of 53BP1, y-H2AX, and
Mrell/NBS1 Foci

To further investigate the site of 53BP1 relocalization after
DNA damage we examined whether 53BP1 colocalized

A B
—e— Cirl 100 -
— 30 - o Wort © p Figure 5. Effect of wortmannin (Wort) and caffeine
g wetr Calff g 75 - (Caff) on 53BP1 relocalization in response to irradi-
< 20 z ation. (A) Average number of 53BP1 foci per cell.
© E \g.... o 50 1/} (B) Fraction of cells with foci. Cells treated with 20
e 10 - Pl S S % ¥ mM wortmannin, 2 mM caffeine, or untreated (Ctrl)
% Sl O 254 cells were exposed to 1 Gy IR and 53BP1 relocaliza-
e S tion was examined at the indicated times. 50-100
00— J 0+ j J cells were counted per data point. Bars indicate
030 120 240 480Min 030 120 240 480Min standard errors in three different experiments.
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Figure 6. Colocalization of 53BP1 with y-H2AX and Mrel11/NBS1 IR-induced foci. Nonirradiated (0 Gy) and irradiated (1 or 8 Gy)
U20S cells were stained by immunofluorescence with antibodies that recognize 53BP1 (clone W11, 1:20 dilution), y-H2AX (1:800 di-
lution of polyclonal antibody), Mrel1 (1:1,000 dilution of polyclonal antibody), or NBS1 (1:1,000 dilution of polyclonal antibody) as
indicated. As a control, cells were also stained with antibodies to PML (1:400 dilution of polyclonal antibody) to mark the nuclear

domain 10 (ND10) nuclear structures.

with y-H2AX and the Mrell/NBS1/Rad50 protein com-
plex, which have been reported to localize to sites of DNA
DSBs. H2AX is one of the three types of conserved H2A
histones and contains within its COOH terminus a con-
served serine residue (Ser139) that is phosphorylated rap-
idly after exposure of cells to IR (Rogakou et al., 1998,
1999). An antibody specific for y-H2AX, the form of H2ZAX
protein phosphorylated on Ser139, recognizes nuclear foci
that form specifically at sites of DNA DSBs. We examined
whether 53BP1 and y-H2AX foci colocalize both at early
(30-min) and late (8-h) time points after irradiation. At both
time points there was remarkable colocalization (Fig. 6).
Like y-H2AX foci, Mrel1/NBS1 foci have also been
mapped to sites of DNA DSBs. However, unlike y-H2AX,
the Mrel11/NBSI foci are evident only at late time points
after exposure of cells to radiation generated by '37Cs
(Maser et al., 1997; Nelms et al., 1998). We therefore ex-
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amined for colocalization only at 8 h after irradiation. At
this time point, U20S cells exposed to 8 Gy IR showed
colocalization of 53BP1 and Mrell/NBS1 foci (Fig. 6).
This is consistent with the colocalization of 53BP1 and
v-H2AX foci at this time point, since y-H2AX and Mrel1/
NBS1 foci have also been reported to colocalize (Paull et
al., 2000). As a control, there was no colocalization of
53BP1 with the PML protein (Fig. 6). PML localizes at
foci, referred to as nuclear domain 10 (ND10) structures
(Maul, 1998), whose number and distribution does not
change in response to DNA damage.

53BP1 Focus Formation Does Not Require ATM
or NBS1

Because ATM and NBS1 participate in the cellular re-
sponses to DNA damage, we investigated whether
53BP1 focus formation was ATM or NBS1 dependent.
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53BP1 focus formation was examined in AT1BR and
ATS5BI cells, which are nontransformed fibroblasts de-
rived from patients with A-T, and in NBS 780816 and
880823 cells, which are nontransformed fibroblasts from
patients with NBS. There was no difference in 53BP1
focus formation after irradiation between the A-T or
NBS fibroblasts and AG1522 fibroblasts, which are de-
rived from a normal individual (Fig. 7). A time course
analysis further indicated that in the cells with mutant
ATM or NBS1 the number of 53BP1 foci per cell
peaked 30 min after irradiation, similar to cells with
wild-type ATM and NBS1 (data not shown).

