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Introduction

53BP1 binds to the tumor suppressor protein p53 and has a potential role in DNA
damage responses. We have shown that 53BP1 is a key transducer in the DNA damage
response signaling. Inhibition of 53BP1 by siRNA in human cancer cell lines resulted in
defective S-phase and G2/M checkpoints in response to ionizing irradiation (IR). Mouse
embryonic fibroblast (MEF) cells generated from 53BP1-/- mice were hypersensitive to
IR, and displayed a slight G2/M checkpoint deficiency in response to lower dose of IR.
We also showed that 53BP1 binds to p53, Chk2 and Brcal. 53BP1 plays an important
role in p53 stabilization, Chk2 phosphorylation in response to IR.

Body

Task]. To determine the role of 53BP1 in Chk2 activation and phosphorylation of p53
(months 1-12)

a. To identify the association of Chk2 with 53BP1 in response to DNA damage
(months 1-6)

b. To determine the involvement of 53BP1 in Chk2 phosphorylation and/or
stabilization of p53 (months 6-12)

In the previous reports, we have shown that 53BP1 associated with Chk2, and the
association is a dynamic process. Chk2 binds to 53BP1 in the absence of IR, and
dissociates in the presence of IR. 53BP1 is also partially responsible for Chk2 T-68
phosphorylation and p53 stabilization (attached paper Wang et al., 2002). To further
understand the role of 53BP1 in Chk2 phosphorylation and p53 stabilization, we seek to
find 53BP1 associated proteins, we found that DNA damage repair protein Ku8O
interacted with 53BP1 (Figure 1). This indicates a role of 53BP1 in non-homologous end
joining. Meanwhile, by deletion mutagenesis, we found that 53BP1 could oligomerize in
the presence and absence of DNA damage (Figure 2). We also confirmed that p53 binds
to the BRCT region of 53BP1. Although BRCT motifs are proposed to be phospho-
peptide binding modules, the interaction of p53 with 53BP1 is phosphorylation
independent.

Task2. To determine the role of 53BP1 in cell cycle checkpoints in response to DNA
damage (months 1-24)

a. Generation of the 53BP1 somatic knockout cells derived from hTERT-
immortalized human epithelia cells (months 1-8)

b. Characterization of the sensitivity to DNA, chemotherapeutic agents and
transformation potential for 53BP1 null cells (months 9-12)

c. To determine if 53BP1 deficiency will affect the G1, S, G2/M checkpoints and
affect the known key playes (i.e. ATM, ATR, Chk2, Chkl) (months 12-24)

We have used siRNA against 53BP1 in human cancer cell lines to generate
53BP1-deficient cells. By analyzing such cells, we were able to show that 53BP1 is
involved in S-phase checkpoint and G2/M phase checkpoint. We also found that
immortalized 53BP1-/- MEFs were IR-sensitive, but only displayed checkpoint
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deficiency in response to lower doses of IR. We showed that Chk2 phsophorylation was
partially compromised in the 53BP1-siRNA treated cells. We then tested whether other
key players of the DNA damage response, such as ATM, ATR, Chkl, NBS1, SMC1, etc.
were affected with inhibition of 53BP1 in response to different types of DNA damage.
No difference in activation of ATM, Chkl, or phosphorylation of NBS 1 and SMC1 could
be detected in the 53BP1 siRNA-treated cells and the control cells. Therefore, 53BP1
seems a specific mediator in regulating Chk2 and p53 in response to IR.

Task3. To determine the role of 53BP1 in development and tumor suppression (1-36)
a. Generation of 53BP]-deficient mince (months 1-12)
b. Characterization of 53BPI in development (months 12-24)
c. Determination of 53BP1 in tumor suppression (months 24-36)

In collaboration with Dr. Phillip Carpenter group in UT Medical School, we have
been able to genotype and analyze the 53BP1-/- mice that were generated by Lexicon Inc.
(Woodland, TX). We have shown that 53BP1-/- mice were hypersensitive to IR and cells
from these animals exhibited chromosomal abnormalities (attached paper Morales et al.,
2003). This suggests a role of 53BP1 in maintaining genomic stability and tumor
suppression.

Figure 1. 53BP1 interacts with Ku8O. 293T cells were unirradiated or irradiated with
10-Gy IR. Cells were lysed 2 hours after irradiation, in the presence or absence of
Benzonase (Novagen) or lambda phophatase (NEB). Immunoprecipitation was performed
with anti-53BP1 antibody or IgG (control). Western blot was carried out using anti Ku8O
antibody or anti 53BP1 antibody.

1/20 input IgG Anti-53BP1

Benz Xpp

IR -+ - +- +- +- +

4i • Anti-Ku8O

4 Anti-53BP1
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Figure 2. Flag-tagged53BP1 interacts with HA-tagged 53BP1. (A) A diagram showing
the HA-tagged fragments of 53BP1 protein interacting with Flag-tagged full-length
53BP1 protein. Black rectangle represents one copy of the SV40 nuclear localization
signal (NLS). (B) Flag-tagged full-length 53BP1 was co-expressed with HA-tagged
different fragments of 53BP1 in 293T cells. Lysates were made from cells treated with or
without 10 Gy IR for 2 hours. Immunoprecipitates were made from anti-flag antibody,
western blots was performed with anti-HA antibody. (C) Flag tagged full-length 53BP1
was coexpressed with HA-tagged different fragments of 53BP1 in 293T cells. Cell
lysates were immunoprecipitated with anti-Flag or anti-HA antibody.
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Key Research Accomplishments

"* 53BP1 is a checkpoint protein. It is involved in S-phase and G2/M checkpoints
"* 53BP1 associates with Chk2 and is involved in its phosphorylation in response to IR
"• 53BP1 is involved in p53 stabilization in response to IR
"° 53BP1 associates with Brcal and is involved in its phosphorylation in response to IR
"• 53BP1 interacts with DNA damage repair protein Ku80 that is involved in non-

homologous end joining

Reportable Outcomes

Wang B, Matsuoka S, Carpenter PB, Elledge SJ. (2002) 53BP1, a mediator of the DNA
damage checkpoint. Science 298:1435-8.

Stewart GS, Wang B, Bignell CR, Taylor AM, Elledge SJ. (2003) MDC1 is a mediator
of the mammalian DNA damage checkpoint. Nature 421:961-6.

Morales JC, Xia Z, Lu T, Aldrich MB, Wang B, Rosales C, Kellems RE, Hittelman WN,
Elledge SJ, Carpenter PB (2003) Role for the BRCT protein 53BP1 in maintaining
genomic stability. J Biol Chem.

