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INTRODUCTION

The ability to sense DNA damage and activate response pathways that coordinate cell
cycle progression and DNA repair is essential for the maintenance of genomic integrity.
Defects in recognition and repair of DNA damage may be the decisive step in the
transformation of a healthy cell into a tumor cell. 53BP1 had been suggested to
participate in the DNA damage response pathway based on its C-terminal tandem BRCT
( BRCA1 C-terminal) domain and the observation that 53BPI1 relocalizes to discrete
nuclear foci upon exposure of cells to ionizing radiation (Anderson et al., 2001; Rappold
et al., 2001; Schultz et al., 2000; Xia et al., 2000). It was originally identified in a yeast
two-hybrid screen as a protein that binds to the central DNA-binding domain of the tumor
suppressor p53 and activates p5S3-dependent gene transcription (Iwabuchi et al., 1994;
Iwabuchi et al., 1998). To obtain insight into the function of 53BP1 we asked whether
endogenous 53BP1 interacts with p53, BRCA1 or other proteins known to be involved in
the DNA damage response. Furthermore, using a 53BP1 knock out model, we
investigated whether loss of 53BP1 function leads to defects in DNA repair and/or cell

cycle checkpoint control and contributes to tumorigenesis.

BODY

As outlined in the Statement of Work, the first two years of the grant proposal focused on
the interaction of 53BP1 with the tumor suppressors BRCA1 and p53. We had produced
monoclonal and polyclonal antibodies towards 53BP1 and demonstrated that 53BP1

colocalizes and interacts with BRCA1 several hours after exposure of cells to IR (Fig.1).
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O S Fig.1: Co-immunoprecipitation of 53BP1 and
= BRCAI1 following DNA damage. K562 cells were
IP anti-BRCA1: exposed to 0 or 50 of y-radiation 30 hours prior
b— immunoprecipitation with affinity-purified anti-
250- Western: BRCAI1 plyclonal antibody. The samples were
anti-53BP1 processed for electrophoresis, separated on a 4-15%
SDS gel and immunoblotted with anti-53BP1 prior
re-blotted with anti-BRCA1 as indicated.
250 F Western:
. anti-BRCA1



This interaction occurs at sites of DNA double strand breaks as shown by co-
immunostaining with an antibody towards the activated form of H2AX, a histone H2A
variant that becomes phosphorylated at areas of DNA stand breaks (Rappold et al., 2001,
appendix). In contrast, the interaction of 53BP1 and p53 does not depend on DNA
damage (Fig 2) although the stabilization of p53 in response to DNA damage or

replication arrest results in an increase in the amount of 53BP1 co-immunoprecipitated by

p53.

IP anti-53BP1 IP anti-p53
pbl | E7 DO1 | 421 | 1801

08— = =

Fig,2: Co-immunoprecipitation of p53 and 53BP1. Extracts of untreated HBL100 cells were either
immunoprecipitated with two different anti-53BP1 antisera (E6, E7) or with 3 different anti-p53 antibodies
(DO1,421,1801) and immunoblotted with either anti-53BP1 (E7) or anti-p53 (DOI) antibody. Anti-p53
antibody 421 is raised against a mutant form of p53.

To characterize the 53BP1 domains that mediate the recruitment of 53BP1 to sites of
DNA strand breaks we generated a series of HA-tagged 53BP1 full-length and deletion
mutants and studied the IR-induced relocalization of these fusion proteins in transiently
transfected U208 cells. We could show that a region upstream of the tandem BRCT
domains is required and sufficient for the accumulation of 53BP1 to DNA strand breaks
(Ward et al., 2003a, appendix). Interestingly, this region binds to phosphorylated but not
unphosphorylated H2AX in vitro suggesting that phosphorylated H2AX keeps 53BP1 in
the vicinity of DNA lesions (Ward et al., 2003a, appendix).
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Fig.3: A region upstream of the BRCT domains is required and sufficient for damage-induced focus
localization of 53BP1. A: Schematic diagram of the wild-type or mutant 53BP1 constructs that were N-
terminally fused to a 3xNLS and an HA-tag. Their ability to form damage-induced foci is indicated by a
(+). KLR refers to the kinetochore localization region. B: U20S cells transiently expressing the HA-53BP1
constructs were irradiated with 1 Gy and immunostained 1 h later with anti- HA and anti-y-H2AX
antibodies.

Since 53BP1 becomes hyperphosphorylated in response to DNA damage, we wondered
whether 53BP1 phosphorylation is required for the interaction with phospho-H2AX. We
mapped four in vitro phosphorylation sites, raised phospho-specific antibodies against
these sites and showed that at least two of them (S25 and S29) are phosphorylated in vivo
by ATM, the kinase mutated in cancer prone ataxia telangiectasia patients. 53BP1
mutants that lack all four phosphorylation sites were still able to relocate to y-H2AX
containing foci in response to ionizing radiation, suggesting that 53BP1 phosphorylation
is not required for 53BP1 accumulation. In addition, 53BP1 mutants that lack the region
required for 53BP1 accumulation and do not relocate to foci in response to ionizing
radiation can still be phosphorylated (Ward et al., 2003a, appendix). Therefore, 53BP1
phosphorylation and 53BP1 relocalization appear to be regulated independently.

To examine the pysiological relevance of the observed interactions between 53BPlI,
BRCA1 and p53 we generated a 53BP1-deficient mouse model (Ward et al., 2003b,

appendix). Mice that lack 53BP1 were growth retarded, radiation sensitive and

immunodeficient (Ward et al., 2003b, apendix). Immunofluorescence staining of BRCAI

on mouse embryonic fibroblasts (MEFs) derived from 53BP1-/- and 53BP1+/+




littermates demonstrated that 53BP1 is not required for radiation-induced relocation of

BRCA1 to DNA strand breaks.

To check whether 53BP1 transduces a DNA damage signal to p53, we compared
irradiation-induced p53 stabilization in 53BP1+/+ and 53BP1-/- thymocytes and MEFs.
Although p53 levels increased in both 53BP1 wild-type and 53BP1-deficient cells upon
irradiation, in some experiments we observed a reduced and/or delayed p53 response in
the absence of 53BP1 suggesting that 53BP1 may have some effect on p53 regulation
(Fig. 4).

53BP1+/+ 53BP1-/- Fig 4: Reduced p53 response in irradiated 53BP1-
012345 012345 h5 Gy deficient embryonic cells. 53BP1 wild-type or

deficient cells were either mock treated or

S AR W = p53 irradiated with 5 Gy. At the indicated time points
p53 levels were analyzed by Western blotting. B-
actin was used as a loading control.

e

In addition, 53BP1 appears to be required for efficient accumulation of p53 and BLM at
the sites of stalled replication and DNA strand breaks (Fig.5)(Sengupta et al., 2004).
BLM is the protein mutated in patients with Boom’s syndrome, a rare genetic disorder

characterized by chromosomal aberrations, genetic instability and cancer predisposition.

| 53BP1

Fig. 5: Lack of 53BP1 prevents the efficient
accumulation of BLM and p53 at the sites of
BLM-Red stalled DNA replication forks. 53BP1 wild-
53BP1-Green type or deficient mice were treated with
hydroxyurea (HU) for 6h prior
immunostaining with antibodies against BLM,

53BP1 p53 and nucleolin as indicated
p53-Red
53BP1-Green

Nucleolin-Red
BLM-Green




To explore whether 53BP1 is involved n the maintenance of genomic stability we looked
for chromosomal aberrations in 53BP1-deficient MEFs. 53BP1-/- cells showed a
tendency to aneuploidy and tetraploidy when compared to 53BP1 wild-type cells.
Genomic instability is a hallmark and prerequisite of cancer. Notably, about 8% of the
53BP1-deficient mice developed thymic lymphomas within 4 and 7 months of age
(Fig.6). In contrast, none of the 53BP1+/+ and 53BP1+/- littermates developed any
tumors within the first year of life (Ward et al., 2003b, appendix).
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Fig. 6: 53BP1 -/-mice show increased incidence of spontaneous tumors. A: Overall survival of 53BP1+/+
(n=54), 53BP1+/- (n=97) and 53BP1-/- (n=101) over the course of 10 months. B: Massive thymic
lymphoma (T) in a 4-months old 53BP1-/- mouse.

Since the genetic background of a given mouse strain greatly influences tumor
susceptibility as well as tumor type we back-crossed our 53BP1-deficient mice into a
BALB/c background. We are especially interested to examine whether 53BP1-deficient
mice will develop a higher incidence of breast and/or ovarian cancers when compared to
53BP1 wild-type mice. In addition, we crossed 53BP1 heterozygous mice with p53
heterozygous mice of the same mixed background to investigate how both proteins
contribute to tumor formation. Our results indicate that p53-/-53BP1-/- double knock out
animals die much earlier than p53-/- 53BP1+/+ mice suggesting that 53BP1 and p53

synergize in tumorigenesis. Moreover, 53BP1 haplosufficiency also significantly




accelerates tumor development, an observation that emphasizes the role of 53BP1 in

tumor suppression (Fig.7).
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Fig.7: 53BP1 and p53 deficiency synergize in tumorigenesis. Survival curves for p53-/-53BP1+/+, p53-/-
53BP1+/- and p53-/-53BP1+/+ mice plottes as a function of time in weeks.

To investigate whether 53BP1 mutations contribute to the development of breast cancer
(Task 3), Dr. Fergus Couch at the Mayo Clinic Rochester screened several breast cancer
samples for mutations in the BRCT domain of 53BP1. Our original assumption was that
the BRCT domains of 53BP1 are of similar functional importance as the BRCT domains
in BRCA 1. However, none of the samples tested showed any mutations within this C-
terminal region.

We also looked at 53BP1 expression in breast cancer tissue and found that 53BP1 is
over-expressed in a number of breast cancers (Fig.8). However, there was no correlation
between 53BP1 expression and tumor grade or outcome. Moreover, 53BP1 expression

did not correlate with p53 expression in these tissues (Fig. 8).



Fig. 8: 53BP1 and p53 expression in breast cancer tissue analyzed by immunohistochemistry. A: Normal
breast, B-C: Medullary Carcinoma, D-F: Invasive Ductal Carcinoma.

To investigate whether the tumor suppressor function of 53BP1 is due to a role of 53BP1
in DNA repair, we analyzed the proficiency of DNA double strand (DSB) repair in

53BPI1-deficient cells. Our findings showed that homologous recombination repair is not

impaired in the absence of 53BP1. Similarly, the non-homologous joining of RAG-

induced DSBs during the process of V(D)J recombination does not require 53BP1.
However, class switch recombination (CSR) was severely impaired in 53BP1-deficient
mice suggesting that the joining of AID-induced breaks in stimulated lymphocytes
requires 53BP1 (Fig. 10, and (Ward et al., 2004, appendix).

53BP17-

Fig.9: Impaired CSR in the absence of 53BP1.
Cell division and surface IgG1 expression were
measured by flow cytometry on live CFSE-
labeled wild type (WT) and 53BP1™ B cells.
stimulated with LPS plus IL-4 for 4 days.