To determine whether DNA-dependent protein kinase
(DNA-PK), a protein kinase implicated in DNA repair,
was required for 53BP1 focus formation, we examined the
MOS59K and MO59] glioblastoma cells. The MOS59K cells
have wild-type DNA-PK, whereas MOS591J cells, which are
derived from MOS59K, are DNA-PK deficient. MO59K
cells showed a normal response, namely 53BP1 focus for-
mation after irradiation. However, the MOS59J cells con-
tained a high number of 53BP1 foci even in the absence of
exposure to IR (Fig. 7). The presence of 53BP1 foci indi-
cates that DNA-PK is not required for 53BP1 foci to form;
however, the high variability in the basal number of 53BP1
foci from cell to cell made it impossible to determine
whether MOS59]J cells exhibit a normal induction of 53BP1
focus formation after irradiation.
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MO59K

MO59J

Figure 7. 53BP1 focus for-
mation in cells deficient in
ATM, NBS1, or DNA-PK.
53BP1 relocalization was
studied in nontransformed fi-
broblasts from a normal indi-
vidual (AG1522), from pa-
tients with A-T (AT1BR and
ATS5BI), and from patients
with NBS (NBS7, NBS780816;
and NBS8, NBS880823) and
in MO59K and MO39J glio-
blastoma cells.

Discussion

In eukaryotes, DNA damage induces an evolutionarily
conserved response that leads to activation of cell cycle
checkpoints and stimulation of DNA repair (Elledge,
1996; Longhese et al., 1998; Weinert, 1998; Boddy and
Russell, 1999; Caspari and Carr, 1999). Although several
of the proteins that participate in the DNA damage re-
sponse have been identified, the entire spectrum of pro-
teins that function in the cellular response to DNA dam-
age is most likely not known. Here we identify 53BP1 as a
protein that participates in the DNA damage response.
After exposure of cells to IR or other agents that induce
DNA DSBs, 53BP1 localized to discrete foci within the
nucleus. 53BP1 foci were evident 5 min after irradiation,
by 15 min the entire cell population had developed foci,
and by 30 min the average number of 53BP1 foci per cell
had peaked. Thereafter, the number of 53BP1 foci de-
creased over time and returned to baseline levels about 16 h
after irradiation.

Several observations suggest that the 53BP1 foci repre-
sent sites of DNA DSB processing. First, 53BP1 foci were
induced by agents that cause DNA DSBs, but not by agents
that cause DNA damage other than DSBs or by agents that
block DNA replication. Second, the number of 53BP1 foci
was proportional to the dose of IR and at its peak, 30 min
after irradiation, matched the number of DNA DSBs in-
duced by IR (Lobrich et al., 1993; Ruiz de Almodovar,
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1994; Cedervall et al., 1995). Third, the time course of
53BP1 focus dispersion paralleled the kinetics of DNA
DSB repair (Lobrich et al., 1995; Nunez et al., 1995; DiBi-
ase et al., 2000). Additionally, as discussed below, wort-
mannin, which slows the rate of DNA DSB repair (Boulton
et al., 1996; Okayasu et al., 1998; DiBiase et al., 2000),
slowed 53BP1 focus formation and dispersion; and 53BP1
foci colocalized with the IR-induced y-H2AX and Mrell/
NBS1/Rad50 foci, which have been shown to represent
sites of DNA DSB processing (Maser et al., 1997; Nelms et
al., 1998; Rogakou et al., 1998, 1999; Paull et al., 2000).