Conclusions

We have shown that 53BP1 is one of the functional homologs of yeast Rad9, functioning
as a mediator of DNA damage response signaling. We also showed that 53BP1 is
involved in regulation of three tumor suppressors, p53, Chk2 and Brcal. These evidences
supports that 53BP1 may be a new tumor suppressor protein. Currently we are seeking to
understand how 53BP1 regulates Chk2 and p53 in response to IR. These studies will
allow us gain further insights into the DNA damage response pathway and the tumor
suppression pathway in mammalian cells.
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Fig. 1. 53BP1 inhibition results in siRNA 1.6% 0,6% sfRNA
defective IR-induced intra-S-phase 0"2%

and G.-M checkpoints. (A) IR-in-
duced intra-S-phase checkpoint. 67
Replicative DNA synthesis was as-
sessed 30 min after various doses 'CL
of IR in UZOS cells transfected DNAcontentD coe
w ith oligos. The DNA synthesis in . ............... .....
unirradiated cultures was set to
100% for cells transfected with control oligos or siRNA oligos targeting determined by staining with propidium iodide and antibody to phospho-
53BP1 (14). Error bars represent the standard deviation of triplicate histone H3 (P-H3) (Cell Signaling, Beverly, MA), followed by fluorescein
samples. (B) Analysis of the G2-M DNA damage checkpoint. Cells were isothiocyanate (FITC)-conjugated secondary antibody (Jackson Immu-
either untreated or irradiated with either 3 Gy or 10 Gy as indicated, then noresearch Laboratories, West Grove, PA), and the percentage of the
incubated for 1 hour at 37 0C before fixation. Cells in mitosis were M-phase cells was determined by flow cytometry.

A • A C t53BPi • •Ch
2TaP. . Merge diated 53BPl -inhibited and control cells withA i 0 1 24 • 1 24 Tp 3 or 10 gray (Gy) of IR. About threefold more

p53• m53BPl-inhibited cells than the control cells
a 04 b , ,_56'I treated with 3 Gy entered into mitosis (Fig.

, ,,.4ub•n1IB). However, inhibition of 53BP1 had no
effect after 10-Gy IR. Therefore, 53BP1-

IA inhibited cells also displayed an IR-induced

B,,,mf G2-M checkpoint defect. The fact that
IR 0 1 2 4 0 1 2 4 (••Am 53BP1-inhibited cells were only defective in

-- T-M - W "RP , response to lower doses of irradiation indi-
. - I ,. M cates the existence of an alternative signaling

pathway that operates at higher doses of IR.
Because 53BP1 binds p53, we asked

whether 53BP1 was required for p53 activa-

D contmi tion in response to IR. The induction of p53
- Iin response to IR was substantially decreased

in 7-+ + -52 , ' mm in 53BPI-inhibited cells (Fig. 2A). We then
S - + + ' .... examined Chk2, a checkpoint protein impli-

"o-5 .. ...... cated in p53 regulation that is phosphorylated
#RNA.. on Thr6 5 and forms foci in response to IR (16,

. ,--t•oo 17). Quantification of the ratio of Chk2 phos-

Fig. 2. 53BP1 regulates p53 and Chk2 in response to IR. (A) IR-induced p53 stabilization. U205 cells phorylated on Thrat to the total amount of

were transfected with siRNA oligos targeting 53BP1 or control oligos for 2 days, then exposed to C
10-Gy IR. Cell lysates were made from samples recovered from irradiation at the indicated times Thr6 was reduced twofold after 2 hours in
and separated by SDS-polyacrylamide gel electrophoresis (PAGE). Western blots were performed response to IR in the 53BP-iiihibited cells
with the use of antibodies to 53BP1, tubulin, and p53 (Oncogene, San Diego, CA). (B) Chk2 (Fig. 2B). The reduction of Chk2 phospho-
phosphorylation at Thr68 is reduced in 53BP1-inhibited cells. Chk2 immunoprecipitates were rylation at Thr65 was reproducibly observed
prepared from U205 cells at the indicated hours after exposure to 10-Gy irradiation. Western blots at 1 or 2 hours after IR in different experi-
were performed using antibodies to Chk2 (14) and to T68P-Chk2 (14). (C) IR-induced phospho-foci
recognized by antibodies to P-T68 of Chk2 depend on 53BP1. SiRNA-transfected U20S cells were ments (15). A much stronger effect was ob-
irradiated with 10-Gy irradiation and 2 hours later were fixed with paraformaldehyde, permealized served in the formation of IR-induced foci
with Triton X-100, and then immunostained with antibodies to Chk2T68P (23) and 53BP1 (23) and recognized by antibodies to P-T68 of Chk2
the appropriate FITC- (Molecular Probes, Eugene, OR) and Cy3-conjugated secondary antibodies (17), which were reduced in 53BPI siRNA-
(Amersham). (D) 293T cells were untreated (-) or treated (+) with 20-Gy IR and harvested after treated cells but were unaffected in control
1 hour. Cell extracts were incubated with antibodies to immunoglobulin G (IgG, control), Chk2, or cells (Fig. 2C).
53BP1 and protein A Sepharose. Immunoprecipitates were separated by SDS-PAGE and then 53BPI resembles the Rad9 BRCT-repeat
immunoblotted with antibodies to 53BP1 and Chk2 as indicated. protein of budding yeast, which binds to and

is required for the DNA damage-induced

checkpoint, which reduces DNA synthesis. HeLa cells with both siRNAs (15) and indi- activation of Rad53, a homolog of Chk2 (16).
Unlike the control cells, 53BP1-inhibited cates a role of 53BP1 in the intra-S-phase Like Rad9 and Rad53, we found that antibod-
cells showed radio-resistant DNA synthesis checkpoint. ies to Chk2 but not control antibodies could
(Fig. IA). This was also seen in Saos2 and To assess the G.-M checkpoint, we irra- efficiently immunoprecipitate 53BPI and that
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that 53BP1 facilitates Chk2 activation in a
A ri-Brcal 4-53BPl merge xd-Brcal u-53BP1 3roe transient complex and, upon activation, Chk2

dissociates from the 53BP1 complex.
The discrepancy between the partial de-controlotro 

pendency of 53BPI for Chk2 phosphoryl-*IR -N E M E N ation and its major role in the formation of
B• ihrphospho-foci could be explained if only a

NIN subpopulation of phospho-Chk2 were respon-SiRNA sIRNA sible for the foci. A second explanation
would be if other proteins phosphorylated by
the 53BP1 pathway besides Chk2 were rec-

a-Brcal u.53BP1 merge ognized by these antibodies, because the im-
fr•i if• in 3i munofluorescence specificity of these anti-

n 0bodies for phospho-Chk2 has not been fully
IR 1hr 10established (17). Alternatively, 53BP1 might

function as a general regulator of foci forna-÷ IR I hr! No tion. To test this, we examined the ability of

other proteins to form foci in the absence of
0a1RNA 0 "-1" 53BP1. Brcal, Nbsl, and -y-H2AX all form