KEY RESEARCH ACCOMPLISHMENTS

We have shown that:

* 53BPI participates together with BRCA1 and p53 in the DNA damage response

* 53BPI rapidly accumulates at sites of DNA strand breaks in response to IR

e 53BPI1 accumulation is mediated by a direct interaction with phospho-H2AX

«  53BPI-deficient mice are radiation sensitive, growth retarded and immunodeficient
e 53BPl-deficient mice have a higher incidence of developing tumors

 53BP1 and p53 deficiency synergize in tumorigenesis

 53BPI haploinsufficiency enhances susceptibility to cancer in the absence of p53

e 53BPI is overexpressed in a subset of breast cancer tissues

e 53BPI is required for the endjoining of DSBs during CSR

11
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CONCLUSIONS

Our data demonstrate that 53BP1 plays a role early in the DNA damage response. Upon
exposure of cells to ionizing radiation, 53BP1 relocalizes to sites of DNA double strand
breaks and accumulates there by binding to phosphorylated histone H2AX. The region
that binds to phosphorylated H2AX resides within the region required for 53BP1 foci
formation upstream of the C-terminal BRCT domains. Moreover, 53BP1 becomes
hyperphosphorylated by ATM in response to ionizing radiation although phosphorylation
can occur in the absence of 53BP1 foci formation suggesting that both events are
regulated independently. Knock out mice that lack 53BP1 protein exhibit an increased
sensitivity to ionizing radiation and show an increased incidence of developing
lymphomas. Furthermore, 53BP1 and p53 deficiency synergize in tumorigenesis and the
loss of a single 53BP1 allele enhances the susceptibility to cancer in the absence of p53.

Although 53BP1 appears not to be required for the gross repair of DNA DSBs, some

breaks like the ones generated during class switch recombination cannot effectively be

joined in the absence of 53BP1. Itis therefore reasonable to speculate that 53BP1
deficiency impairs the repair of certain DSBs thus initiating translocations that can lead

to oncogenic gene amplification and transformation.
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Report

Tumor Suppressor pS3 Binding Protein 1 (53BP1) Is Involved

in DNA Damage-signaling Pathways

Irene Rappold,* Kuniyoshi Iwabuchi,* Takayasu Date,* and Junjie Chen*

*Division of Oncology Research, Mayo Clinic, Rochester, Minnesota 55905; and *Department
of Biochemistry, Kanazawa Medical University, Ishikawa 920-0293, Japan

Abstract. The tumor suppressor pS3 binding protein 1
(53BP1) binds to the DNA-binding domain of p53
and enhances p53-mediated transcriptional activation.
53BP1 contains two breast cancer susceptibility gene 1
COOH terminus (BRCT) motifs, which are present in
several proteins involved in DNA repair and/or DNA
damage-signaling pathways. Thus, we investigated the
potential role of 53BP1 in DNA damage-signaling
pathways. Here, we report that 53BP1 becomes hyper-
phosphorylated and forms discrete nuclear foci in re-
sponse to DNA damage. These foci colocalize at all
time points with phosphorylated H2AX (y-H2AX),
which has been previously demonstrated to localize at
sites of DNA strand breaks. 53BP1 foci formation is
not restricted to y-radiation but is also detected in re-
sponse to UV radiation as well as hydroxyurea, camp-

tothecin, etoposide, and methylmethanesulfonate treat-
ment. Several observations suggest that 53BP1 is
regulated by ataxia telangiectasia mutated (ATM) after
DNA damage. First, ATM-deficient cells show no
53BP1 hyperphosphorylation and reduced 53BP1 foci
formation in response to <y-radiation compared with
cells expressing wild-type ATM. Second, wortmannin
treatment strongly inhibits y-radiation-induced hyper-
phosphorylation and foci formation of 53BP1. Third,
53BP1 is readily phosphorylated by ATM in vitro.
Taken together, these results suggest that S3BP1 is an
ATM substrate that is involved early in the DNA dam-
age-signaling pathways in mammalian cells.

Key words: 53BP1 ® DNA damage ® nuclear foci ®
v-H2AX ¢ ATM

Introduction

Cells have evolved various sophisticated pathways to
sense and overcome DNA damage as a mechanism to pre-
serve the integrity of the genome. Environmental attacks
like radiation or toxins, as well as spontaneous DNA le-
sions, trigger checkpoint activation and consequent cell
cycle arrest and/or apoptosis. One key protein that co-
ordinates DNA repair with cell cycle progression and
apoptosis is the tumor suppressor protein p53. P53 is acti-
vated and posttranslationally modified in response to
DNA damage (Appella and Anderson, 2000). These mod-
ifications include phosphorylation by ataxia telangiectasia
mutated (ATM),! a protein kinase implicated in DNA

Address correspondence to Junjie Chen, Guggenheim 1306, Division of On-
cology Research, Mayo Clinic, 200 First Street, S.W., Rochester, MN 55905.
Tel.: (507) 538-1545. Fax: (507) 284-3906. E-mail: chen.junjie@mayo.edu

'Abbreviations used in this paper: ATM, ataxia telangiectasia mutated;
BRCAL1, breast cancer susceptibility gene 1; BRCT, BRCA1 COOH ter-
minus; DNA-PK, DNA-dependent protein kinase; 53BP1, binding protein
1: GST, glutathione S-transferase; PI3K, phosphatidylinositol 3-kinase.
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damage-signaling pathways (Canman et al., 1998; Khanna
et al., 1998). By transcriptionally activating genes involved
in cell cycle control, DNA repair, and apoptosis, pS3 par-
ticipates in the maintenance of the genomic integrity after
DNA damage.

P53 interacts with p53 binding protein 1 (53BP1). 53BP1
has been identified in a yeast two hybrid screen as a pro-
tein that interacts with the central DNA-binding domain
of p53 (Iwabuchi et al., 1994). Similar to breast cancer sus-
ceptibility gene 1 (BRCA1; Ouchi et al., 1998; Zhang et al.,
1998a; Chai et al., 1999), 53BP1 enhances p53-dependent
transcription (Iwabuchi et al., 1998). Interestingly, the
COOH terminus of 53BP1 contains tandem BRCALl
COOH terminus (BRCT) motifs. This motif was first iden-
tified in the COOH-terminal region of BRCA1 and has
since been found in a large number of proteins involved in
various aspects of cell cycle control, recombination, and
DNA repair in mammals and yeast (Koonin et al., 1996;
Bork et al., 1997; Callebaut and Mornon, 1997). The func-
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tion of the BRCT domain is not known. However, evi-
dence suggests that BRCT domains may mediate protein—
protein interactions (Zhang et al., 1998b).

The presence of BRCT domains in 53BP1 and the re-
ported interaction with p53 prompted us to investigate
whether 53BP1 is involved in DNA damage-response
pathways. Here we report that 53BP1 becomes hyperphos-
phorylated and rapidly relocates to the sites of DNA
strand breaks in response to ionizing radiation. 53BP1 foci
formation is reduced in ATM-deficient cells and can be in-
hibited by wortmannin in ATM wild-type cells. Moreover,
radiation-induced hyperphosphorylation of 53BP1 is ab-
sent in cells treated with wortmannin, as well as in ATM-
deficient cells. Taken together, these results strongly sug-
gest that 53BP1 participates in DNA damage-signaling
pathways and is regulated by ATM after y-radiation.

Materials and Methods

Cell Culture and Treatments with
DNA-damaging Agents

Cells were grown in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum at 37°C with 5% CO,. FT169A and YZS cells were provided
by Dr. Y. Shilon (Tel Aviv University, Ramat Aviv, Israel). Cells grown
on coverslips were irradiated in a JL Shepherd '¥’Cs radiation source at a
rate of 1 Gy/min for doses of 1-5 Gy or 10 Gy/min for a dose of 10 Gy. UV
light was delivered in a single pulse (50 J/m?) using a Stratalinker UV
source (Stratagene). Before UV irradiation, the culture medium was re-
moved and the medium was replaced immediately after irradiation. All
cells were returned to the incubator for recovery and harvested at the in-
dicated times. Genotoxic agents and other drugs were used at the indi-
cated concentrations. After a 1-h exposure, the cells were harvested for
immunostaining.

Immunoprecipitation, Immunoblotting,
and Immunostaining

Immunoprecipitation, immunoblotting, and immunostaining were per-
formed as described previously (Scully et al., 1997). Rabbit polyclonal
anti-53BP1 serum E7 was raised against a glutathione S-transferase (GST)
fusion protein encoding residues 338-671 of S3BP1. Mouse anti-53BP1
monoclonal antibodies were raised against a mix of three GST fusion pro-
teins encoding residues 1-337, 338-671, and 1,331-1,664, respectively, of
53BP1. Antiphospho-H2AX antibody was generated as described previ-
ously (Rogakou et al., 1999).

ATM Kinase Assay

ATM was immunoprecipitated from K562 cells using anti-ATM antibody
Ab3 (Oncogene Research Products). Aliquots of the ATM-protein A
Sepharose immunocomplexes were resuspended in 25 pl kinase buffer (10
mM Hepes, pH 7.4, 50 mM NaCl, 10 mM MgCl,, 10 mM MnCl,, 1 mM
DTT, 10 nM ATP) and incubated for 20 min at 30°C with 10 n.Ci of [y*]P-
ATP and 1 pg of various affinity-purified GST fusion proteins containing
different fragments of S3BP1.

Results

53BP1 Forms Nuclear Foci in Response to
Various Types of DNA Damage

Several proteins, including BRCA1 and Mrell/Rad50/
Nbsl, form DNA damage-regulated, subnuclear foci in
the cell. To determine whether 53BP1 participates in
DNA damage-signaling pathways, we examined 53BP1 lo-
calization after various types of DNA damage using sev-
eral anti-53BP1 polyclonal and monoclonal antibodies
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generated for this study. All antibodies specifically recog-
nize endogenous, as well as HA-tagged, full-length 53BP1
as examined by Western blotting, immunoprecipitation,
and immunostaining (data not shown). As shown in Fig. 1,
53BP1 is diffusely localized in the nuclei of normal cells,
but relocates to discrete subnuclear foci structures in re-
sponse to ionizing radiation (e.g., 1 Gy). These 53BP1 foci
can be detected as early as 5 min after irradiation (data not
shown). Higher doses of radiation (e.g., 10 Gy) lead to
more but smaller 53BP1 foci (Fig. 1). The number of foci
reaches a peak at ~30 min after radiation. Thereafter, the
foci number slowly decreases, whereas the foci size in-
creases (data not shown).

Foci formation is also observed in response to other
DNA-damaging events. UV radiation induced the forma-
tion of numerous small foci, similar to that induced by
4NQO (a UV-mimetic agent) and hydroxyurea (Fig. 1).
Treatment with the DNA topoisomerase I poison camp-
tothecin or the topoisomerase II poison etoposide (VP16),
which cause DNA single strand and double strand breaks,
respectively, also resulted in the formation of 53BP1 foci.
Similar results were obtained with the alkylating agent me-
thylmethanesulfonate. However, cisplatin, a DNA cross-
linking agent, induced only a few 53BP1 foci during the
first hour after drug application, whereas the protein ki-
nase inhibitor UCN-01 and the antimitotic agent paclitaxel
(Taxol; Bristol-Meyers Squibb Co.) did not induce S3BP1
foci formation. Thus, different types of DNA damage trig-
ger the recruitment of 53BP1 into discrete nuclear foci.

