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53BP1 is a p53 binding protein of unknown function that binds to the central DNA-binding domain of p53.
It relocates to the sites of DNA strand breaks in response to DNA damage and is a putative substrate of the
ataxia telangiectasia-mutated (ATM) kinase. To study the biological role of 53BP1, we disrupted the 53BP1

gene in the mouse. We show that, similar to ATM ™/~

mice, 53BP1-deficient mice were growth retarded, immune

deficient, radiation sensitive, and cancer prone. 53BP1~/~ cells show a slight S-phase checkpoint defect and
prolonged G,/M arrest after treatment with ionizing radiation. Moreover, 53BP1~/~ cells feature a defective
DNA damage response with impaired Chk2 activation. These data indicate that 53BP1 acts downstream of
ATM and upstream of Chk2 in the DNA damage response pathway and is involved in tumor suppression.

Defects in DNA damage recognition and repair mechanisms
are associated with cancer predisposition. The tumor suppres-
sor protein p53, a sequence specific transcription factor, plays
a central role in the response of mammalian cells to genotoxic
stress. 53BP1 (p53 binding protein 1) was cloned as a protein
that interacts with the DNA-binding domain of p53 (13). It
contains a tandem BRCT (BRCAL1 C terminus) motif (5) with
sequence homology to the tumor suppressor BRCAI and
DNA damage checkpoint protein scRad9. 53BP1 binds
through the first of its C-terminal BRCT repeats and the inter-
BRCT linker region to the central DNA-binding domain of
p53 (7, 15) and has been shown to enhance p53-mediated
transcription of reporter genes (14). More recently, in vitro
studies suggest that 53BP1 participates in the cellular response
to DNA damage. 53BP1 relocates to multiple nuclear foci
within minutes after exposure of cells to ionizing radiation (IR)
(2, 22, 23, 28). These foci colocalize with known DNA damage
response proteins such as phosphorylated H2AX, Rad50/
Mrel1/NBS1, BRCALI, and Rad51 at sites of DNA lesions (2,
22, 23). 53BP1 becomes hyperphosphorylated in response to
IR, and several lines of evidence suggest that 53BP1 is a down-
stream target of the ataxia telangiectasia-mutated (ATM) ki-
nase, the product of the gene mutated in ataxia telangiectasia
(2, 22, 28). Furthermore, 53BP1 localizes to kinetochores in
mitotic cells, suggesting a potential function of 53BP1 in mi-
totic checkpoint signaling (16).

To study the biological function of 53BP1 in mammals, we
created 53BP1-deficient mice. We report here that mice lack-
ing 53BP1 are viable and display a phenotype that partially
overlaps with that of ATM-deficient mice. 53BP1-deficient
mice are growth retarded, immune deficient, radiation sensi-
tive, and cancer prone. Thus, 53BP1 is required for an appro-
priate cellular response to DNA damage in vivo.
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MATERIALS AND METHODS

Gene targeting and generation of 53BP1-deficient mice. A mouse 53BP1
cDNA fragment was used as a probe to isolate 53BP1 mouse genomic DNA from
a mouse 129 genomic DNA phage library (Stratagene). The genomic DNA was
cloned into pZErO-2 (Invitrogen), and the exon-intron structure characterized
by restriction digestion, Southern blotting, and DNA sequencing. The targeting
vector was constructed by replacing the exon spanning nucleotides 3777 to 4048
of the mouse 53BP1 gene with the PGK-neo" gene. The targeting vector was
linearized and electroporated into 129/SVE embryonic stem (ES) cells. About 200
G418-resistant ES clones were screened by Southern blot analysis by using a
probe that hybridizes to a 9.8-kb EcoRI restriction fragment in wild-type cells
and an 8.3-kb fragment in homologous recombinants. Three independent ES
clones with homologous integration at the targeting site were injected into
C57BL/6 blastocysts to generate chimeric mice. These chimeras were subse-
quently crossed with C57BL/6 females, and heterozygous mice with successful
germ line transmission of the targeted allele were used to generate 53BP17/~
mice.

Generation of 53BP1~/~ MEFs and embryonic cells. Primary mouse embry-
onic fibroblasts (MEFs) were obtained from e14.5 embryos by a standard pro-
cedure. To generate 53BP1~/~ embryonic cells, day 3 blastocytes from —/—
matings were isolated and an embryonic cell line was established by a standard
procedure.