OrEMr fIRNA W, URA foci in response to IR (16). IR-induced Brcal

foci fonmation was largely abolished in
0-'--2x cl-53bPi merge C tx Ercal *53BP1 merge, 53BP 1-inhibited cells. Brcal showed diffuse

staining and rarely formed distinctive foci in
response to IR at different time points (Fig.

cn'o:contrl 3A). In an asynchronous cell population, at 2
hours post-IR, only 4% of the cells formed

JF1 Brcal nuclear foci when cells were treated

slARNA siRNA with 53BPlsiRNA, as compared to 60% of
Sthe control cells (Fig. 3A). Similar results

were obtained in Hctl 16 and HeLa cells with
both oligo pairs (15). In contrast, formation

oi-Nbst oc-53DP i merge i-Brcal az-53BP1 merge of ",-H2AX foci or Nbsl foci after IR re-

mained unchanged in cells treated with con-
control ýcontrl trol oligos or siRNA oligos (Fig. 3B). Rad51

foci were also unchanged (15).
M E R M E NWhen asynchronous control cells were an-

alyzed for Brcal foci formation in the ab-
"SiRNA 0 0 0RISA sence of IR, about 40% contained more than

20 Brcal foci, reflecting the S-phase and G,
population. In 53BP 1-inhibited cells, both the
number of foci and the percentage of cells

IR-InXd ;do [ t-Induced-fococi S-rotze 5-prase vs containing foci were reduced. Only 12% of
10 0%m 53BP1-inhibited cells contained more than 20

sor% 8 jf Brcal foci (Fig. 3A). To control for cell cyclei4. I differences, we synchronized cells with the40 40 use of a double-thymidine block (14), and
L E S-phase cells (4 hours after release from the

Wo,5ro ARNA con6tl' sIRNA ©owIr sIRNA control s*RNA block) were used for immunostaining.
Fig. 3. Brcal localization in S phase and relocaLization in response to IR is dependent on 53BP1. (A) BRCA1 foci were also dependent on 53BP1
Brcal Localization in the presence and absence of 10-Gy IR. U2OS cells were transfected with siRNA in S-phase cells in the presence or absence of
targeting 53BPI or control oligos and 2 days later exposed to 10-Gy IR. At the indicated times after JR (Fig. 3Q.
.IR, cells were permeablized with paraformaldehyde and fixed with Triton X-100. Immunostaining Although 3C).
were performed with antibodies to 53BP1 and Brcal. Images were taken with a Zeiss confocal Although the JR-induced foci fomation
microscope. Quantitation of the BRCA1 foci are shown. These data were obtained with the use of of Brcal is dependent on the presence of
siRNA oligo pair #1 targeting 53BP1. (B) IR-induced Nbsl and -y-H2AX nuclear foci are independent 53BP1, Brcal foci did not show complete
of 53BP1. U2OS cells were treated and fixed as described in (A). Samples for -y-H2AX (23) staining colocalization with 53BP1 foci at early times
were taken from cells recovered 2 hours after exposure to 10-Gy IR, and Nbsl samples were cells (Fig. 3A). The strong effect on BRCA1 foci
recovered 6 hours after treatment with lO-Gy IR. Quantitation of foci are shown below. (C) Brcal formation, coupled with the fact that the
nuclear foci in synchronized S-phase cells in the presence and absence of 10-Gy IR are dependent
on 53BP1. U20S cells were sychronized using a double-thymidine block and released as described 53BP1 and BRCA1 foci do not initially fully
(14). At 4 hours after release, >80% of the cells were in S phase as indicated by flow cytometry. overlap, suggests that 53BP1 may regulate
Cells at this stage were treated with 10-Gy irradiation and recovered for 1 hour at 370C. Cells were BRCA1 through a mechanism other than di-
fixed and immunostained as described. Quantitation of foci are shown below. rect recruitment to foci. One means by which

this might be achieved is through regulation
Chk2 dissociates from 53BP1 in response to with the use of53BP1 antibodies. These data of BRCA1 phosphorylation. In IR-treated
IR (Fig. 2D). This association was also de- suggest that 53BP 1 may act as an adaptor that cells, Brcal phosphorylation was reduced in
tected in the reciprocal immunoprecipitate facilitates Chk2 phosphorylation. It is likely the samples prepared from cells treated with
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Fig. 4. 53BP1 regulation A C formation is unknown but may be related to
of Brcal. (A) Brcal phos- :conrol sIRNA the role of 53BP1 in control of phosphoryl-
phorylation is reduced in IR 0 1 2 A 0 1 2 4 (hi) WCL Orcal ! ation of these or other proteins. Regardless of
t h e a b s e n c e o f 5 3 B P 1 .. .... . ... S te al.

* ", a- q . + . + the mechanism, it is clear that 53BP1 is aU 2 O S c e lls w e re tre a te d - tra n sd u c er, of t D N A d a m
with siRNA oligos target- NbsPI central transducer of the DNA damage signal
ing 53BP1 or control oli- o-,,,u.1,to p53 and other tumor suppressor proteins
gos for 2 days. Cells were *•!... . u-58P1 and is likely to play an important role in the
exposed to 10-Gy irradia- 0 0, t , a-Steal maintenance of genomic stability and preven-
tion, and cell lysates were tion of cancer (21, 22).
prepared at indicated
times after irradiation.
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5 Department of Molecular and Humsan Genetics, and § Howard Hughes Medical Figure 1 MDC1 is phosphorylated in response to DNA damage and DNA replication
Institute, Baylor College of Medicine, Houston, Texas 77030, USA
"t CRC Institute for Cancer Studies, University of Birmningham, Edgbaston, stress. a, A diagrammatic representation of the MDC1 protein. The amino acids
Birmingham B15 2TT, UK encompassing each domain are indicated. PST indicates proline/serine/threonine repeat