Wortmannin, an inhibitor of kinases in the phosphati-
dylinositol 3-kinase family, delayed the formation and dis-
persion of 53BP1 foci after irradiation. In the presence of
wortmannin, the number of 53BP1 foci per cell peaked at
2 h, rather than at 30 min, after irradiation and did not
reach baseline levels by the 24-h time point. Because wort-
mannin slows DNA DSB repair, our results establish a
correlation between the kinetics of DNA DSB repair and
53BP1 relocalization. Wortmannin inhibits at least three
kinases involved in the cellular response to DNA damage:
DNA-PK, ATM, and ATR (Rosenzweig et al., 1997; Ba-
nin et al., 1998; Sarkaria et al., 1998). One or more of these
kinases may facilitate recruitment of 53BP1 to sites of
DNA DSB:s. In cells from patients with A-T, 53BP1 foci
formed rapidly (Fig. 7 and data not shown), suggesting
that ATM is not involved in 53BP1 relocalization or that
there is redundancy with other kinases, such as ATR and/
or DNA-PK. The roles of ATR and DNA-PK are more
difficult to resolve. Human cells lacking ATR are not
available. MO59J cells lack detectable levels of DNA-PK
(Galloway et al., 1999), but have many 53BP1 foci even in
the absence of exposure to IR, which has precluded us
from obtaining reliable data regarding the kinetics of
53BP1 focus formation after irradiation (Fig. 7). Neverthe-
less, we speculate that DNA-PK is the responsible kinase,
because caffeine, which inhibits ATM and ATR, but not
DNA-PK (Blasina et al., 1999b; Hall-Jackson et al., 1999;
Sarkaria et al., 1999; Zhou et al., 2000), did not affect
53BP1 focus formation or dispersion in response to IR.

Interestingly, the 53BP1 foci are very reminiscent of the
recently described IR-induced nuclear foci detected using
an antibody specific for phosphorylated histone H2AX
(Rogakou et al., 1999; Paull et al., 2000). The kinetics of
formation and dispersion and the average number per cell
of y-H2AX and 53BP1 foci are virtually identical and
v-H2AX foci form in cells from A-T and NBS patients, as
observed here for 53BP1. Furthermore, the y-H2AX and
53BP1 foci colocalized in irradiated cells. The physiologi-
cal significance of IR-induced H2AX phosphorylation re-
mains to be determined. An attractive model is that
H2AX phosphorylation serves to recruit proteins, such as
53BP1, involved in the cellular response to DNA damage
(Paull et al., 2000). The sequence surrounding Ser139 of
H2AX resembles the consensus substrate site for DNA-
PK, ATR, and ATM, further raising the possibility that
wortmannin delays 5S3BP1 focus formation by inhibiting
H2AX phosphorylation.

In addition to 53BP1 and y-H2AX, the protein complex
containing Mrell, NBS1, and Rad50 localizes at discrete
foci after exposure of cells to IR. These foci represent sites
of processing of DNA DSBs, as suggested by the direct
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role of Mrel1/NBS1/Rad50 in DNA DSB processing and
by the intracellular distribution of these proteins to IR-
exposed regions in cells irradiated through an IR-imper-
meable grid (Maser et al., 1997; Haber, 1998; Nelms et al.,
1998; Paull and Gellert, 1999; Petrini, 1999; Lim et al.,
2000). Similar to 53BP1, the Mre11/NBS1/Rad50 foci form
after exposure to IR, but not in response to UV light or
HU. Furthermore, the Mrell/NBS1/Rad50 foci colocal-
ized with the 53BP1 foci 8 h after irradiation, suggesting
that at this time point, Mre11/NBS1/Rad50 and 53BP1 co-
exist in the same nuclear structure. Since Mrell/NBS1/
Rad50 foci develop 8 h after irradiation, after most S3BP1
foci have already dispersed, it appears that the few 53BP1
foci that persist for several hours after exposure to IR are
the ones that accumulate Mrell/NBS1/Rad50. However,
we cannot exclude the possibility that lower amounts
of Mrell/NBS1/Rad50, undetectable by immunofluores-
cence, are present within all 53BP1 foci even at early time
points, since in cells exposed to high dose radiation from a
synchrotron source, Mrell/NBS1/Rad50 relocalization
was evident as early as 30 min after irradiation (Nelms et
al., 1998). Irrespective of when Mrel1/NBS1/Rad50 accu-
mulate at the sites of DNA DSBs, 53BP1 recruitment to
these sites can proceed in the absence of Mrell/NBS1/
Rad50 recruitment, as evidenced by the presence of 53BP1
foci in irradiated cells from NBS patients, in which Mre11/
NBS1/Rad50 foci do not form (Carney et al., 1998).