Proliferation and clonogenic assays. MEFs from three 53BP1~/~ and three
genetically matched 53BP1*/* embryos were plated at a density of 10° cells/well
in six-well plates. Every day one set of cells was treated with trypsin and counted.
At days 3 and 6, cells were split and replated into larger dishes. For the clonognic
cell survival assay, S53BP17/~ and 53BP1*/* embryonic cells were plated into
60-by-15-mm dishes and 6 h later exposed to different doses of IR. After 7 days
of culture, the number of colonies was counted.

Western blot and immunofluorescence analysis. Western blot analyses were
performed by a standard procedure. Immunofluorescence staining was per-
formed as described previously (26). Antibodies against 53BP1, Chk2,
Chk2T68P, and y-H2AX were generated as described previously (22, 26, 27).
The antibodies to p53 (FL393G) and actin were purchased from Santa Cruz and
Sigma, respectively. The antibodies to mouse NBS1 and BRCA1 were gifts from
A. Nussenzweig and L. Chodosh, respectively.

Cell cycle checkpoints and flow cytometry analysis. For analysis of G,/M
checkpoint function, MEFs from 53BP1~/~ and genetically matched 53BP1*/*
embryos, as well as ES cells, were irradiated with different doses of IR and
stained 1 h later with anti-P-Histone 3 (Upstate). Aliquots of the cells were also
labeled with bromodeoxyuridine (BrdU) for 1 h before exposure to 6 Gy of IR,
harvested at different time points after IR, and stained with anti-BrdU-FITC
(Becton Dickinson) and propidium iodide. To monitor radiation-induced inhi-
bition of DNA synthesis, MEFs were labeled for 48 h with 20 nCi of ['“C]thy-
midine ml~! before exposure to 0 or 20 Gy of IR. At 30 min after IR cells were
pulse-labeled for 30 min with 2.5 mCi of [*H]thymidine ml~! and harvested.
Radioactivity was measured in a liquid scintillation counter.
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FIG. 1. Targeted disruption of the mouse 53BP1 gene. (A) Map of the genomic locus surrounding the targeted exon, the targeting vector
containing the PGK-neo cassette, and the targeted locus. A 5'-flanking probe used for screening ES cell clones and mice is indicated. (B) Southern
blot analysis of EcoRI-digested genomic DNA. (C) Multiplex PCR genotype analysis with a primer pair for the neo gene (resulting in a 455-bp
product) and a 5" external exon (resulting in a 270-bp product). (D) Western blot of cell extracts from mouse testes with an antibody specific for
the N terminus of 53BP1. (E) Immunofluorescence analysis of irradiated (1 Gy) 53BP17/* and 53BP1~/~ MEFs with polyclonal antibodies raised

against the N terminus of 53BP1.

Thymocytes, white blood cells, and tumor cells were stained with anti-CD4-
phycoerythrin and anti-CD8-fluorescein isothiocyanate or the respective isotype
controls (all from Pharmingen) and then analyzed on a flow cytometer.

Histopathological analysis and chromosome spreads. Tissues were collected
and fixed in 10% buffered formalin or Bouin’s fixative, embedded in paraffin
blocks, sectioned, and stained with hematoxylin-eosin. Metaphase spreads were
prepared by a standard procedure.

RESULTS

Phenotype of 53BP1-deficient mice. To analyze the physio-
logical role of 53BP1 in mammalian cells, we generated 53BP1-
deficient mice. The targeting vector was constructed by replac-
ing the exon spanning nucleotides 3777 to 4048 of the mouse
53BP1 cDNA with the PGK-neo' gene (Fig. 1A to C).
53BP1/~ mice were viable and born at ratios close to the
expected Mendelian proportion (25% [+/+], 52% [+/—], and
23% [—/—]). The complete absence of 53BP1 protein was
confirmed by Western blot and immunofluorescence analyses
with antibodies raised against the N terminus of 53BP1 (Fig.
1D and E).