domain, The red arrows indicate potential phosphatidylinositol-3-0H kinase-like kinase
To counteract the continuous exposure of cells to agents that phosphorylation motifs (SQ/TQ). The fragments of the MDC1 protein used to make anti-
damage DNA, cells have evolved complex regulatory networks MDC1 antibodies (Ab-1, Ab-2, Ab-3) are indicated. b, Alignment of the 41 -amino-acid
called checkpoints to sense DNA damage and coordinate DNA repeat sequence that composes the PST domain. Black shaded boxes indicate conserved
replication, cell-cycle arrest and DNA repair'. It has recently been amino acids and grey boxes indicate similar amino acids. c, Recognition of three isoforms
shown that the histone H2A variant H2AX specifically controls (I, II and Ill) of human MDC1. P1 refers to pre-immune serum. d, DNA damage-induced
the recruitment of DNA repair proteins to the sites of DNA phosphoryation of MDC1.Cells were treated with 20 Gy IR, 50 J m-2 UV or 2mM HU and
damage2 8 . Here we identify a novel BRCA1 carboxy-terminal harvested at the times indicated. IR-treated cell extracts were also incubated with and
(BRCT) and forkhead-associated (FHA) domain-containing pro- without X protein phosphatase (X PPase). e, MDC1 is phosphorylated in response to IR in
tein, MDC1 (mediator of DNA damage checkpoint protein 1), an ATM- and Nbsl -dependent manner. Normal, NBS and A-T lymphoblasts were
which works with H2AX to promote recruitment of repair irradiated with 20 Gy of IR and harvested at the times indicated.
proteins to the sites of DNA breaks and which, in addition,
controls damage-induced cell-cycle arrest checkpoints. MDCl
forms foci that co-localize extensively with -y-H2AX foci within BRCAI and MRN foci, in part by promoting efficient H2AX
minutes after exposure to ionizing radiation. H2AX is required phosphorylation. In addition, cells lacking MDC1 also fail to
for MDCI foci formation, and MDC1 forms complexes with activate the intra-S phase and G2/M phase cell-cycle checkpoints
phosphorylated H2AX. Furthermore, this interaction is phos- properly after exposure to ionizing radiation, which was associ-
phorylation dependent as peptides containing the phosphory- ated with an inability to regulate Chkl properly. These results
lated site on H2AX bind MDC1 in a phosphorylation-dependent highlight a crucial role for MDC1 in mediating transduction of
manner. We have shown by using small interfering RNA (siRNA) the DNA damage signal.
that cells lacking MDC1 are sensitive to ionizing radiation, and Mediators are an emerging class of checkpoint proteins involved
that MDC1 controls the formation of damage-induced 53BP1, in transducing the DNA damage signal. The prototypical mediator
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is the Rad9 protein in Saccharomyces cerevisiae. Rad9 is phosphoryl- large central proline/serine/threonine-rich repeat (PST) domain
ated by the ATR (ataxia-telangiectasia and Rad3 related) homol- that has no significant homology to any other protein in the
ogue, Mecl, in response to DNA damage and controls the activation database (Fig. lb).
of the Chkl and Chk2 (scRAD53) homologues5 ,6 . Rad9 contains To investigate the role of MDC1 in the DNA damage response,
two BRCTmotifs that are required for its checkpoint functions'. No three polyclonal antisera generated to non-overlapping fragments
clear mammalian homologue of S. cerevisiae Rad9 has been identi- of the MDC1 open reading frame (ORF) all specifically recognized
fled. However, several large BRCT-repeat-containing proteins, such three bands (I, II and III) of approximately 250 kDa, which were not
as TopBP1, 53BP1 and BRCA1, which have been implicated in the recognized by the pre-immune sera (Fig. ic). All three bands
cellular response to DNA damage, may compose this class of diminished in intensity when cells were pre-treated with three
mediator protein in higher eukaryotic cells8-11. different MDCl-specific siRNA oligonucleotides but not control

To search for proteins involved in various aspects of DNA repair, siRNAs demonstrating specificity (data not shown and see Fig. 5a).
we investigated proteins with motifs common to DNA damage To address whether the expression or mobility of MDC1 was
response proteins and found a protein (Kazusa DNA Research affected by DNA damage, cells were exposed to a variety of
Institute done KIAA0170) that possesses the characteristics of a genotoxic agents and blotted for MDC1. All isoforms demonstrated
DNA damage mediator and named it MDC1. MDC1 contained two a reduced mobility after exposure of cells to ionizing radiation (IR),
carboxy-terminal BRCT-repeats and an amino-terminal phospho- ultraviolet radiation (UV) and hydroxyurea (HU) (Fig. id). The
amino-acid-binding motif called a FHA domain, which is also altered mobility was ablated by phosphatase treatment, indicating
found in several DNA damage response proteins such as Chk2, that MDC1 is modified by phosphorylation after DNA damage
Rad53, Cdsl and Nbsl (refs 12-15). A large S/TQ cluster domain (Fig. 1d). Furthermore, the phosphorylation of MDC1 after IR is
can be found encompassing the N-terminal half of the protein dependent on the presence of functional ATM and Nbsl (Fig. le).
(Fig. la). Both BRCA1 and Chk2 have S/TQ duster domains and are Both ATM and ATR could be shown to phosphorylate a fragment of
phosphorylated within these domains by ATM (ataxia-telangiecta- the MDC1 protein encompassing the S/TQ cluster domain in vitro
sia mutated) and ATR after DNA damage""-S. MDC1 also contains a (data not shown).
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Figure 2 MDC1 regulates BRCA1, 53BP1 and Nbsl foci formation, a, IR-induced MDC1 indicated antibodies. Cells were fixed at 6 h post-irradiation to visualize Nbsl foci. The
foci formation. Celis were untreated or irradiated with 10 Gy, fixed and stained with percentages of cells with the respective foci are indicated. When cells were treated with
anti-MDC1 antibodies at the times indicated. b, Co-localization of MDC1 and-y-H2AX focl MDC1 siRNA, the percentage of cells listed refers to the percentage of cells that lack
after 10 Gy IR. c, Inhibition of MDCl results in defective BRCA1, 53BP1 and Nbsl foci detectable MDC1 but contain the indicated foci. Images were taken with a Zeiss confocal
formation after IR exposure. U20S cells were transfected with a control or MDCl siRNA microscope.
and irradiated with 10 Gy IR. Cells were fixed at 2 h post-irradiation and stained with the
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Many DNA damage-signalling proteins are recruited to sites of binds tightly to chromatin after DNA damage (data not shown), it is
damage20 . It has been suggested that the order and timing of these likely that the reduction of co-immunoprecipitated protein after
events are critical for normal DNA repair. To assess whether MDC1 exposure to IR is due to a reduced ability to efficiently solubilize
could also localize to sites of damage, cells were treated with IR and MDC1 protein before immunoprecipitation. MDC1 could also be
stained with anti-MDC1 antiserum. MDC1 rapidly formed foci shown to interact strongly with 53BP1 and SMCl in a manner
in over 95% of cells within 15 min after exposure to IR (Fig. 2a). unaffected by DNA damage. It is therefore likely that MDC1 exists
A proportion of un-irradiated cells also contained MDC1 foci, within a large complex consisting of several DNA repair proteins
indicating that MDC1 maybe responding to endogenous damage or and cell-cycle checkpoint regulatory proteins.
replication stress. No foci were observed in the cells stained with the There appears to be a hierarchy of proteins involved in the
pre-immune serum (Supplementary Information Fig. 1). MDC1 assembly of damage-responsive foci. H2AX is required for the
also formed foci after UV-irradiation (data not shown) indicating formation of 53BP1, NBS1 and BRCA1 foci'0 '22'23. To determine
that MDC1 can respond to multiple types of DNA aberrations, whether MDC1 functions in this pathway, we asked if MDC1 was