The relocalization of 53BP1 in response to agents that
induce DNA DSBs has functional implications. S3BP1 was
originally identified because it interacted with the p53
tumor suppressor protein in a yeast two-hybrid assay
(Iwabuchi et al., 1994). More recently 53BP1 was pro-
posed to function as a transcriptional coactivator for p53
(Iwabuchi et al., 1998), even though it differs from classical
coactivators in that in vitro 53BP1 binds to the p53 se-
quence-specific DNA-binding domain, rather than the
transactivation domain (Thukral et al., 1994). None of our
experiments address directly the function of 53BP1 as a
transcriptional coactivator. However, we note that 53BP1
focus formation after irradiation did not require wild-type
p53, since it was observed in cells that lack p53 or that ex-
press mutant p53 proteins. In preliminary experiments, we
have also been unable to detect an interaction between
p53 and 53BP1 in vivo either by coimmunoprecipitation or
by colocalization using immunofluorescence.

While further studies are needed to address the signifi-
cance of the interaction between p53 and 53BP1 in vitro,
our results suggest a new function for 53BP1 in the cellular
response to DNA DSBs. The relocalization of 53BP1 after
irradiation is much more dramatic than that previously ob-
served for any other protein, including Mrell, NBSI,
Rad50, Rad51, Rad54, BLM, and BRCAL, in terms of the
early response after irradiation, the specificity for agents
that induce DNA DSBs, and the involvement of the entire
population of irradiated cells (Haaf et al., 1995; Maser et
al., 1997; Scully et al., 1997; Gharibyan and Youssoufian,
1999; Tan et al., 1999). The only other protein that shows
an equally strong response is y-H2AX; however, in this
case there is probably no net H2AX relocalization, but
rather H2AX phosphorylation (Rogakou et al., 1998,
1999). The relocalization of 53BP1 to putative sites of
DNA DSBs suggests a role in DNA DSB processing and/

1388



or DNA damage signaling. In support of a role in DNA
damage signaling, 53BP1 has the highest similarity of all
human sequences in the public databases to the C. ele-
gans TO5F1 ORF, which in turn is the C. elegans sequence
with the highest similarity to the S. cerevisiae Rad9p and
S. pombe Crb2p/Rhp9p sequences. RAD9 was the first
checkpoint gene to be identified; it is required for modifi-
cation and activation of the checkpoint kinases Meclp and
Rad53p/Spklp in response to irradiation, and also has a
role in DNA repair (Weinert and Hartwell, 1988; Sanchez
et al.,, 1996; Sun et al.,, 1996; de la Torre-Ruiz and
Lowndes, 2000). 53BP1 displays some functional similari-
ties to Rad9p. 53BP1 foci formed in response to IR, but
not HU, and similarly Rad9p and its S. pombe orthologue
Crb2p/Rhp9p are required for checkpoint activation in re-
sponse to IR, but not HU (Navas et al., 1996; Willson et
al., 1997). Also, 53BP1 relocalizes as early as 5 min after ir-
radiation, which is fast enough for 53BP1 to be involved in
modification and activation of the ATM and Chk2/hCds1
kinases, which are activated a few minutes after exposure
of cells to IR and are the human homologues of Meclp
and Rad53p/Spklp, respectively (Banin et al., 1998; Can-
man et al., 1998; Matsuoka et al., 1998). It will be impor-
tant to determine whether 53BP1 is the functional ortho-
logue of Rad9p or has some other role in the cellular
response to DNA DSBs.
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