Since 53BP1 is a putative substrate of ATM in the DNA

damage response pathway, we examined whether 53BP17/~
mice show a similar phenotype as ATM-deficient mice.
ATM ™'~ mice are growth retarded and ATM-deficient fibro-
blasts grow poorly in culture (3, 9, 30). Similarly, 53BP1~/~
mice are significantly smaller than their +/+ and +/— litter-
mates (male, 38.29 * 3.6 g [+/+], 28.28 = 3.5 g [-/—], and
3491 £ 2.6 g[+/—]; female, 29.38 £ 4.8 g [+/+],23.85+=3.1¢g
[—/—1, and 27.89 = 3.5g [+/—]; also see Fig. 2A). Consistent
with this finding, MEFs derived from E14.5 null embryos
showed a lower proliferation rate than genetically matched
wild-type controls (data not shown). ATM-deficient mice are
infertile due to meiotic failure (3, 9, 30). In contrast, both male
and female 53BP1-deficient mice were fertile, although the
average litter size of 53BP17/~ intercrosses was slightly re-
duced compared to 53BP1-wild-type intercrosses (data not
shown). Histological examination of the testes revealed no
overt defect in spermatogenesis, suggesting that S3BP1 plays
no apparent role in meiosis.

Cell cycle checkpoint regulation in 53BP1~'~ cells. ATM-
deficient cells exhibit a defect in the G,/M checkpoint and do
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FIG. 2. 53BP1 deficiency results in growth retardation, cell cycle defect, radiosensitivity, and chromosomal instability. (A) Body weights of
female 53BP1 wild-type, heterozygous, and knockout mice at 5 months of age. (B) G,/M arrest of 53BP17/* and 53BP1~/~ embryonic cells in
response to 0.5 or 5 Gy of IR. Cells were stained with anti-P-Histone 3 antibody 1 h after IR and analyzed by fluorescence-activated cell sorting.
(C) G, accumulation of 53BP1%/* and 53BP1~/~ MEFs several hours after IR. Cells were pulse-labeled for 1 h with BrdU before exposure to 6
Gy of IR. The cell cycle profile of BrdU-positive cells was analyzed by staining with propidium iodide. Consistent data were obtained in three
independent experiments. (D) IR-induced intra-S-phase checkpoint in 53BP17/* and 53BP1~/~ MEFs. DNA synthesis was assessed by [3H]thy-
midine incorporation 30 min after exposure to 20 Gy of IR. (E) Sensitivity of 10 pairs of female 53BP1~/~ and 53BP1*/" littermates to 8 Gy of
whole body IR. Similar results were observed with 10 male pairs. (F) Chromosomal instability in 53BP1~/~ MEFs. 100 metaphase spreads from
genetically matched passage three 53BP1*/" and 53BP1~/~ MEFs were analyzed. Consistent data were obtained from three different experiments.
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not arrest in G, in the first 2 h after IR (for example, see
reference 29). However, flow cytometric analysis of phospho-
H3-positive mitotic embryonic cells revealed no apparent
G,/M checkpoint defect in 53BP1~/~ cells in response to dif-
ferent doses of IR (Fig. 2B and data not shown).

Several hours after IR, ATM-deficient cells show a pro-
longed accumulation in G,/M (29). A similar phenotype was
observed in 53BP1 /" fibroblasts. As shown in Fig. 2C, irradi-
ated 53BP1-null cells, like 53BP1*/* cells, were arrested in G,
but showed a delayed exit from the G,/M phase. Consistent
with 53BP17/~ cells arrested at the G, phase, the percentage
of mitotic cells 24 h after IR was approximately three times
lower in nocodazole-treated 53BP1~/~ cells than in 53BP1
wild-type cells, as assessed by immunostaining with anti-phos-
pho-histone H3 antibodies (data not shown).

Cells derived from ataxia telangiectasia patients show a de-
fect in the IR-induced G, delay (18). In contrast, S53BP1-defi-
cient MEFs, synchronized by a cycle of serum starvation and
release, exhibited a normal G, arrest in response to 10 to 20 Gy
of IR (data not shown).

ATM-deficient cells also feature a defect in the intra-S phase
checkpoint, resulting in a radioresistant DNA synthesis phe-
notype (3). Both 53BP1"/* and 53BP1 /" fibroblasts showed
inhibition of DNA synthesis in response to 20 Gy of IR, al-
though the response was slightly impaired in 53BP1/~ cells
(Fig. 2D).