53BP1 Colocalizes with y-H2AX in
Response to DNA Damage

The time course of 53BP1 foci formation and disappear-
ance is very similar to that recently described for phos-
phorylated H2AX (Rogakou et al., 1999; Paull et al.,
2000). H2AX is one of the histone H2A molecules in
mammalian cells and becomes rapidly phosphorylated
after exposure of cells to ionizing radiation (Rogakou et
al., 1999; Paull et al., 2000). Phosphorylated H2AX
(y-H2AX) appears within 1-3 min as discrete nuclear
foci on sites of DNA double strand breaks (Rogakou et
al., 1999). Similar to y-H2AX (Rogakou et al., 1999), the
number of 53BP1 foci showed a linear relationship with
the severity of DNA damage (Fig. 1 and data not
shown). As shown in Fig. 2 A, damage-induced 53BP1
foci colocalized with y-H2AX at the various time points
analyzed. The number of 53BP1 foci was identical to
that of y-H2AX throughout the course of the experi-
ment. In addition, coimmunoprecipitation analysis re-
vealed that 53BP1 and y-H2AX biochemically interact
after +y-radiation (Fig. 2 B). Small amounts of 53BP1
were detected in y-H2AX immunoprecipitates prepared
from irradiated HBL100 cells. In unirradiated cells,
H2AX was not phosphorylated and anti—y-H2AX anti-
bodies did not immunoprecipitate any phosphorylated
H2AX. Similarly, 53BP1 was also not present in anti-
v-H2AX immunoprecipitates prepared from unirradi-
ated cells. These results demonstrate that S3BP1 colocal-
izes and interacts with y-H2AX at the sites of DNA
strand breaks after y-radiation.
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ATM Is Involved in 53BP1 Foci Formation

Several phosphatidylinositol 3-kinase (PI3K)-related ki-
nases, including DNA-dependent protein kinase (DNA-
PK), ATM, and ATM-related kinase (ATR), participate
in DNA damage-responsive pathways (Smith and Jack-
son, 1999; Khanna, 2000). It is possible that DNA dam-
age-induced 53BP1 foci formation may depend on one or
more of these PI3K-like kinase family members.

We first examined 5S3BP1 foci formation in the pres-
ence or absence of DNA-PK using two derivatives of
the human glioma cell line MO59 (Lees-Miller et al.,
1995). No difference in the time course of 53BP1 foci
appearance and disappearance was observed in these
two cell lines after exposure to 1 Gy of y-radiation (data
not shown). However, comparison was hampered by the
high number of 53BP1 foci in unirradiated MOS59K and
MOS59] cells and subtle differences might be over-
looked.

We then examined whether the 53BP1 response to ion-
izing radiation is affected in cells lacking ATM. Immortal-
ized ATM-deficient fibroblasts (FT169A) were compared
with their isogenic derivative cells, YZS, that have been
reconstituted with wild-type ATM cDNA (Ziv et al.,
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Figure 1. 53BP1 forms nuclear foci in response to
DNA damage. HeLa cells were exposed to y-irradi-
ation (1 and 10 Gy) or a 50 J/m? UV pulse 1 h be-
fore immunostaining with anti-53BP1 mAb
BP13. Alternatively, cells were treated for 1 h
with the following drugs: 2 pg/ml 4-nitroquino-
line 1-oxide (4NQO), 1 mM hydroxyurea (HU),
1 uM camptothecin (CPT), 40 pg/ml etoposide
(VP16), 0.01% methylmethanesulfonate (MMS),
40 pM cisplatin (CDDP), 1 puM 7-hydroxystauro-
sporine (UCN-01), and 1 uM paclitaxel (Taxol).

1997). As shown in Fig. 3 A, although irradiation with
1 Gy resulted in a rapid formation of 53BP1 foci in
the ATM-reconstituted cells (ATM+), a reduced re-
sponse was observed in the cells lacking wild-type ATM
(ATM—). Similar results were obtained when we com-
pared other ATM-deficient fibroblast lines (GM03189D
and GMO05849C) with wild-type ATM cell lines
(GMO02184D and GMO00637H) (Fig. 3 A). The time course
of the number of 53BP1 foci per cell, as calculated from
three independent experiments using YZS versus parental
FT169A cells, is illustrated in Fig. 3 B.

To further corroborate the role of ATM in 53BP1 foci
formation, we pretreated HeLa cells for 30 min with wort-
mannin before exposure to 1 Gy of irradiation. Wortman-
nin is a potent inhibitor of the PI3K-related kinases, in-
cluding ATM and DNA-PK (Sarkaria et al., 1998). As
shown in Fig. 3 C, pretreatment with 50 pM wortmannin
greatly reduced the number of 53BP1 foci evident 1 h after
y-radiation. At an even higher dose (200 pM), wortman-
nin completely blocked 53BP1 foci formation. These re-
sults suggest that the kinase activities of ATM or other
PI3K-related kinases are required for S3BP1 foci forma-
tion.
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ATM Is Required for DNA Damage-induced
Hyperphosphorylation of 53BP1

Many proteins involved in DNA damage-response and/or
DNA repair are phosphorylated upon DNA damage. To
examine whether 53BP1 becomes phosphorylated in re-
sponse to y-radiation, K562 cells were irradiated (20 Gy)
and harvested 1 h later. After immunoprecipitation using
anti-53BP1 antisera, the samples were incubated for 1 h at
30°C in the presence or absence of \ protein phosphatase
and separated on a 3-8% gradient SDS gel. Phosphatase
treatment of unirradiated K562 cells revealed a faster mi-
grating form of 53BP1 (Fig. 4 A). This indicates that
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Figure 2. (A) 53BP1 colocal-
izes with y-H2AX in response
to +y-radiation. WI38 cells
were coimmunostained with
anti-53BP1 antibody BP13
and affinity-purified anti-
v-H2AX serum before (0
min) and at the indicated time
points after exposure to 1 Gy
(10-160 min). (B) Coimmuno-
precipitation of 53BP1 and
v-H2AX after DNA dam-
age. HBL100 cells were ex-
posed to 0 or 20 of Gy +y-radi-
ation 1 h before lysis in
NETN buffer (150 mM NaCl,
1 mM EDTA, 20 mM Tris,
pH 8, 0.5% NP-40) including
0.3 M NaCl. Immunoprecipi-
tation experiments were per-
formed using anti-yH2AX or
anti-S3BP1 antibodies. A five-
fold higher amount of cell
lysate was used for anti-
v-H2AX  immunoprecipita-
tion than that used for anti-
53BP1 immunoprecipitation.
The samples were separated
on 4-15% SDS-PAGE and
Western blotting was per-
formed using either anti-
v-H2AX or anti-53BP1 anti-
bodies as indicated.

53BP1 is modified by phosphorylation in normal undam-
aged cells. Upon +y-radiation, 53BP1 showed an even
slower mobility that was reversed by phosphatase treat-
ment (Fig. 4 A). These results suggest that 53BP1 is phos-
phorylated in undamaged cells and becomes hyperphos-
phorylated after y-radiation.

Since 53BP1 is hyperphosphorylated after vy-radiation,
we then examined whether wortmannin would affect radi-
ation-induced 53BP1 phosphorylation. As illustrated in
Fig. 4 B, there was no detectable radiation-induced 53BP1
mobility shift in wortmannin (50 uM)-pretreated cells. In
contrast, the radiation-induced 53BP1 mobility shift was
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Figure 3. 53BP1 foci formation is reduced in cells lacking ATM.
(A) ATM-deficient cell lines (FT169A, GMO03189D, and
GMO05849C) and wild-type ATM cell lines (YZS, GM02184D,
and GM00637H) were irradiated with 1 Gy and immunostained
with anti-53BP1 mAb BP13 at different time points before and
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.
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160 min

after irradiation as indicated. FT169A cells and YZS5 cells are isogenic, whereas the other lines are unrelated. (B) The numbers of 53BP1
foci in at least 75 FT169A (ATM—) and YZS (ATM+) cells were counted for each time point. Data represent mean * SD of three in-
dependent experiments. The difference in foci number between ATM + and ATM — cells 10 or 20 min after irradiation was significant
at P < 0.001 using a Student’s ¢ test. (C) Wortmannin inhibits y-radiation-induced 53BP1 foci formation. HeLa cells were pretreated for
30 min with 0, 50, or 200 M wortmannin before exposure to 1 Gy of y-radiation. After recovery for 1 h, the control or irradiated cells

were immunostained with anti-5S3BP1 antibodies.

readily detected in cells that had received no drug treat-
ment before radiation. We next repeated the experiment
using the ATM-deficient GM03189D and GMO02184D
cells expressing wild-type ATM. Again, in ATM wild-type
cells, y-radiation induced a 53BP1 mobility shift in control,
but not in wortmannin-pretreated samples (Fig. 4 C).
However, no radiation-induced 53BP1 mobility shift was
observed in ATM-deficient cells, with or without wort-
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mannin treatment (Fig. 4, C and D). Taken together, these
results strongly suggest that ATM is required for S3BP1
hyperphosphorylation after y-radiation.

53BP1 Is a Substrate of ATM In Vitro

S/TQ sites have been described to be the minimal essential
recognition sites for ATM (Kim et al., 1999). 53BP1 con-
tains a total of 30 S/TQ sites, many of them clustered in the
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NH,-terminal region. To examine whether 53BP1 is a sub-
strate for ATM, and to define regions that can be phos-
phorylated by ATM in vitro, we designed six overlapping
53BP1 GST fragments that span the entire ORF of 53BP1
and performed a standard ATM kinase assay. As shown in
Fig. 4 E, the first three NH,-terminal 53BP1 fragments
were phosphorylated by ATM in vitro, whereas no phos-
phorylation was observed in the last three COOH-termi-
nal fragments, despite the fact that there are a total of 10
S/TQ sites within these S3BP1 fragments. These data sug-
gest that 53BP1 is a substrate of ATM kinase.

Discussion

Here we report that 53BP1 participates in the early DNA
damage-response. Using several antibodies specifically
recognizing 53BP1, we show that 53BP1 becomes hyper-
phosphorylated and forms nuclear foci after exposure to
ionizing radiation. y-Radiation-induced 53BP1 hyper-
phosphorylation and foci formation are reduced in ATM-
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Figure 4. y-Radiation-induced hyperphosphor-
ylation of 53BP1 requires ATM. (A) vy-Radia-
tion induces hyperphosphorylation of 53BPI.
K562 cells were exposed to 0 or 20 Gy of +y-radi-
ation and immunoprecipitated using polyclonal
anti-53BP1 antibody. Immunoprecipitates were
incubated for 1 h at 30°C with 800U \-phos-
phatase (APPase) in 100 pl incubation buffer or
only incubation buffer. The samples were sepa-
rated on a 3-8% gel and immunoblotted with
anti-53BP1. (B) Wortmannin inhibits S3BP1 hy-
perphosphorylation. K562 cells were pretreated
with 50 uM wortmannin for 30 min before expo-
sure to 1 Gy of radiation. Whole cell lysates pre-
pared from treated and control samples were
separated on a 3-8% gradient gel (30 pg protein
per lane) and immunoblotted with anti-53BP1
antibodies. (C) ATM is required for the y-radia-
tion-induced hyperphosphorylation of 53BP1.
ATM-deficient GM03189D cells or ATM wild-
type GM02184D cells were treated as described
in the legend to B, and 30 g lysates were sepa-
rated on a 3-8% gel before immunoblotting with
anti-53BP1 antibodies. (D) All three ATM-defi-
cient cell lines tested (FT169A, GM03189D, and
GMO05849C) show no hyperphosphorylation 1 h
after 20 Gy. (E) 53BP1 is a substrate of ATM in
vitro. Six GST fusion proteins containing over-
lapping 53BP1 fragments were used as substrates
in an ATM in vitro kinase assay. GST protein
alone and GST fusion protein containing 13 resi-
dues surrounding the serine-15 of the p53 coding
sequence were used, respectively, as negative
and positive controls.

deficient cells. Moreover, 53BP1 hyperphosphorylation, as
well as foci formation, is inhibited by wortmannin, an in-
hibitor of the PI3K-related kinases including ATM, DNA-
PK, and, to a lesser extent, ATR (Sarkaria et al., 1998).
Taken together, these data suggest that ATM and other
PI3K-related kinases directly phosphorylate 53BP1 and
regulate its localization to the sites of DNA strand breaks.