A time-dependent, sequential assembly of repair factors at the required for the ability of these repair proteins to form foci. Cells
sites of damage has been demonstrated2";-y-H2AX (the phosphoryl- were treated with a control siRNA or MDC1 siRNA, irradiated and
ated form of H2AX) foci appear within minutes after irradiation. stained for 53BP1, BRCA1 and Nbsl foci. Cells lacking MDC1
53BP1, BRCA1 and Mrell/NBS1/hRad5O complex are sub- showed a significant reduction in the number of cells with Nbsl foci,
sequently recruited to y-H2AX-positive repair foci. To determine with the number of residual foci in each cell also being reduced
the kinetics of MDC1 foci compared with other foci-forming (Fig. 2c). This suggests that MDC1 is required for efficient localiza-
proteins, co-localization studies were done. Strikingly, within tion of the MRN complex after DNA damage. In addition, both
15 min of exposure to ionizing radiation, MDC1 foci extensively 53BP1 and BRCA1 foci were similarly affected in the MDC1-siRNA-
overlap with y-H2AX foci and remain co-localized throughout the treated cells compared with the control siRNA-treated cells (Fig. 2c).
time course (Fig. 2b). MDC1 foci also significantly co-localize with These data demonstrate that MDC1 is likely to function upstream of
53BP1 and BRCA1 foci at 2 h post-irradiation, and at later times 53BP1, BRCA1 and the MRN complex, possibly acting as a scaffold
also exhibited co-localization with Nbsl foci (Fig. 2c). The numbers for protein recruitment. Consistent with this hypothesis, MDC1
of MDC1 foci per cell were in excess of 53BP1, BRCA1 and Nbsl foci foci were not affected in NBS or ATLD cells or when cells were
at corresponding times, treated with 53BP1-specific siRNA (data not shown). It should be

Several proteins that show co-localization in foci exist as pre- noted that inhibition of MRN and 53BP1 foci was not complete,
assembled complexes21. Therefore, we determined whether MDC1 suggesting that either the siRNA treatment leaves residual func-
could bind to the components of the MRN complex and other tional MDC1 capable of limited foci formation, or that a partly
known damage response proteins. MDC1 could be shown to co- redundant pathway exists to localize these proteins.
precipitate with Nbsl, hRad50 and hMrel 1 before and after DNA Because MDC1 and H2AX extensively co-localize and display
damage and to a lesser extent with ATM and the FANCD2 protein similar kinetics of foci formation after IR, we examined the ability of
(Fig. 3). The prior exposure of cells to IR appears to reduce the MDC1 to form foci in the absence of H2AX and other checkpoint
interaction of MDC1 with these proteins slightly. Given that MDC1 proteins. Mouse MDC1 showed a punctate nuclear staining pattern

in wild-type mouse embryo fibroblasts (MEFs), which re-organized
into large foci in response to DNA damage. MDC1 foci failed to

a IP form in H2AX null MEFs (Fig. 4a) but did form foci in Chk2 null
IB Input Anti-MD l gG MEFs (data not shown). Thus, H2AX acts upstream of MDC1.

0 Gy - + + + Surprisingly, the phosphorylation of MDC1 is also partly dependent
ATM- > K on the presence of H2AX (Fig. 4b) but Chk2 loss has little or no

effect on phosphorylation. Given that one of the functions of H2AX
hRadSO - is to specifically recruit DNA repair proteins to sites of damage2'3,

this suggests that the modification of MDC1 by ATM and other
Nbsl -• kinases might be enhanced by recruitment to sites of DNA damage.

In addition, the damage-induced phosphorylation of 53BP1 was
hMrell - also found to be partly dependent on H2AX (Fig. 4b), consistent

FANCD2C with its interaction with MDC1. This contrasts with the ATM-
FANCD2[ •fl dependent phosphorylation of Nbs I, which occurs normally in the

'53BP1 •"row 0"010 absence of H2AX (ref. 2).
The fact that H2AX and MDC1 form completely overlapping foci

Ml.- with identical kinetics suggests that they might have a more intimate
W O W -relationship. To examine this we immunoprecipitated MDC1 and

tested for the presence of phospho-S139 H2AX. Phosphorylated
b IP Input Anti-NBSi Anti-ATM igG H2AX co-immunoprecipitated with MDC1 and the association was

,3 t-------- r - '---ý increased in the presence of DNA damage (Fig. 4c). The presence of
t10GY - + - + - + -y-H2AX in undamaged cells may represent intrinsic cellular

M W'i rriYv •'i k 1, damage. It is thought that the phosphorylation of H2AX on S139
MD L j triggers its ability to recruit factors such as MDC1 to foci. To

examine this we used an S139-phosphorylated and unphosphoryl-
Figure 3 MDC1 associates with DNA damage checkpoint proteins. Cells were mock ated peptide from the C-terminal tail of H2AX coupled to beads to
irradiated (-) or treated with 10 Gy IR (+) and harvested 1 h later. Immunoprecipitations assess whether MDC1 could be pulled down from cellular extracts.
(IP) or immunoblots (B) were done with the antibody indicated or a non-specific, MDC1 bound specifically to the phosphorylated H2AX peptide
species-matched lgG control. Input represents 1% of total protein used in IPs. The and not to the unphosphorylated H2AX peptide or a control-
unavailability of immunoprecipitating antibodies to 53BP1`, SMCl and FANCD2 prevented phosphorylated peptide from cyclin E (Fig. 4d). In addition to
examination of the reciprocal co-immunoprecipitation with MDC1; however, the MDC1, 53BP1 was also pulled down by the phospho-H2AX pep-
interaction was confirmed by using the two other anti-MDC1 antibodies generated to tide, confirming the previously published association of H2AX and
non-overlapping epitopes (data not shown). 53BP 123. Not all DNA repair/checkpoint proteins were found to
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Figure 4 Interactions between MDC1 and H2AX. a, MDCl foci formation is H2AX d, A phosphorylated H2AX peptide recruits MDCl. Cell extracts were incubated with a
dependent. H2AX-'- MEFs and the corresponding wild-type MEFs were exposed to IR, peptide from the C-terminal tail of H2AX. (P) indicates phosphorylation of the peptide
fixed and stained with anti-MDC1 antibodies at 30 min post-irradiation. b, MDCl and on serine-139. A cyclin E peptide and its phosphorylated version (P) were used
53BP1 phosphorylation is dependent on H2AX. Wild type, H2AX-)- MEFs, CHK2-- and as specificity controls. e, In vitro binding of MDC1 to the phosphorylated H2AX
human CHK2 complemented CHK2-Y- MEFs were irradiated and harvested after 1 h. peptide. Phosphorylated or unphosphorylated H2AX-coupled peptide was added to
c, Association of MDCl with y-H2AX. Immunoprecipitations (IP) and immunoblots (IB) 35S-methionine-labelled, in vitro translated MDCl and incubated for 1 h. Peptide-bound
were done with the antibody indicated or a non-specific, species-matched IgG control, proteins were detected by using autoradiography.