Thus, although 53BP1 may play a subtle role in intra-S-
phase regulation, it appears not to be critical for G, or early
G,/M checkpoint control.

Radiosensitivity of 53BP1~/~ mice and cells. Another hall-
mark of ATM-deficiency is extreme radiation sensitivity (for
example, see reference 3). Similarly, 53BP1~/~ mice showed a
marked hypersensitivity to whole-body irradiation. All
53BP1~/~ mice died by 14 days after exposure to 8 Gy of IR,
whereas the majority of 53BP1*/* mice were viable for at least
2 months after irradiation (Fig. 2E). Necroptic examination
revealed radiation-induced intestinal bleeding and bone mar-
row failure as the cause of death (data not shown). Consistent
with this finding, in vitro clonogenic survival assays with em-
bryonic cells indicated a two- to threefold-higher radiation
sensitivity in 53BP1-deficient cells than in 53BP1-wild-type
cells, although the difference was less dramatic than in vivo
(data not shown).

Chromosomal instability of 53BP1~'~ cells. To determine
whether loss of 53BP1 causes chromosomal instability, another
characteristic of ATM ™/~ cells, we examined metaphase
spreads of passage 3 53BP1~/~ and 53BP1"/* MEFs. Unlike
ATM-deficient cells, 53BP1~/~ fibroblasts showed no sponta-
neous chromosomal breaks. However, we observed a tendency
toward aneuploidy and/or tetraploidy in 53BP1-null cells, sug-
gesting a possible defect in chromosome segregation (Fig. 2F).

Immunodeficiency and thymic lymphomas in 53BP1~/~
mice. ATM ™/~ mice show various immune defects, including
reduced numbers of pre-B cells, thymocytes, and peripheral
T cells, and develop malignant thymic lymphomas by be-
tween 2 and 4 months of age (3, 9, 30). We therefore sought
to determine whether the loss of 53BP1 might be accompa-
nied by immunological abnormalities and predisposition to
tumor formation. Indeed, thymus cellularity in 53BP1~/~
mice was reduced by 40% compared to wild-type litter-
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mates. Immunophenotyping of 6-week-old mice revealed an
approximately twofold reduction in the percentage of CD4™"
mature thymocytes (with absolute average numbers of 7 X
10° cells in 53BP1*/* mice and 2.8 X 10° cells in 53BP1~/~
mice) accompanied by a maximum twofold increase in the
percentage of CD4~ CD8 progenitors. CD4" T lympho-
cytes in the peripheral blood of 53BP1~/~ mice were also
reduced by approximately twofold (with absolute average
numbers of 8.2 X 10° cells/ml in 53BP1~/~ mice and 16.9 X
10° cells/ml in 53BP1™/* mice). Furthermore, of 101
53BP1~/~ mice, 8 developed massive thymic lymphomas
with or without infiltration of the lymph nodes, spleen, and
kidney at the ages of 4 to 7 months (Fig. 3A to C). Flow
cytometric analysis of three of these tumors revealed a
CD4" CD8" immunophenotype (Fig. 3A and data not
shown). Although the tumor frequency in 53BP1~/~ mice is
much lower than in ATM ™/~ mice (8% versus 100%), it is
highly significant since none of the 53BP1*/* and 53BP1"/~
mice (n = 54 and n = 97, respectively) developed any
tumors over the same time period. In addition to the eight
53BP17/~ mice with malignant lymphomas, nine more
53BP17/~ mice died at the ages of 1 to 7 months without
overt detectable tumors (Fig. 3D). Given the chronic immu-
nosuppression of 53BP1~/~ mice, it is possible that some of
these deaths might be due to overwhelming opportunistic
infections. Among the control animals, only one 53BP1"/*
mouse and two 53BP17/~ miced died of unidentified rea-
sons (Fig. 3D).

Role of 53BP1 in DNA damage signaling pathway. The par-
tially overlapping phenotypes of 53BP1- and ATM-deficient
mice support the hypothesis that 53BP1 acts downstream of
ATM in the DNA damage pathway. ATM becomes activated
in response to irradiation and phosphorylates numerous
downstream targets, including H2AX, NBS1, Chk2, and p53,
that mediate cell cycle checkpoint control and DNA repair
(for example, see reference 1). To obtain a better under-
standing of the complex organization of this pathway, we
examined the effect of 53BP1 deficiency on the activation of
some of these downstream targets.