In favor of a functional link between ATM and 53BP1,
we also demonstrate that NH,-terminal fragments of
53BP1 are effectively phosphorylated by ATM in vitro.
Similarly, Xia and colleagues have recently shown that Xe-
nopus 53BP1 and a NH,-terminal fragment of human
53BP1 can be phosphorylated by ATM in vitro and in vivo
(Xia et al., 2000), supporting our hypothesis that S3BP1 is
a direct substrate of ATM. In contrast to our findings,
Schultz et al. (2000) observed no difference in 53BP1 foci
formation in ATM-deficient cells when compared with
that in normal ATM wild-type cells (Schultz et al., 2000).
We also observed that 53BP1 foci still formed, albeit with
slower kinetics, in cells lacking ATM, suggesting the exist-
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ence of an alternative, ATM-independent pathway for the
regulation of 53BP1. However, our data presented here
clearly demonstrate that ATM plays a critical role in the
regulation of 53BP1 hyperphosphorylation and foci for-
mation after y-radiation.

53BP1 rapidly colocalizes with y-H2AX in response to
ionizing radiation. H2AX is a histone H2A variant that be-
comes phosphorylated and forms foci at sites of DNA
strand breaks after DNA damage (Rogakou et al., 1999;
Paull et al., 2000). The number, as well as appearance and
disappearance of 53BP1 foci, matched almost completely
with that of y-H2AX. Moreover, 53BP1 and y-H2AX
physically interact after ionizing radiation, suggesting that
53BP1 relocates to the sites of DNA double strand breaks
in response to y-radiation. Similar to 53BP1, y-H2AX foci
formation is inhibited by wortmannin treatment (Rogakou
et al., 1999; Paull et al., 2000) and is reduced in ATM-defi-
cient cells (Rappold, I., and J. Chen, unpublished observa-
tion). It is possible that phosphorylation of H2ZAX may
mediate the relocalization of 53BP1 to DNA strand
breaks. If this is the case, ATM-dependent hyperphos-
phorylation of 53BP1 may be a secondary event that is not
required for 53BP1 foci formation. This possibility will be
examined in future studies using phosphorylation-defi-
cient mutants of S3BP1.

Upon relocalizing to the sites of DNA damage, 53BP1
could participate in chromosome remodeling that makes
DNA lesions accessible to DNA repair proteins. Alterna-
tively, 53BP1 could be involved in the recruitment of re-
pair proteins like BRCA1 and Rad51 to these DNA le-
sions. Both of these proteins colocalize with 53BP1
several hours after exposure to ionizing radiation (Rap-
pold, I., and J. Chen, unpublished observations). In ad-
dition, BRCA1 biochemically interacts with S3BP1 after
y-radiation (Rappold, I., and J. Chen, unpublished obser-
vations).

53BP1 contains two BRCT motifs at its COOH termi-
nus. 53BP1 BRCT motifs are closely related with those of
BRCA1 and Saccharomyces cerevisiae Rad9 (scRad9)
protein. Insight into the potential role of scRad9 comes
from studies of its association with scRad53. ScRad53 is
the homologue of mammalian Chk2 or Schizosaccharomy-
ces pombe Cdsl. After DNA damage, scRad9 is phosphor-
ylated and this phosphorylated scRad9 associates with the
forkhead homology-associated (FHA) domain of scRadS3
(Sun et al., 1998; Vialard et al., 1998). Mutations in ei-
ther the scRad53 FHA domain (Sun et al., 1998) or
scRad9 BRCT motifs (Soulier and Lowndes, 1999) pre-
vent scRad53 activation after DNA damage. Although the
mammalian homologue of scRad9 has not been identified,
a scRad9 homologue likely exists in mammals. Because of
the close homology of their BRCT motifs, two candidate
scRad9 homologues are BRCA1 and 53BP1. Based on
yeast studies, one would predict that the activation of
Chk2, the homologue of scRad53, should depend on this
scRad9 homologue in mammalian cells. However, DNA
damage-induced phosphorylation of Chk2 was observed
in BRCA1-deficient cells (Matsuoka et al., 1998), suggest-
ing that BRCA1 may not be the mammalian homologue of
scRad9. Experiments using 53BP1-deficient cells will be
performed to examine whether 53BP1 is the scRad9 ho-
mologue in mammals.

Rappold et al. Link of 53BP1 and ATM in DNA

In conclusion, our data demonstrate that S3BP1 partici-
pates early in DNA damage-signaling pathways and is
regulated by ATM after y-radiation. The exact role of
53BP1 in these pathways remains to be resolved. Given
the importance of these DNA damage-signaling pathways
in cancer prevention, it will be interesting to examine
whether 53BP1 is mutated in tumors.
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53BP1 participates in the cellular response to DNA
damage. Like many proteins involved in the DNA dam-
age response, 53BP1 becomes hyperphosphorylated af-
ter radiation and colocalizes with phosphorylated H2AX
in megabase regions surrounding the sites of DNA
strand breaks. However, it is not yet clear whether the
phosphorylation status of 53BP1 determines its localiza-
tion or vice versa. In this study we mapped a region
upstream of the 53BP1 C terminus that is required and
sufficient for the recruitment of 53BP1 to these DNA
break areas. In vitro assays revealed that this region
binds to phosphorylated but not unphosphorylated
H2AX. Moreover, using H2AX-deficient cells reconsti-
tuted with wild-type or a phosphorylation-deficient mu-
tant of H2AX, we have shown that phosphorylation of
H2AX at serine 140 is critical for efficient 53BP1 foci
formation, implying that a direct interaction between
53BP1 and phosphorylated H2AX is required for the ac-
cumulation of 53BP1 at DNA break sites. On the other
hand, radiation-induced phosphorylation of the 53BP1
N terminus by the ATM (ataxia-telangiectasia mutated)
kinase is not essential for 53BP1 foci formation and
takes place independently of 53BP1 redistribution.
Thus, these two damage-induced events, hyperphospho-
rylation and relocalization of 53BP1, occur independ-
ently in the cell.

The DNA of eukaryotic cells is constantly exposed to endog-
enous and exogenous DNA-damaging agents. To prevent the
accumulation of genomic damage and avert cellular dysfunc-
tion, cells have evolved complex response mechanisms. 53BP1
was initially identified as a protein that binds to the central
DNA binding domain of p53 and enhances p53-mediated tran-
scriptional activation (1, 2). In response to genotoxic stress,
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53BP1 rapidly redistributes from a diffuse nuclear localization
into distinct nuclear foci suggesting that 53BP1 is involved in
the DNA damage response (3—6). Moreover the C terminus of
53BP1 contains two BRCT domains, a motif found in a number
of proteins implicated in various aspects of cell cycle control,
recombination, and DNA repair (7, 8). Subsequent studies have
shown that 53BP1 becomes hyperphosphorylated in response
to ionizing radiation (IR)! and colocalizes with phosphorylated
histone H2AX (y-H2AX) at the sites of DNA lesions (3, 4). Other
proteins known to be involved in the DNA damage signaling
pathway (i.e. BRCA1, Rad51, NBS1, and TopoBP1) were also
found to colocalize with 53BP1 in these inducible foci (3, 4, 6, 9).
Direct evidence for an important role of 53BP1 in the DNA
damage response came recently from studies using 53BP1-
deficient cells. Human cell lines treated with specific small
interfering RNA to silence 53BP1 expression exhibited a defect
in the intra-S phase checkpoint and, at low IR doses, a partial
defect in the Go-M checkpoint (10-12). Moreover 53BP1-defi-
cient mice are hypersensitive to ionizing radiation and show an
increased incidence of developing thymic lymphomas (13). Sev-
eral lines of evidence suggest that 53BP1 is a substrate of ATM,
the kinase mutated in the human disease ataxia-telangiecta-
sia, and is involved in the phosphorylation of various ATM
substrates (3, 6, 10).

Despite this recent progress made toward 53BP1 function
little is known about the initial activation of 53BP1. Recruit-
ment of 53BP1 to y-H2AX foci seems to be a crucial step.
H2AX-deficient cells lack normal 53BP1 foci formation and,
like 53BP1-deficent cells, manifest a Go-M checkpoint defect
after exposure to low doses of ionizing radiation (12). Moreover,
H2AX—-/— mice show a radiation sensitivity similar to
53BP1—/— mice (14). In this study we mapped the region
required for 53BP1 foci formation in response to DNA damage.
We show that a region upstream of the BRCT motifs is suffi-
cient for 53BP1 foci formation and that this region interacts
directly with phosphorylated H2AX. Using H2AX-deficient
cells retransfected with either wild-type H2AX or an H2AX
phosphomutant we confirm that phosphorylation of H2AX at
Ser-140 is required for 53BP1 accumulation at DNA break
areas. In contrast, radiation-induced phosphorylation of 53BP1
by ATM is not essential for the recruitment of 53BP1 to foci and
occurs independently.

EXPERIMENTAL PROCEDURES

Plasmid Constructs and Transfection—53BP1 deletion mutants were
generated by inserting stop codons and/or restriction sites at various
positions into pCMH6K 53BP1 (2) using the QuikChange site-directed
mutagenesis kit (Stratagene). A 3XNLS (nuclear localization sequence)
was inserted into the Nhel site upstream of the N-terminal hemagglu-
tinin (HA) and His, tags. U20S cells were transfected using FuGENE
6 (Roche Applied Science) according to the manufacturer’s instructions.
H2AX was PCR-amplified from human genomic DNA and inserted
between the HA tag and an internal ribosomal entry site fused to the
puromycin gene of a modified pcDNA3 vector. The H2AX phosphomu-
tant was generated by replacing Ser-140 of H2AX with an alanine using
the QuikChange mutagenesis kit (Stratagene). H2AX-deficient embry-

! The abbreviations used are: IR, ionizing radiation; y-H2AX, phos-
phorylated histone H2AX; ATM, ataxia-telangiectasia mutated; NLS,
nuclear localization sequence; HA, hemagglutinin; ES, embryonic stem;
KLH, keyhole limpet hemocyanin; Gy, gray(s); GST, glutathione S-
transferase; aa, amino acid(s); IF, immunofluorescence; BRCT, BRCA1
C terminus.
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onic stem (ES) cells (provided by C. Bassing, Ref. 15) were transfected
by electroporation.