associate with H2AX as components of the MRN complex: ATM checkpoints in these cells. To test whether MDC1 could function
and hChk2 (data not shown) were not significantly enriched by the in regulating the intra-S-phase checkpoint, cells were either trans-
H2AX p-S139 peptide. As we previously detected Nbsl and ATM in fected with control siRNA or MDC1-specific siRNA oligonucleo-
MDC1 IPs, we had expected to recover these proteins with MDC1; tides. After 48 h, cells were exposed to 15 Gy of IR and the rate of
however, it is possible that these proteins exist in a complex with incorporation of tritiated thymidine was determined. Control cells
MDC1 that already has -y-H2AX in it or that the complex containing exhibited a decrease of approximately 50% in the rate of DNA
MRN and ATM cannot bind in the context of the bead for steric synthesis. In contrast, cells treated with MDC1 siRNA oligonucleo-
reasons. tides 4 or 5 only decreased the rate of DNA synthesis by 25%

To further assess the interaction of MDC1 and the H2AX (Fig. 5c). This demonstrates a role for MDC1 in regulating S-phase
phospho-peptide, MDC1 was translated in vitro by using a rabbit progression after DNA damage.
reticulocyte lysate system and incubated with the H2AX-peptide- We next examined the integrity of the G2/M checkpoint. Cells
coupled beads. The MDC1 translated in vitro was pulled down treated with MDC1-specific siRNAwere irradiated andlabelled with
specifically by the H2AX phospho-peptide, again demonstrating an anti-phospho-histone H3 antibody as a marker of mitotic cells. A
that the interaction is phospho dependent (Fig. 4e). However, it is clear reduction in phospho-H3-positive cells was observed in the
unclear whether this interaction is direct as the reticulocyte lysates control-treated cells after IR exposure, whereas a significant number
may contain bridging proteins, of the cells lacking MDC1 entered mitosis (Fig. 5d), indicative of a

To examine the genetic role of MDC1 in the DNA damage defect in the ability to arrest the cell cycle in G2 phase.
response, siRNA was used to deplete MDC1. Cells were transiently To gain insight into the precise mechanism by which MDC1
transfected with either a control siRNA or one of three MDC1- mediates both the S-phase and G2/M damage-activated cell-cycle
specific siRNAs, harvested 48-72 h after transfection, and their checkpoints, cells were treated with MDC1-targeted siRNA and
protein expression determined. All three MDCl-specific siRNA assessed for their ability to properly phosphorylate key effector
oligonucleotides decreased by more than 80% in the overall molecules known to be critical for efficient checkpoint activation
MDC1 protein expression, compared with the mock or control after DNA damage. We observed decreased phosphorylation of
siRNA-transfected cells (Fig. 5a). To examine the ability of MDC1- SMC1 S996 (more pronounced at 2 h) and Chkl S345 in response
depleted cells to respond to damage, siRNA-transfected cells were to IR, and SMC1, Chkl and RPA2 in response to UV (Fig. 5e). Nbsl
plated at low density, irradiated with IR and assessed for their ability and Chk2 were not affected although we observed a small decrease
to form colonies. Cells with reduced MDC1 exhibited hypersensi- in Chk2 T68 phosphorylation in response to UV in some experi-
tivity to the killing effects of IR (Fig. 5b) when compared with the ments (data not shown). Chkl is required for the G2/M checkpoint
control cells. Furthermore, transfection with MDC1-specific siRNA arrest 24 '25 and this defect is likely to explain the checkpoint defect we
also reduced the number of colonies formed from undamaged cells observed. Both SMCl 26 ,27 and Chk128 have been implicated in the
when compared with control cells, indicating that MDC1 function intra-S-phase checkpoint, and their defective regulation is likely to
may be required to maintain cell viability, explain these defects as well. The fact that UV-induced signalling is

The sensitivity to IR suggests an important role in responding to impaired suggests that the ATR pathway depends in part upon
DNA damage; therefore we checked the integrity of cell-cycle MDC1 function, as ATR is the major regulator of Chkl phosphoryl-
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a e0 Control MDCI and co-localize to sites of DNA damage, all in a mutually dependent
" M _ S oIRNA5 siRNA5 fashion. Both proteins are required for optimal formation of MRN,' a C 0 , IR UV IR UV 53BP1 and BRCA1 foci. Furthermore, peptides representing the tail

MDCI[ • ime• - ' 1' 3 '_ 0 1 2 ' ' of H2AX specifically recruit MDC1 and 53BP1 protein in a
"b j p. MDC1 phosphorylation-dependent manner, suggesting a model in which

b 102 w w" - - - H2AX is phosphorylated in response to damage and the phospho-

1MC- H2AX recruits MDC1 leading to its phosphorylation. However, we
10' Sc cannot determine whether MDC1 controls the initial phosphoryl-

lo .o- ation of H2AX, or merely protects H2AX from dephosphorylation
N - S343@ -4w> "10- ('n N ' • through formation of a complex with H2AX. It is possible that there

S 5j •.. S3•5 is a self-reinforcing loop whereby MDC1 and H2AX mutually
1. -i0_• RNA5 Chke stimulate each other's phosphorylation and help larger complexes

4 8 Chkl ýA. of proteins associate at these foci. Furthermore, this effect on H2AX
Dose (Gy) ERPA2.@-' phosphorylation may, in part, help to explain why the recruitment© RPA2

.A of 53BP1, BRCA1 and Nbsl to damage foci partly depends on

15otry MDC1. The ability of MDC1 to form complexes with MRN andS:'f •control IMOO/

siRNA I.i•RNA 53BPI may also contribute to this dependency. Regardless, it is clear
< -IR UJV IR UV from the data presented here that H2AX and MDC1 are intimately

"Time (h) 0 1 2 0 1 *2 related and work together to mediate the DNA damage response.
_rH2AX_. . - [ .- Although MDC1 and H2AX have many common features, there

Loading- -,., are some important differences. MDC1 is required for the intra-S-
contoll .phase checkpoint and the G2/M DNA damage checkpoint. H2AX

PE ,ntly-1-2AX Anti-mDi .. has recently been shown to have a mild G2/M defect in response to

low doses of IR', much less severe than that observed in MDC1'
MDC1 exists in complexes with several checkpoint-signalling pro-

d 3Gy lOGy teins such as the MRN complex, SMC1, 53BP1 and FANCD2.