We have shown earlier that 53BP1 associates with y-H2AX
within minutes after exposure to IR (22), thus raising the possi-
bility that y-H2AX may be required for the recruitment of S3BP1.
Indeed, 53BP1 foci are not observed in H2AX-deficient cells (6).
Consistent with this model, y-H2AX foci formation was found
normal in 53BP1~/~ MEFs (Fig. 4A), suggesting that 53BP1 acts
downstream of ATM and H2AX. Since H2AX is also required
for the localization of NBSI1 to the sites of DNA breaks (6, 21), we
examined whether any of these events are 53BP1 dependent. As
shown in Fig. 4A, radiation-induced NBSI1 foci formation appears
to be normal in 53BP17/" cells, suggesting that 53BP1 is not
required for the recruitment of NBSI to sites of DNA strand
breaks.

Chk2 is another downstream effector of ATM. Chk2 is
activated after IR and contributes to the IR-induced check-
point control by phosphorylating several substrates includ-
ing Cdc25C, Cdc25A, BRCAL, and p53 (4). ATM phosphor-
ylates Chk2 at Thr-68 in response to IR, and this
phosphorylation event is required for the full activation of
Chk2 kinase (19, 20). Coimmunoprecipitation analyses dem-
onstrate an interaction between 53BP1 and Chk2 in undam-
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FIG. 3. 53BP1 /" mice are tumor prone. (A) CD4 and CDS cell surface expression of cells from two different thymic lymphomas was assessed
by flow cytometry. (B) Massive thymic lymphoma (T) in a 4-month-old 53BP1~/~ mouse. (C) Hematoxylin-and-eosin-stained sections from the
thymus, spleen, and kidney of a 53BP1~/~ animal with thymic lymphoma. Monomorphic lymphoblastic tumor cells are dominant in all three tissues.
The arrows indicate mitotic figures. G, glomerulus; PT, proximal tubulus. (D) Overall survival of 53BP1*/* (n = 54), 53BP1"/~ (n = 97), and

53BP1/~ (n = 101) mice over a period of 10 months.

aged cells (Fig. 4B). Interestingly, this interaction decreases
after IR (Fig. 4B). Since we have shown earlier that the
activated form of Chk?2 localizes in distinct foci at the sites
of DNA lesions (27), we first examined the focus formation
of phospho-Chk2. In these experiments, we used a guinea
pig anti-Chk2T68P antibody that specifically recognizes

Chk2 in Chk2*/* cells but not in Chk2™/~ cells (Fig. 4G). As
shown in Fig. 4C, focus formation of phosphorylated Chk2
(Chk2T68P) was abolished in 53BP1™/~ MEFs upon expo-
sure to 1 Gy of IR. Furthermore, Chk2 phosphorylation, as
assessed by gel mobility shift, was reduced in 53BP17/~
MEFs in response to low doses of radiation (=5 Gy, Fig. 4E
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FIG. 4. Irradiated 53BP~/~ MEFs show impaired Chk2 activation after low doses of IR. (A) y-H2AX and NBS1 focus formation 6 h after
exposure to 6 Gy of IR is unaffected in 53BP1~/~"MEFs compared to 53BP1 wild-type MEFs, as assessed by immunofluorescence staining.
(B) Coimmunoprecipitation of 53BP1 and Chk2 in untreated or irradiated 293T cells. (C) Activated Chk2 phosphorylated at Thr 68 (Chk2T68)
forms foci in 53BP1*/* MEFs 1 h after exposure to 1 Gy of IR. No foci are detectable in 53BP1~/~ MEFs at this low dose of IR. y-H2AX staining
is shown as a control. (D) Chk2T68P foci form in both 53BP1*/* and 53BP1 /"~ cells in response to 20 Gy of IR. (E) Chk2 mobility shift is reduced
in 53BP1~/~ MEFs in response to low-dose radiation. Cell lysates from 53BP1*/* and 53BP1~/~ MEFs were prepared 1 h after IR and
immunoblotted with anti-Chk2 antibody. (F) For better comparison of the Chk2 mobility shift, lysates from irradiated 53BP17/* and 53BP1~/~
cells were run side by side. (G) The guinea pig anti-Chk2T68P antibody specifically recognizes Chk2.
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and F). However, no difference in Chk2T68 focus formation DISCUSSION
or Chk2 mobility shift was observed at high doses of IR (Fig.
4D and F and data not shown). These findings suggest that By disrupting the 53BP1 gene, we generated mice that lack