Antibodies—Anti-S6P, anti-S25P/29P, and anti-S784P specific anti-
bodies were generated by coupling synthetic 53BP1 peptides (S6P,
CDPTG(P)SQLD; S25P/29P, CIED(P)SQPE(P)SQVLEDD; S784P,
CSD(P)SQSWEDI where (P)S represents phosphoserine) to KLH using
Imject maleimide-activated mcKLH (Pierce) prior to immunizing rab-
bits (Cocalico Biological). The antibodies were affinity-purified on aga-
rose columns coupled with the non-phosphorylated or phosphorylated
peptide (SulfoLink Coupling Gel, Pierce). Anti-53BP1 and anti-y-H2AX
antibodies were generated as described previously (3). Monoclonal an-
tibody HA11 specific for HA was purchased from BabCO Berkeley
Antibody Co. Anti-ATM antibody Ab3 was purchased from Oncogene
Research Products.

Immaunofluorescence Staining, Immunoblots, and Immunoprecipita-
tion—Cells grown on coverslips were fixed with 3% paraformaldehyde
1 h after exposure to 0 or 1 Gy of IR. After permeabilization with 0.5%
Triton X-100, cells were blocked with 5% goat serum and incubated
successively with the primary and secondary antibodies, each for 25
min at 37 °C. In case of DNase or RNase treatment, cells were irradi-
ated, permeabilized with 0.5% Triton X-100 for 3 min, and incubated
with either DNase I (10 units/ml) or RNase A (50 pg/ml) in phosphate-
buffered saline plus calcium and magnesium for 30 min at 37 °C prior
to fixation with 3% paraformaldehyde. Immunoprecipitation and im-
munoblot assays were done as described previously (3).

ATM Kinase Assays—ATM was precipitated from K562 cells, and
aliquots of the ATM-protein A-Sepharose immunocomplex were resus-
pended in 25 ul of kinase buffer (10 mm Hepes (pH 7.4), 50 mm NaCl, 10
mwm MgCl,, 10 mm MnCl,, 1 mum dithiothreitol, 10 nm ATP). ATM kinase
reactions were carried out at 30 °C for 20 min with 10 uCi of [y-**P]ATP
and 1 pg of 53BP1 GST fusion proteins.

GST Pull-down Assays—GST pull-down experiments were per-
formed by incubating 3 pg of various GST-labeled 53BP1 fragments
with C-terminal H2AX peptide that was either phosphorylated or un-
phosphorylated at Ser-140 (CKATQA(P)SQEY) and had been immobi-
lized on SulfoLink Coupling Gel (Pierce). Bound GST proteins were
isolated by incubating the mixture for 1 h at 4 °C in 200 ul of NETN
buffer (150 mm NaCl, 1 mm EDTA, 20 mm Tris (pH 8), 0.5% Nonidet
P-40), washing five times with NETN, eluting the proteins with 2x
Laemmli buffer, separating them by SDS-PAGE, and immunoblotting
with horseradish peroxidase-conjugated anti-GST (B-14, Santa Cruz
Biotechnology).

Generation of 53BP1-deficient Embryonic Cells—A 53BP1-deficient
embryonic cell line was derived from 53BP1—/— blastocysts using a
standard procedure. The generation of 53BP1-deficient mice is de-
scribed in Ref. 13.

RESULTS

A Region Upstream of the Tandem BRCT Motif Is Required
and Sufficient for 53BP1 Foci Formation—53BP1 is a large
1972-aa nuclear protein with a C-terminal tandem BRCT mo-
tif. Upstream of the BRCT repeats resides a bipartite nuclear
localization signal (predictNLS, Ref. 16) and a tudor domain
(RPS-BLAST, Ref. 17), a motif found in several RNA-binding
proteins. In response to IR, 53BP1 rapidly redistributes to
distinct nuclear foci that colocalize with y-H2AX (8, 4, 6). Treat-
ment of irradiated cells with DNase, but not RNase, completely
abolished 53BP1 and y-H2AX foci formation confirming that
these foci localize to DNA (Fig. 14).

To determine the minimal region required for the recruit-
ment of 53BP1 to damage-induced foci, we generated various
HA-tagged 53BP1 deletion mutants and examined their distri-
bution in transiently transfected U20S cells (Fig. 1, B and C,
and data not shown). A 3XNLS motif fused to the N terminus
of 53BP1 ensured nuclear expression of the various constructs.
Truncation of the 53BP1 N terminus (A1-1052) or the BRCT
domains (A1700-1972) did not affect 53BP1 foci formation as
assessed by IF 1 h after exposure to 1 Gy of IR (Fig. 10).
However, increasing C-terminal deletions (A1305-1972 and
A1052-1972) or deletion of a region upstream of the tandem
BRCT motifs (A1052-1305) abolished 53BP1 foci formation
(Fig. 2, B and C, and data not shown). Moreover a 53BP1
construct expressing residues 1052-1639 including the tudor
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FiG. 1. A region upstream of the BRCT domains is required
and sufficient for damage-induced focus localization of 53BP1.
A, DNase but not RNase treatment abolishes 53BP1 and y-H2AX foci
formation in response to 1 Gy of IR. B, schematic diagram of the
wild-type or mutant 53BP1 constructs that were N-terminally fused to
a 3XNLS and an HA tag. Their abilities to form damage-induced foci is
indicated by a +. KLR refers to the kinetochore localization region. C,
U208 cells transiently expressing the HA-53BP1 constructs were irra-
diated with 1 Gy and immunostained 1 h later with anti-HA and
anti-y-H2AX antibodies. PBS, phosphate-buffered saline.
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FiG. 2. 53BP1 foci formation requires its binding to phospho-
rylated Ser-140 of H2AX. A, H2AX—/— ES cells were transiently
transfected with either HA-tagged wild-type H2AX (HA-H2AXwt) or a
S140A phosphorylation-deficient mutant (HA-S140A). 53BP1 foci for-
mation was assessed by IF 1 h after exposure of cells to 1 Gy of IR. B,
GST-53BP1 fragments, encoding different regions of 53BP1 as indi-
cated, were incubated with immobilized C-terminal H2AX peptide that
was either phosphorylated (P) or not at Ser-140. Pulled down proteins
were separated by SDS-PAGE followed by immunoblotting with anti-
GST antibodies. The addition of similar amounts of various GST pro-
teins was verified by SDS-PAGE and Coomassie Blue staining. C,
H2AX-/- cells were stained with anti-53BP1 antibodies and 4,6-dia-
midino-2-phenylindole, and mitotic cells were analyzed for kinetochore
localization of 53BP1.

domain was found to be sufficient for 53BP1 foci formation (Fig.
1, B and C) suggesting that the domain required for foci for-
mation is contained within this region.

53BP1 Focus Localization Region Interacts Directly with
y-H2AX—H2AX-deficient cells show greatly reduced 53BP1
foci formation implying that H2AX is involved in the recruit-



53BP1 Focus Formation Requires Interaction with y-H2AX

ment of 53BP1 to radiation-induced foci (14). H2AX becomes
phosphorylated at a conserved C-terminal SQ site upon expo-
sure of cells to ionizing radiation (18). Phosphorylation of
H2AX at Ser-140 is impaired in ATM-deficient cells suggesting
that this site is dominantly phosphorylated by ATM (12). To
analyze whether phosphorylation of H2AX at Ser-140 is re-
quired for 53BP1 redistribution we transiently expressed wild-
type H2AX or a S140A phosphomutant in H2AX-deficient ES
cells and assessed 53BP1 foci formation. As shown in Fig. 24,
expression of wild-type H2AX reconstituted 53BP1 foci forma-
tion in response to IR. In marked contrast, expression of the
H2AX S140A phosphomutant was insufficient to induce 53BP1
accumulation at the sites of DNA strand breaks.

We had shown earlier that phosphorylated H2AX co-immu-
noprecipitates with 53BP1 upon exposure of cells to DNA dam-
age (3). To determine whether the region required for 53BP1
focus localization interacts directly with y-H2AX, we used an in
vitro pull-down assay. Six different 53BP1 GST fragments
spanning the entire 53BP1 protein were incubated with immo-
bilized C-terminal H2AX peptide that was either phosphoryl-
ated or non-phosphorylated at Ser-140. Only 53BP1 fragment
956-1354, which overlaps with the mapped focus localization
region, showed strong interaction with the phosphorylated
H2AX peptide (Fig. 2B). As a control, no binding was detected
to the non-phosphorylated peptide bearing identical sequence
(Fig. 2B).

Since H2AX directs 53BP1 accumulation in response to DNA
damage, we asked whether H2AX is also required for the kine-
tochore localization of 53BP1 in mitotic cells (19). As shown in
Fig. 2C, 53BP1 can be readily detected at the kinetochores in
H2AX-deficient mitotic cells suggesting that the kinetochore
localization of 53BP1 is not mediated by phospho-H2AX.

Phosphorylation of 53BP1 Is Not Required for Foci Forma-
tion—We had previously demonstrated that 53BP1 becomes
hyperphosphorylated in response to IR, and three regions at
the N terminus of 53BP1 were found to be phosphorylated by
ATM in vitro (3). To map the phosphorylation sites we designed
a series of GST fusion peptides containing one or two ATM
binding motifs (SQ or TQ sites). ATM kinase assays using these
purified GST fusion proteins as substrates, and ATM kinase
immunoprecipitated from either K562 lysates (containing wild-
type ATM) or ATM-deficient GM03189D lysates revealed pep-
tides aa 1-12, aa 18-37, and aa 778-791 as putative ATM
substrates (Fig. 3A). To examine whether the respective SQ
sites become phosphorylated in vivo, we raised polyclonal an-
tibodies against phosphorylated Ser-6 (anti-S6P), phosphoryl-
ated Ser-25 and Ser-29 (anti-S25P/29P), and phosphorylated
Ser-784 (anti-S784P). All affinity-purified antisera recognized
53BP1 in irradiated cells but not in untreated controls when
assessed by immunofluorescence analysis (data not shown). In
addition, anti-53BP1 S25P/29P antibodies detected 53BP1
from irradiated ATM wild-type but not ATM-deficient cells by
Western blot analyses (Fig. 3B). Pretreatment with A-phospha-
tase abolished the antibody binding further validating that
anti-53BP1 S25P/29P specifically recognizes the phosphoryl-
ated form of 53BP1 (Fig. 3B).

To test whether phosphorylation of 53BP1 is required for the
recruitment of 53BP1 to sites of DNA lesions, we generated a
phosphorylation-deficient mutant (53BP1 4SA) by mutating
the mapped ATM target sites (Ser-6, Ser-25/Ser-29, and Ser-
784) to alanines. 53BP1—/— embryonic cells transfected with
this phosphomutant showed normal 53BP1 foci formation in
response to IR (Fig. 3C), indicating that ATM-dependent phos-
phorylation of 53BP1 is not required for recruitment to or
retention of 53BP1 at DNA break sites.