6 Lon 2 -~Furthermore, MDCl is required for the efficient phosphorylationfl°of several checkpoint-signalling proteins including SMC1, RPA2
and the crucial checkpoint kinase Chkl. The defect in Chkl

M.C 1 phosphorylation explains the defects in both the intra-S-phase
I..and G2/M checkpoints. The defect in MDC1 checkpoint signalling

is more pronounced in response to UV than IR. This, together with
0 " "the regulation of Chkl, suggests that MDC1 plays an important role

in the ATR signalling pathway that controls Chki phosphorylation2"
Src \ and a less important role in the ATM pathway. This may explain the

mild defect in the IR-induced phosphorylation of SMCl, which is
Figure 5 MDCl inhibition results in defective IR-induced checkpoints and Chkl and H2AX primarily ATM dependent. The mild SMC1 phosphorylation defect
phosphorylation. a, siRNA-mediated reduction of MDCi protein expression. Cells were becomes more pronounced at later times in the absence of MDC1,
transfected with a control or MDCt siRNA and harvested at 48 h. Three different siRNAs to consistent with the late role of ATR in IR-induced phosphorylation
MOCi were used. An asterisk indicates a cross-reacting band used as a loading control. of substrates shared by ATM. MDC1 may play a role in the
b, Reduced MDE1 expression results in IR sensitivity. Control or MDC1 siRNA-treated recruitment of checkpoint kinases such as ATR to substrates such
cells were plated at low density, irradiated and colonies counted after 14 days. c, MDCi as H2AX and the pathway controlling Chkl, which may include
prevents RDS. DNA synthesis was assessed 30 min after 15 Gy IR in U20S cells BRCAl and Claspin. Therefore, MDC1 plays a critical role in the
transfected with a control or MDCl siRNA oligonucleotides. d, Analysis of the G2/M DNA damage checkpoint response. MDC1 represents the third
checkpoint. Cells were untreated or -y-irradiated as indicated, then incubated for 1 h at member of the mediator family of proteins in mammals. Each of
37 'C before fixation. Mitotic cells were determined by phospho-histone H3 staining and these proteins plays important and potentially overlapping roles in
flow cytometry. e, MDOC is required for DNA damage checkpoint signalling. Cells were transducing the DNA damage signal to promote genomic stability.
transfected twice with siRNAs and irradiated 72 h later. The immunoblot with SMC1 as a As a new member of this family, MDC1 is also likely to be involved
control for protein loading shows a reduced mobility in extracts from damaged cells rather in tumorigenesis.
than increased protein loaded on the gel. f, MDCl is required for H2AX phosphorylation.
Control or MDCl siRNA-treated cells were irradiated and the levels of H2AX Methods
phosphorylation detected by western blot and immunofluorescence 1 h post-irradiation. Cells

Lymphoblastoid cell lines (LCLs) were routinely maintained in RPMI medium
supplemented with 10% foetal bovine serum (PBS), glutamine and penicillin and

ation. Together, these results indicate that MDC1 is a central streptomycin (pen/strep). U20S cells were maintained in McCoy's 5A medium
supplemented with 10% FBS, glutamine and pen/strep. All MEF cell lines were maintainedtransducer of the DNA damage checkpoint signal. in DMEM medium supplemented with 10% PBS, glutamine and pen/strep.

As MDC1 controls the phosphorylation of several checkpoint-
responsive proteins, we sought to examine whether it might have a siRNA
role in H2AX phosphorylation. Depleting cells of MDC1 protein The siRNA duplexes were 21 base pairs with a 2-base deoxynucleotide overhang
significantly affected the phosphorylation of H2AX after both IR (Dhannacon Research). The sequences of MDC1 siRNA4 and siRNA5 oligonucleotides

were GUCUCCCAGAAGACAGUGAdTdT and ACAGUUGUCCCCACAGCCCdTdT,and UV radiation and the formation of phospho-H2AX foci respectively. The control siRNA used was CGUACGCGGAAUACUUCGAdTdT against
(Fig. 5f). Thus MDC1 and H2AX share a mutual dependency for LacZ. Cells were transfected with siRNA duplexes by using Oligofectamine (Invitrogen),
phosphorylation and foci formation, following the manufacturer's instructions.

In this study, we have identified a new DNA damage checkpoint MOCl antibody generation
protein, MDC1, which transduces the DNA damage signal and A full-length MDC1 clone (KIAA0170) was generously provided by the Kazusa DNA
shares an intimate relationship with H2AX. In response to DNA Research Institute. Fragments of the cDNA were subcloned into a glutathione
damage, MDC1 and H2AX exist in a complex, are phosphorylated S-transferase (GST) expression vector (Amersham Biosciences), expressed in bacteria and
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purified by using glutathione-coupled sepharose beads (Amersham Biosciences). Purified Received 12 December 2002; accepted 24 January 2003; doi:10.1038/natureOl446.
GST fusion proteins were injected into rabbits and the antisera were affinity purified by 1. Zhou, B. B. & Elledge, S. J. The DNA damage response: putting checkpoints in perspective. Nature
using the respective antigen (Bethyl Laboratories). Ab-l was generated to a fragment of 408, 433-439 (2000).
MDC1 encompassing amino acids 326-649, Ab-2 was generated to a fragment of MDC1 2. Bassing, C. H. et al. Increased ionizing radiation sensitivity and genomic instability in the absence of
encompassing amino acids 643-1015 and Ab-3 was generated to a fragment of MDC1 histone H2A(. Proc. NaotAcad. Sci. USA 99, 8173-8178 (2002).
encompassing amino acids 1-335. 3. Celeste, A. ct at Genomic instability in mice lacking histone H2AX. Science 296, 922-927 (2002).