53BP1 is required for optimal activation of Chk2 after low 53BP1 protein. 53BP1-deficient mice are growth retarded, im-
doses of IR. munocompromised, and highly radiation sensitive. Further-
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more, 8 of 101 53BP1™/~ mice developed lymphoid tumors at
4 to 7 months of age. Cells derived from 53BP1-deficient mice
show a tendency to genetic instability and feature a defective
DNA damage response with impaired Chk2 activation. Thus,
53BP1 is likely to be required for the cellular response to DNA
damage, although its precise role remains to be resolved.

We did not observe any marked cell cycle checkpoint defects
in 53BP1-deficient cells. B cells from 53BP1~/~ mice (11), as
well as human cell lines treated with small interfering RNA
directed against 53BP1, show an impaired early G,M check-
point in response to low-dose IR (25). However, we failed to
detect this defect in 53BP1~/~ mouse embryonic cells. This
discrepancy may be due to tissue-specific functions of 53BP1
since the experiments were performed with different types of
cells or cell lines. Similarly, H2AX ™'~ B cells show a clearly
impaired early G,M checkpoint, whereas the defect is very
minor in H2AX ™/~ MEFs (11).

The prolonged G, arrest observed several hours after expo-
sure to IR is unlikely to represent a checkpoint defect but
rather reflects an impaired ability to repair DNA double-
strand breaks (DSBs) prior to progressing through the cell
cycle. This idea is supported by the hypersensitivity of 53BP1-
deficient mice to IR. Mammalian cells are thought to repair
DNA DSBs primarily by nonhomologous end joining (17).
Homologous recombination, the predominant DSB repair
pathway in bacteria and yeast, appears to have a minor con-
tribution to the repair of IR in adult mice, although it plays a
major role during DNA replication in embryos (10). The IR
hypersensitivity observed in adult 53BP1~/~ mice, together
with a moderate IR sensitivity seen in embryonic cells, points
to a defect in the DNA end-joining pathway. However, further
experiments need to be conducted to resolve the precise repair
defects in 53BP1-deficient cells.

One important function of DNA end joining lies in the
processing of RAG1/2-induced DSBs that arise during the
rearrangement of V(D)J segments in T-cell receptor and im-
munoglobulin genes (10). Unrepaired RAG-induced DSBs can
initiate translocations that lead to oncogenic gene amplifica-
tion and transformation (8, 31). 53BP1-deficient mice exhibit
immunological abnormalities and an increased risk of devel-
oping lymphomas. We speculate that 53BP1~/~ lymphomas
arise from an inability to detect or repair abnormal V(D)J
recombination, although further studies are necessary to clar-
ify the underlying mechanism of lymphoma development in
53BP1-deficient mice.

53BP1-deficient cells exhibit a defect in Chk2 activation in
response to low-dose IR. Interestingly, the phenotype of
Chk2™/~ mice is very different from that of 53BP1~/~ mice.
Chk2-deficient mice show reduced sensitivity to IR, and
Chk2/~ thymocytes exhibit resistance to IR-induced apopto-
sis (12, 24). In contrast, 53BP1~/~ mice are IR hypersensitive
and 53BP1~/~ thymocytes show increased IR-induced apopto-
sis (unpublished observations). These differences indicate that
the phenotype of 53BP1-deficient mice or cells is not primarily
mediated by Chk2, although 53BP1 is required for optimal
Chk?2 activation in response to low-dose IR.

Taken together, our data demonstrate that 53BP1 plays a
role early in the DNA damage response pathway. S3BP1 acts
downstream of ATM and H2AX and participates in a subset of
ATM functions. 53BP1 is required for optimal activation of
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Chk2 in response to low doses of IR. More importantly, loss of
53BP1 leads to radiation sensitivity and tumorigenesis in mice,
further supporting the hypothesis that defects in DNA damage
responses contribute to tumorigenesis in mammals.
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