Phosphorylation of 53BP1 might occur at the break areas. To
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Fic. 3. Damage-induced phosphorylation of 53BP1 occurs in-
dependently of 53BP1 foci formation. A, in vitro mapping of poten-
tial ATM phosphorylation sites. ATM kinase assays were performed
using ATM kinase immunoprecipitated from K562 lysates (ATM wild
type) or GM03189D lysates (ATM-deficient) and GST fusion peptides
containing one or two SQ or TQ sites of 53BP1. GST or GST fusion
protein containing 14 amino acids surrounding the Ser-15 of p53
(p53S15) were used as negative and positive controls, respectively. B,
53BP1 is phosphorylated in vivo following IR. 293T cells containing
wild-type ATM and ATM-deficient GM03189D cells were mock-treated
or irradiated (50 Gy). After 1 h, whole cell lysates were immunoprecipi-
tated with anti-53BP1 antibody. Duplicate samples were treated with
or without A-phosphatase (\PPase). Western blots were performed with
anti-53BP1 or an anti-phospho-53BP1 antiserum raised against the
phosphoserines 25/29 of 53BP1. C, ATM-dependent 53BP1 phosphoryl-
ation is not required for 53BP1 foci formation. HA-tagged full-length
53BP1 (FL) or a phosphorylation-deficient mutant of 53BP1 (4SA) were
stably expressed in 53BP1-deficient embryonic cells. 53BP1 expression
levels were assessed by immunoprecipitation. 53BP1 foci formation was
analyzed by IF 1 h after 1 Gy of IR. D, 53BP1 foci formation is not
required for ATM-dependent phosphorylation of 53BP1 following DNA
damage. 53BP1-deficient embryonic cells were transiently transfected
with HA-tagged full-length 53BP1 or a deletion mutant lacking part of
the focus formation region. 53BP1 localization and ATM-dependent
phosphorylation was analyzed 1 h after 1 Gy of IR by co-staining with
anti-HA antibody and anti-phospho-53BP1 antiserum (anti-25P/29P).
E, an aliquot of the transfected cells was either mock-treated or irradi-
ated with 10 Gy. 53BP1 was immunoprecipitated from cell lysates, and
phosphorylation of 53BP1 was analyzed by immunoblotting with the
53BP1 phosphospecific anti-S25P/29P antibodies. wt, wild type; IP,
immunoprecipitation.

test this possibility, we transiently transfected 53BP1-deficient
embryonic cells with the HA-tagged mutant that lacks part of
the 53BP1 focus localization region (A1052-1305) and remains
a diffuse nuclear localization upon exposure of cells to IR.
Co-immunostaining with anti-HA and anti-53BP1 S25P/29P
antibodies revealed that ATM-dependent 53BP1 phosphoryla-
tion does not require 53BP1 foci formation (Fig. 3D). Immuno-
precipitation assays confirmed that 53BP1 A1052-1305 be-
comes readily phosphorylated at Ser-25/Ser-29 in response to
IR (Fig. 3E). These findings are consistent with a recent report
describing phosphorylation of 53BP1 Ser-25 in H2AX-deficient
cells (12). Taken together, these results suggest that 53BP1
focus localization and ATM-dependent phosphorylation of
53BP1 are regulated independently.
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DISCUSSION

Upon exposure of cells to genotoxic stress, 53BP1 rapidly
redistributes from a pan-nuclear localization to distinct nuclear
foci at the sites of DNA strand breaks. In this study we have
mapped the region required for 53BP1 foci formation and ex-
amined the role of H2AX in 53BP1 accumulation. Moreover, we
provided evidence that phosphorylation of 53BP1 by the ATM
kinase occurs independently of 53BP1 foci formation.

53BP1 had been speculated to be involved in the DNA dam-
age response based on its C-terminal tandem BRCT domains.
This motif was first detected in the BRCA1 C terminus and has
been reported to bind directly to DNA breaks (20). Surprisingly
the BRCT domains of 53BP1 were found to be dispensable for
53BP1 foci formation. Instead a region upstream of the BRCT
motifs proved to be essential for 53BP1 accumulation at sites of
DNA strand breaks. Our data suggest that the damage-induced
phosphorylation of H2AX directs 53BP1 accumulation at sites
of DNA strand breaks. First, H2AX-deficient cells reconsti-
tuted with a H2AX phosphomutant failed to induce or sustain
53BP1 foci formation. Second, a 53BP1 fragment (residues
956-1354) contained within the 53BP1 focus localization re-
gion interacted strongly with phosphorylated H2AX in vitro.
Third, 53BP1 co-immunoprecipitates with H2AX in a DNA
damage-dependent manner (3). Thus, it is likely that the DNA
damage-induced phosphorylation of H2AX at Ser-140 increases
the interaction between H2AX and 53BP1 and leads to the
accumulation of 53BP1 at the sites of DNA breaks.

Interestingly the focus localization region we mapped in-
cludes a region required for 53BP1 kinetochore localization in
mitotic cells (residues 1220-1601) (19). Very recently, Morales
and colleagues (21) showed that the kinetochore localization
region is also essential for 53BP1 foci formation in response to
DNA damage suggesting that both events might be regulated
in a similar fashion. However, the kinetochore localization of
53BP1 is unlikely to involve DNA lesions (19). We have shown
that 53BP1 kinetochore localization appears normal in H2AX-
deficient cells, suggesting that kinetochore localization of
53BP1 is not mediated by phospho-H2AX. Further fine map-
ping studies will be necessary to clarify whether the same
53BP1 region initiates the recruitment of 53BP1 to DNA
strand breaks or the kinetochore, respectively.

Phosphorylation by the ATM kinase plays a key role in the
activation of various proteins involved in the DNA damage
response (for example, see Ref. 22). A recent study by Bakken-
ist and Kastan (23) revealed that ATM forms an inactive oli-
gomer in unirradiated cells. Upon radiation, ATM is rapidly
autophosphorylated and dissociates from the complex thereby
providing other substrates access to its kinase domain. Inter-
estingly autophoshorylation and activation of ATM seem to
occur at some distance to DNA break sites, and ATM then
migrates in the nucleus to phosphorylate various substrates
either at the break sites or elsewhere in the nucleus (23). This
model is consistent with our finding that ATM-dependent phos-
phorylation of 53BP1 is not restricted to sites of DNA strand
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breaks and can occur within the entire nucleus. However, phos-
phorylation of 53BP1 alone is unlikely to trigger 53BP1 acti-
vation since deletion of the ATM target sites does not affect
53BP1 relocalization. Moreover the relocalization of 53BP1
appears to be required for efficient phosphorylation of ATM
substrates at the sites of DNA breaks (data not shown). We
therefore speculate that the rapid recruitment of 53BP1 to
DNA break sites and the retention of 53BP1 at the sites of DNA
breaks by binding to phospho-H2AX is one of the key steps in
the activation of 53BP1 following DNA damage.
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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. 533BP1~/~ 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 (BRCA1 C terminus) motif (5) with
sequence homology to the tumor suppressor BRCA1 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/
Mrell/NBS1, BRCAI, 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.

* Corresponding author. Mailing address: Department of Oncology,
Mayo Clinic and Foundation, Rm. 1306, Guggenheim Bldg., 200 First
St., SW, Rochester, MN 55905. Phone: (507) 538-1545. Fax: (507)
284-3906. E-mail: chen.junjie@mayo.edu.
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MATERIALS AND METHODS

Gene targeting and generation of 53BPl1-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 CS57BL/6 females, and heterozygous mice with successful
germ line transmission of the targeted allele were used to generate 53BP1~/~
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, 53BP17/~ 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 immunofiuorescence 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 S3BP1. (E) Immunofluorescence analysis of irradiated (1 Gy) 53BP1"

against the N terminus of S3BP1.

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 S3BP1-
deficient mice. The targeting vector was constructed by replac-
ing the exon spanning nucleotides 3777 to 4048 of the mouse
53BP1 c¢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

“and 53BP1™"" MEFs with polyclonal antibodies raised

damage response pathway, we examined whether 53BP1
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 + 48 g [+/+],23.85 £ 3.1¢g
[=/—], 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 53BP1
duced compared to 53BPl-wild-type intercrosses (data not
shown). Histological examination of the testes revealed no
overt defect in spermatogenesis, suggesting that 5S3BP1 plays
no apparent role in meiosis.

Cell cycle checkpoint regulation in 53BP17/~ cells. ATM-
deficient cells exhibit a defect in the G,/M checkpoint and do

intercrosses was slightly re-
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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 S3BP1*/* 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 53BP1*"* 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 53BP17"" littermates to 8 Gy of
whole body IR. Similar results were observed with 10 male pairs. (F) Chromosomal instability in S3BP1 MEFs. 100 metaphase spreads from
genetically matched passage three S3BP1"'" 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 S3BP1-null cells, like 53BP1*"* cells, were arrested in G,
but showed a delayed exit from the G,/M phase. Consistent
with 53BP1/" 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, S3BP1-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 53BP17/~ 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 S3BP1-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 S3BP1 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 S3BP1 '~ 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 S3BP1 '~ 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
53BP1 /~ mice with malignant lymphomas, nine more
53BP1 /" 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 53BP1*" 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 S3BP1 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 S3BP1 deficiency on the activation of
some of these downstream targets.

We have shown earlier that S3BP1 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 53BP1.
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 NBS1 to the sites of DNA breaks (6, 21), we
examined whether any of these events are S3BP1 dependent. As
shown in Fig. 4A, radiation-induced NBS1 foci formation appears
to be normal in 53BP1 /" 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 CDS8 cell surface
by flow cytometry. (B) Massive thymic lymphoma (T) in a 4-month-old 53

expression of cells from two different thymic lymphomas was assessed
BP17"" mouse. (C) Hematoxylin-and-cosin-stained sections from the

thymus, spleen, and kidney of a S3BP1~/~ animal with thymic lymphoma. Monomorphic lymphoblastic tumor cells are dominant in all three tissues.

The arrows indicate mitotic figures. G, glomerulus; PT, proximal tubulus.
53BP17"" (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 Chk2 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

(D) Overall survival of S3BP1*"* (n = 54), 53BP1""~ (n = 97), and

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 53BP1/

MEFs in response to low doses of radiation (=5 Gy, Fig. 4E




VoL. 23, 2003 DEFECT IN DNA DAMAGE RESPONSE IN 53BP1-DEFICIENT MICE 2561

A
53BP1+/+  53BP1-/- - 53BP1+/+  53BP1-/-

Chk2T68P Chk2T68P

WCE IP:0-Chk2
020 0 20 Gy/1h
«w A& =53BP1

weeve i - Chk2 Chk2T68P Chk2T68P

E 53BP1+4+ 53BP1--
01251001 2 510 Gy/1h

G
Chk2+/+ Chk2-/-

25 5 7.5 Gy/1h
+ - + - + - 53BP1

PR gy 9" - Chi2

FIG. 4. Irradiated 53BP MEFs show impaired Chk2 activation after low doses of IR. (A) y-H2AX and NBSI focus formation 6 h after
exposure to 6 Gy of IR is unaffected in S3BP1~'~"MEFs compared to 53BP1 wild-type MEFs, as assessed by immunofluorescence staining.
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forms foci in S3BP1*" MEFs 1 h after exposure to 1 Gy of IR. No foci are detectable in S3BP1 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 53BPI MEFs in response to low-dose radiation. Cell lysates from 53BP1"" and 53BPI 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 5S3BP1""" and 53BP1

cells were run side by side. (G) The guinea pig anti-Chk2T68P antibody specifically recognizes Chk2.

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
Chk2 activation in response to low-dose IR.

Taken together, our data demonstrate that 53BP1 plays a
role early in the DNA damage response pathway. 53BP1 acts
downstream of ATM and H2AX and participates in a subset of
ATM functions. 53BP1 is required for optimal activation of

MoL. CELL. BioL.

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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53BP1 is required for class switch recombination
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and is involved in cell cycle checkpoint control.

Moreover, the phenotype of mice and cells deficient
in 53BP1 suggests a defect in DNA repair (Ward et al.,
2003b). Therefore, we asked whether or not 53BP1 would
be required for the efficient repair of DNA double strand
breaks. Our data indicate that homologous recombination
by gene conversion does not depend on 53BP1. Moreover,
53BP1-deficient mice support normal V(D)) recombination,

5 3BP1 participates early in the DNA damage response

indicating that 53BP1 is not required for “classic” non-
homologous end joining. However, class switch recombi-
nation is severely impaired in the absence of 53BP1,
suggesting that 53BP1 facilitates DNA end joining in a way
that is not required or redundant for the efficient closing
of RAG-induced strand breaks. These findings are similar
to those observed in mice or cells deficient in the tumor
suppressors ATM and H2AX, further suggesting that the
functions of ATM, H2AX, and 53BP1 are closely linked.

Introduction

Eukaryotic cells are constantly exposed to DNA-damaging
agents. DNA double strand breaks (DSBs) are considered
the most genotoxic form of DNA damage. They can arise
endogenously from reactive oxygen intermediates or through
exogenous exposure of cells to ionizing radiation (IR). DSBs
can also be generated when DNA replication forks encounter
DNA lesions, such as DNA single strand breaks or DNA
cross-links (Khanna and Jackson, 2001). In addition,
DNA DSBs occur as part of the normal development of the
immune repertoire in B and T lymphocytes. During the
process of V(D)] recombination, the recombination-activating
gene proteins RAG1 and RAG2 introduce DSBs between
observed recombination signal sequences and flanking V, D,
or ] coding segments of the antigen-combining sites of
immunoglobulin and T cell receptor (TCR) genes (Gellert,
2002). A second type of DNA recombination, class switch
recombination (CSR), also involves the generation of DNA
DSBs. Stimulated mature B cells replace the heavy chain
constant region of the initially expressed IgM antibodies
with a different constant region. This isotype switching
allows antibodies to change their effector functions while
maintaining their antigen specificity (Honjo et al., 2002).
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Improper processing of DSBs gives rise to chromosomal
instability that can result in carcinogenesis. To maintain
genomic integrity, eukaryotic cells have evolved different path-
ways for the repair of DNA DSBs. In the yeast Saccharomyces
cerevisiae, DSBs seem to be repaired almost exclusively through
high fidelity homologous recombination (HR), a process
that uses the undamaged sister chromatid or homologous
chromosome as a DNA template (Lin et al., 1999; Khanna
and Jackson, 2001). In mammalian cells, nonhomologous
end joining (NHE]), which is the error-prone joining of
DNA ends without the requirement for sequence homology,
plays an important role in DSB repair, especially during the
G1 phase of the cell cycle when no sister chromatid is available
(Hendrickson, 1997; Khanna and Jackson, 2001).

53BP1 participates early in the DNA damage response.
It rapidly localizes to sites of DNA strand breaks in response
to IR and interacts with phosphorylated histone H2AX
(y-H2AX; Schultz et al., 2000; Xia et al., 2000; Anderson
et al., 2001; Rappold et al., 2001; Abraham, 2002). Stud-
ies using siRNA directed against 53BP1 implicate a role
of 53BP1 in checkpoint control (DiTullio et al., 2002;
Fernandez-Capetillo et al., 2002; Wang et al., 2002). Notably,

Abbreviations used in this paper: CSR, class switch recombination; DSB,
double strand break; HR, homologous recombination; 1, intronic; IR,
ionizing radiation; NHE], nonhomologous end joining; PFGE, pulse
field gel electrophoresis; TCR, T cell receptor.
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53BP1-deficient mice are hypersensitive to IR and exhibit
an increased predisposition for T cell lymphomas. More-
over, lack of 53BP1 protein is accompanied by immunode-
ficiency and increased chromosomal instability (Morales et
al., 2003; Ward et al., 2003b). This phenotype is reminis-
cent of the phenotype observed in mice with a defect in the
NHE] pathway.

Therefore, we examined if 53BP1 plays a role in DNA
DSB repair. Our results indicate that HR by gene conver-
sion does not require 53BP1. Moreover, NHE]-dependent
V(D)J recombination is not affected in the absence of
53BP1, but CSR is severely impaired in 53BP1™/~ mice.
These results suggest that 53BP1 facilitates DNA end join-
ing in a way that is not essential for V(D)] recombination.

Results and discussion
Role of 53BP1 in DNA repair

We have shown earlier that 53BP1™/" mice are hypersensi-
tive to radiation and die within 2 wk after exposure to 8 Gy
of IR (Ward et al., 2003b). Similarly, thymocytes isolated
from irradiated 53BP1-deficient mice show a 2.11 * 0.79-
fold higher rate of apoptosis when compared with thy-
mocytes isolated from irradiated wild-type littermates (Fig. 1
A). No significant difference in apoptosis was found in
thymi of un-irradiated animals (unpublished data). More-
over, primary mouse embryonic fibroblasts derived from
53BP1~/~ embryos exhibit a delayed exit from the G, phase
of the cell cycle after radiation compared with wild-type
mouse embryonic fibroblasts, presumably extending the
time available for repair before entry into mitosis (Ward et
al., 2003b). This radiation-induced G, delay is also observed
in 53BP1~/"~ embryonic cells derived from 53BP1~/~ blasto-
cysts (unpublished data). This evidence suggests a possible
repair defect in 53BP17/" cells.

To examine whether or not the rejoining of DNA DSBs
depends on 53BP1, we used the embryonic 53BP1*/* and
53BP17'" cell lines to perform pulse field gel electro-
phoresis (PFGE) assays. As shown in Fig. 1 B, neither
DNA DSB induction nor DSB rejoining appeared to be
defective in 53BP1-deficient cells. The majority of DNA
DSBs was rejoined within 15 min after exposure of cells to
10 or 20 Gy of IR, or within 24 h after exposure to 80 Gy
of IR. Because the sensitivity of the PFGE assay may not
be sufficient to detect subtle defects in DNA DSB repair,
we performed additional assays to assess whether or not
53BP1 plays a role in HR or NHE], the two major DNA
DSB repair pathways.

53BP1 is not required for HR
To test if 53BP1 is involved in HR, we used the recombina-
tion repair substrate DR-GFP designed to model HR-
directed repair by using a tandem GFP repeat. The first
GFP gene is inactivated by the introduction of an I-Scel rec-
ognition site, while the adjacent GFP gene is differentially
mutated. After the introduction of a DSB at the I-Scel site,
the GFP gene can be reconstituted by HR using the down-
stream inactivated GFP gene as a template.

We transfected 53BP1*'* or 53BP17/~ cells with DR-
GFP and an I-Scel expression plasmid (pCBASce) and ana-
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Figure 1. 53BP1 and DNA damage repair. (A) Increased apoptosis
in thymocytes derived from irradiated 53BP17~"~ mice. Thymocytes
were isolated from wild-type and 53BP1-deficient mice 8 h after
irradiation with 5 Gy of IR and stained with annexin-FITC and PI.
(B) 53BP17'~ embryonic cells show normal levels of DNA DSB
rejoining. Wild-type and 53BP1-deficient cells were irradiated with
different doses of IR and either allowed to recover (R) for 15 min
or 24 h, as indicated, or immediately processed for PFGE analysis.

lyzed GFP expression 48 h later by flow cytometry. As a
control, cells were transfected with DR-GFP alone or with a
plasmid expressing an intact GFP gene. Although GFP-posi-
tive cells were very rare in both the wild-type (0.03-0.06%)
and 53BP1-deficient cells (0.02-0.08%) transfected with
DR-GFP alone (Fig. 2), an average of 4.80 * 0.22% of
53BP1*/* cells and 4.21 * 1.42% of 53BP1~/" cells ex-
pressed GFP 48 h after cotransfection with the I-Scel expres-
sion vector (Fig. 2). Similar numbers of GFP-positive cells
were also observed after transfection of 53BP1*/* and
53BP17"" cells with an intact control GFP expression vec-
tor, indicating that the transfection efficiency did not differ

between 53BP1"* and 53BP17/" cells (Fig. 2). Thus, our
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Figure 2. 53BP1 is not required for homology-directed
repair. Wild-type or 53BP1-deficient embryonic cells
were cotransfected with an I-Scel repair substrate
(DR-GFP) composed of two differentially mutated GFP
and an |-Scel expression plasmid (pCBASce). Recon-
stitution of the GFP reporter gene by HR was assessed
46 h later by flow cytometry. As a control, cells
were transfected with either DR-GFP alone or with a
functional GFP expression plasmid (pIRES GFPpuro).
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results suggest that DSB repair by gene conversion is not im-
paired in 53BP1-deficient cells.

53BP1 is not required for “classic” NHE)

and V(D)) recombination

Cells with a defect in the classic NHE] pathway tend to use
microhomologies near the DNA ends to promote end-join-
ing reactions. To determine the relative efficiency of classic
versus microhomology-directed NHE], we transiently trans-
fected cells with a linearized plasmid substrate designed to
create a BstX1 restriction site when joined by microhomol-
ogy (Verkaik et al., 2002). Whereas plasmids recovered from
DNA-PKcs—deficient cells indicated high levels of micro-
homology-directed joining, as previously described (Verkaik
et al., 2002), direct end joining dominated in 53BP1-defi-
cient cells as well as in wild-type or DNA-PKcs-reconsti-
tuted cells (Fig. 3), suggesting that 53BP1~/" cells have no
major defect in NHE].

Another good indicator of NHE] proficiency is V(D)] re-
combination. RAG-initiated site-specific V(D)] recombina-
tion is impaired in NHE]J-deficient cells and mice (Bassing
et al., 2002). Notably, 53BP1~"" mice have up to a 50% re-
duction in the number of thymocytes and mature T cells
compared with wild-type littermates (Ward et al., 2003b), a
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Figure 3. 53BP1 is not required for NHE). Wild-type or 53BP1-
deficient embryonic cells as well as DNA-PKcs-deficient and
—reconstituted cells were transfected with plasmid pDVG94 linearized
in such a way that joining on a particular microhomology creates a
novel BstXI restriction site. 48 h later, the plasmid was recovered from
the cells and the joining region was amplified by PCR. An aliquot
of the PCR reaction was digested with BstXI, and uncut (180 bp) or
BstXI-cut (120 bp) fragments were separated by gel electrophoresis.

phenotype that could arise from impaired TCR V(D)] rear-
rangement. Therefore, we analyzed the rearrangement of
different TCR loci in 53BP1 ™'~ and 53BP1*'* mice. Over-
all, the level of V(D)] coding formation and the levels of
TCRa excised signal joints appeared very similar in wild-
type and knockout animals (Fig. 4). Quantitative analysis of
the data confirmed that the level of the various TCR gene
rearrangements tested did not differ between 53BP17/* and
53BP1~/" mice (unpublished data). Together, our data indi-
cate that 53BP1 is not essential for V(D)] recombination.

53BP1 is required for efficient CSR

Unlike V(D)] recombination, the initiating factors and the
mechanisms leading to the joining of DNA ends in CSR are
only partially understood. Recent evidence suggests that CSR
is triggered by AID (activation-induced deaminase)-induced
deamination of cytosine residues in single strand DNA ex-
posed by transcription of the immunoglobulin switch region.
Excision of the resulting dU/dG mismatches on complemen-
tary DNA strands is thought to introduce DSBs (Muramatsu
et al., 2000; Honjo et al., 2002; Petersen-Mahrt et al., 2002;
Chaudhuri et al., 2003; Dickerson et al., 2003; Ramiro et al.,
2003). Comparison of switch junction sequences indicates
that switch recombination does not depend on either se-
quence-specific or HR mechanisms (Dunnick et al., 1993).
Some evidence points to the NHE] pathway because Ku-defi-
cient B-cells show almost no detectable CSR (Casellas et al.,
1998; Manis et al., 1998; Reina-San-Martin et al., 2003),
and CSR to most constant region genes is severely impaired
in DNA-PK—deficient B cells (Manis et al., 2002). To deter-
mine whether or not CSR is impaired in the absence of
53BP1, we stimulated wild-type and 53BP1~'" B cells to un-
dergo switching to IgG1 in vitro with LPS and IL-4. Cells
were also labeled with CFSE to track cell divisions by flow cy-
tometry. CFSE dye dilution histograms were similar between
53BP17'" and wild-type B cells, and no proliferation defects
or increased mortality were observed (Fig. 5 A). Despite
equivalent proliferation, the percentage of IgG1 positive cells
after 96 h of incubation was 30% in wild-type cells but only
2% in 53BP17"" B cells (Fig. 5 B), suggesting severely im-
paired CSR in the absence of 53BP1.

$002 ‘8z AIne uo B10°'qol' MMM WOy papeojumo



462 The Journal of Cell Biology | Volume 165, Number 4, 2004

TCRa gene rearrangement

T765 T767
wt wt
250 50 10 |250 50 10

- V1 0-Jo27

- Va10-Ja26

- RAG-2

P’v Pw«»
7 8 9110 11 12

Figure 4.

TCRy and & gene rearrangement

k.o k.o.
250 50 10 250 50 10

Sample
Amount

e

10 11 12

Normal TCR gene rearrangements in the absence of 53BP1. Serial dilutions of thymus DNA from 1-mo-old 53BP1-deficient mice

and their wild-type littermates were PCR-amplified with primers specific for various TCRa, B, vy, or 8 rearrangements or TCRa signal joints.
The PCR products were Southern blotted and hybridized with the different gene-specific reverse probes as described in Materials and methods.
PCR of the nonrearranging gene RAG-2 served as control for DNA quantity and integrity.

CSR is dependent on the rate of switch region transcrip-
tion, and recombination is targeted to individual switch re-
gions by transcription from intronic (I) promoters located
upstream of each switch region. To determine if sterile
transcription is normal in 53BP17"" B cells, we measured
the relative amounts of the p and y1 preswitch sterile tran-
scripts (Reina-San-Martin et al., 2003) by quantitative real-
time RT-PCR. As shown in Fig. 5 C, w and y1 sterile tran-
scripts were expressed at comparable levels in wild-type and
53BP1~'" B cells, suggesting that sterile transcription of the
IgM and IgG1 switch regions is not altered in the absence
of 53BP1.

CSR is a deletional recombination reaction that results in
the looping out and deletion of intervening DNA sequences
as a circular episome (Iwasato et al., 1990; Matsuoka et al.,
1990; von Schwedler et al., 1990). The looped-out circular
DNA contains segments of Sp. and the target S region, in-
cluding its I promoter. This promoter is still active in the
looped-out circle and drives the synthesis of the circle tran-
script, a hybrid containing the I and Cp. exons (Kinoshita et
al., 2001). The circle transcript appears only after productive

CSR, and its level is proportional to the frequency of suc-
cessful joining events (Kinoshita et al., 2001). To determine
if 53BP1 deficiency has an impact on the frequency of join-
ing during CSR, we used real-time RT-PCR to quantitate
Y1 circle transcripts in B cells stimulated with LPS and 1L-4.
The level of y1 circle transcript in 53BP17/~ B cells was 6.6-
fold reduced when compared with wild-type (Fig. 5 D) and
is consistent with decreased CSR in the absence of 53BP1
(Fig. 5 B). Together, these data indicate that 53BP1 is re-
quired for CSR at the DNA level and that impaired CSR in
53BP1~/" B cells is not due to abnormal B cell proliferation.

The impairment in CSR observed in 53BP1-deficient cells
is less severe than the CSR defects in B cells deficient for
components of the NHE] pathway (Casellas et al., 1998;
Manis et al., 1998, 2002). However, it appears to be more
severe than the defect described in H2AX-deficient mice
(Celeste et al., 2002; Reina-San-Martin et al., 2003). More-
over, the fact that 53BP1-null mice, like H2AX-deficient
mice, support normal V(D)] recombination implies that the
joining of class switch junctions differs from the rejoining of
RAG-induced strand breaks. The repair pathways could be
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Figure 5. CSR is dependent on 53BP1. Cell division (A) and surface
IgG1 expression (B) as measured by flow cytometry on live CFSE-
labeled wild type (WT) and 53BP17/~ B cells stimulated with LPS
plus IL-4 for 4 d. Results are representative of four experiments.
Real-time RT-PCR for p and y1 sterile transcripts (C) and y1 circle
transcript (D) in wild-type (solid bars) and 53BP1~"~ (open bars)
B cells stimulated with LPS and IL-4 for 3 d. Results from four
independent cultures are expressed as fold induction relative to
wild-type B cells.

different for V(D)] recombination and CSR. Alternatively,
53BP1 and H2AX could be indirectly involved in the repair
process by facilitating chromosomal accessibility or influenc-
ing chromatin organization and the loading of repair pro-
teins. Because RAG proteins bind directly to DNA ends
during V(D)] recombination, the involvement of RAG pro-
teins may alleviate the requirement of a structural role of
H2AX and 53BP1 in V(D)] recombination. Of course, it is
also possible that the role of 53BP1 or H2AX in chromatin
alterations is specific to CSR. Further analysis of H2AX and
53BP1 in the regulation of chromatin structure will be nec-
essary to test these hypotheses.

Both 53BP1 and H2AX become rapidly phosphorylated
by ATM (ataxia telangiectasia mutated) after IR and interact
with each other at sites of DNA breaks (Burma et al., 2001;
Rappold et al., 2001; Ward et al., 2003a). Similar to H2AX-
or 53BP1-deficient cells, ATM-deficient cells also display a
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defect in CSR but support normal V(D)] recombination
(Pan-Hammarstrom et al., 2003), suggesting that the func-
tions of these proteins are closely linked. Although the exact
role of 53BP1, ATM, and H2AX in DNA DSB repair re-
mains to be determined, all three proteins appear to function
in facilitating certain aspects of DNA end joining. Unravel-
ing their mode of action in DNA repair will be a step further
in our understanding of the process of carcinogenesis.

Materials and methods

Cell lines

53BP1-deficient and 53BP1 wild-type embryonic cell lines were estab-
lished from day 3 blastocysts by a standard procedure. DNA-PKcs—defi-
cient cells (V3.3) and DNA-PKcs reconstituted cells (V3.155) were a gift of
D.C. Chen, Lawrence Berkeley National Laboratory, Berkeley, CA.

Apoptosis assay
To assess apoptosis in irradiated thymocytes, 6-wk-old 53BP1~/~ mice and

wild-type littermates were exposed to 5 Gy of IR. 8 h later, the animals
were killed and the thymocytes were isolated and stained with annexin-
FITC (Molecular Probes) and P! before analysis on a FACScan.

PFGE assay

For determination of DSB rejoining, equal numbers of exponentially grow-
ing cells labeled with ['*Cjthymidine were exposed to IR at the indicated
doses. After various recovery times, the cells were embedded in agarose
plugs and lysed for 16 h in 1% sarcosyl, 0.5 M EDTA, and 1mg/ml protein-
ase K. For determination of break induction, cells were embedded in plugs
before irradiation and lysed immediately. The plugs were washed in TE
buffer and electrophoresis was performed in a CHEF DRII system (Bio-Rad
Laboratories) for 65 h in 0.8% agarose in 0.5X TBE at 14°C with a field
strength of 1.5 V/cm and pulse times increasing from 50 to 5,000 s. For
quantification, single lanes were cut into ~1-cm-thick slices, melted, and
analyzed on a scintillation counter. The level of DNA breakage was esti-
mated by the fraction of activity released from the plug into the gel.

HR repair assay

The efficiency of HR was assessed using an I-Scel repair substrate (DR-
GFP) composed of two differentially mutated GFP and an I-Scel expression
plasmid (pCBASce; both gifts from M. Jasin, Memorial Sloan-Kettering
Cancer Center and Cornell University Graduate School of Medical Sci-
ences, New York, NY). 53BP1** and 53BP1~~ embryonic cells were
transfected by electroporation with either 5 pg DR-GFP plus 5 ug pCBA-
Sce or 5 pg DR-GFP alone. In addition, an aliquot of the cells was trans-
fected with a functional GFP expression plasmid (pIRES-GFP Puro) to mon-
itor transfection efficiency. 46 h later, cells were harvested and GFP
expression was assessed by flow cytometry.

NHE] repair and V(D)) assays

The assay for microhomology-directed end joining was performed as de-
scribed previously (Verkaik et al., 2002). 5 pg of blunt-ended linear
pDVH94 plasmid (a gift from D.C. van Gent, Erasmus Medical Center, Rot-
terdam, Netherlands) was electroporated into 4 X 10° cells, and extrachro-
mosomal DNA was isolated 48 h later. DNA end-joining regions were am-
plified by PCR, and microhomology-directed end joining was assessed by
BstXI restriction digestion.

V(D)) recombination in vivo was tested by a semiquantitative PCR
method as described previously (Livak et al.,, 1995, 1999; Livak and
Schatz, 1996).

Primer sequences not published before are as follows: VB4, 5' GAAGC-
CTCTAGAGTTCATGTTTTC 3’; JB2.5, 5° GAGCCGAGTGCCTGGC-
CCAAAGTA 3'; Va2, 5' GCCGGATCCAGGAGAAACGTGACCAGCAG
3'; Va10, 5 AGCGAATTCCCGCGTCCTTGGTTCTGCA 3'; Va2 signal
joint, 5* CTCTGGATCCGAATTCATYTAAACTAGTTAA 3’, where Y = C or
T; Va10 signal joint, 5 CCTGGATCCAGAATTCTACCAATACARGAAAG
3, where R = A or G; and Ja26/27, 5' CCTGGATCCTTACTGT-
CATATATCGAA 3'.

Lymphocyte cultures and flow cytometry

Resting B lymphocytes were isolated from the spleen using CD43 micro-
beads (Miltenyi Biotec), labeled with CFDA-SE for 10 min at 37°C (5 uM;
Molecular Probes), and cultured (10° cells/ml) with LPS (25 ng/ml; Sigma-
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Aldrich) and IL-4 (5 ng/ml; Sigma-Aldrich) for 4 d. Percentage of switching
to IgG1 was determined by flow cytometry by using Biotin-anti-IgG1 (BD
Biosciences) and Streptavidin-PE-Cy7 (Caltag). Dead cells were excluded
from the analysis by staining with Topro-3 (Molecular Probes).

Quantitative real-time RT-PCR

Total RNA was extracted with TRIzol (Invitrogen) and reverse transcribed
with random hexamers and superscript Il reverse transcriptase (Invitrogen).
First strand cDNA was used for SYBR green fluorogenic dye real-time PCR
(Applied Biosystems). Primers used and PCR conditions are described in
Reina-San-Martin et al. (2003).
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