4. Fernandez-Capetillo, 0. et al. DNA damage-induced G(2)-M checkpoint activation byhistone H2AX
Immunoblot analysis and 53BP1. Natre Cell Biot 4, 993-997 (2002).
Cells were sonicated in UTB buffer (8 M urea, 150 mM 13 -mercaptoethanol, 50 mM TrisI 5. Vialard, J. E., Gilbert, C. S., Green, C. M. & Lontdes, N. F. The buddingyeast Rad9 checkpoint protein
HCI pH 7.5) and cellular debris removed by centrifugation. Protein concentration was is subjected to Mecl/Tell-dependent hyperphosphorylation and interacts with Rad53 after DNA
determined by using the BioRad Bradford Protein determination reagent. Proteins were damage. EMBO J. 17, 5679-5688 (1998).
fractionated in 6% SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose, 6. Gilbert, C. S., Green, C. M. & Lowndes, N. P. Budding yeast Rad9 is an ATP-dependent Rad53
and immunoblots were performed by using the appropriate antibody. Antibodies to Nbsl, activating machine. Mol. Cell. 8, 129-136 (2001).
hMrel 1 and hRadS0 were obtained from Genetex, the phospho-Nbsl (serine-343) 7. Soulier, J. & Lowndes, N. F. The BRCT domain ofthe S. cerevisiae checkpoint protein Rad9 mediates a
antibody was obtained from Cell Signaling and the anti-phospho-H2AX (serine-139) Rad9-Rad9 interaction after DNA damage. Curt. Biol. 9, 551-554 (1999).
antibodies were obtained from Upstate Biotechnology. The anti-FANCD2 and anti-Chkl 8. Schulrz, L. B., Chehab, N. H., Mallkzay, A. & Halazonetis, T. D. p53 binding protein I (53BP1) is an
antibodies were purchased from Santa Cruz. J. Qin provided antibodies to SMC1 and early participant in the cellular response to DNA double-strand breaks. J. Cell Biol. 151, 1381-1390

phosphorylated SMC1 (ref. 21). P. Carpenter supplied antibodies to 53BP1. (2000),
9. Venkitaraman, A. R. Functions of BRCAt and BRCA2 in the biological response to DNA damage.

Immunoprecipitation and phosphatase treatment J Cell Sci. 114, 3591-3598 (2001).
10. Wang, B., Matsuoka, S., Carpenter, P. & Elledge, S. I. 53BPi, a mediator of the DNA damage

LCLs (-4 x 107) were either mock irradiated or irradiated with 10 Gy of ionizing checkpoint. Science 298, 1435-1438 (2002).
radiation and incubated for 1 h at 37 'C. The cells were then lysed for 30 min in NETN lysis 11. Yansane, K., Wu, X. & Chen, J. A DNA danmage-regulated BRCT-containing protein, TopBP1, is
buffer (50 mM Tris/HC1 pH 7.5, 150 mM NaC1, 1 mM EDTA, 1% NP40 supplemented required for cell survival. Mal. Cell. Biol. 22, 555-566 (2002).
with protease inhibitors (Roche) and Benzonase (Novagen)). The clarified extract was 12. Collebaut, I. & Mornon, J. P. From BRCA1 to RAPI: a widespread BRCT module closely associated
pre-cleared with the appropriate IgG (Dako) and protein A or G beads (Amersham with DNA repair. FEBS Lett. 400, 25-30 (1997).
Biosciences) for l h at 4°C. Immunoprecipiting antibody (5 tAg) was added with protein A 13. Ozaki, T. et al. NFBD1/KIAAO170 is a novel nuclear transcriptional transactiatar with BRCT
or G beads to the pre-cleared supernatant and incubated for 3 h at 4 aC. The domain. DNA Cell Biol, 19, 475-485 (2000).
immunocomplexes were washed four times in NETN lysis buffer (containing 0.5% NP40), 14. Huang, M. S&Euedge, S.]. in ColdaSpringHarbarSyymposia on QuantitativeBialogy Vol. LXV 1-9 (Cold
boiled in SDS sample buffer, loaded on an SDS-polyacrylamide gel. Proteins were analysed Spring Harbor Laboratory Press, New York, 2000).
by immunoblotting using standard methods and detected as described above. For 15. Durocher, D. & Jackson, S. P. The FHA domain. FEBS Lett. 513, 58-66 (2002).
phosphatase treatment of cell extract, 1,200 units of X protein phosphatase (New England 16. Matsuoka, S., Huang, M. & Elledge, S. S. Linkage of ATM to cell cycle regulation by the Chk2 protein
Biolabs) were added to the extract in the presence of MnC12 and incubated for 30 min at kinase. Science 282,1893-1897 (1998).
30'C. The phosphatase was then heat inactivated. 17. Cortez, D., Wang, Y., Qin, J. & Elledge, S.1. Requiresnent ofATM-dependent phosphorylation ofbrcal

in the DNA damage response to double-strand breaks. Scienace 286, 1162-1166 (1999).
H2AX peptide pull-down assay 18. Matsuoka, S. et al. Ataxia telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc. Natl

Two peptides to the last C-terminal 10 amino acids of human H2AX (CKATQASQEY) Acad. Sci. USA 97, 10389-10394 (2000).

were synthesized (Bethyl), one of which was phosphorylated on the serine residue. The 19. Tibbetts, R. S. et al. Functional interactions between BRCAI and the checkpoint Binase ATR during

peptides were coupled to beads by using the Sulfolink kit (Pierce). 
2

0 jig of coupled genotoxic stress. Genes Dev. 14, 2989-3002 (2000).

peptide were used per pull-down. The assay was essentially identical to the 20. Paull, T. T. et al. A critical role for histone H2AX in recruitment of repair factors to nuclear foci after

immunoprecipitation protocol as described above. DNA damage. Cure Biol. 10, 886-895 (2000).
21. Wang, Y et al. BASC, a super complex of BRCAI -associated proteins involved in the recognition and

H2AX peptide In vitro binding assay repair of aberrant DNA structures. Genes Dev. 14, 927-939 (2000).
22. Rogakou, E. P., Boon, C., Redon, C. & Bonner, W. M. Megabase chromatin domains involved in DNA

MDC1 construct (2 pg) was translated in vitro for 90 min at 30'C by using the double-strand breaks in vivo. J. Cell Biol. 146, 905-916 (1999).
TNT-coupled reticulocyte lysate system (Promega) containing 20 pCi of 

tt
S-labelled 23. Rappold, L., Iwabuchi, K., Date, T. & Chen, 1. Tumor suppressor p53 binding protein 1 (53BPI) is

methionine (Anmersham Biosciences). Half of each reaction was added to a volume ofNETN involved in DNA damage-signaling pathways. J. Cell Biol. 153, 613-620 (2001).
lysis buffer containing 1% NP40. Coupled H2AX peptide (20 jug) was added and 24. Takai, H. etal. Aberrant cell cycle checkpoint function and early embryonic death in ChkI-h- mice.
incubated for I h at 4 *C. The beads were washed thoroughly with NETN and the bound Genes Dev. 14,1439-1447 (2000).
proteins analysed by western blotting. 25. Liu, Q. et al. Chkl is an essential kinase that is regulated by Atr and required for the G,/M DNA

damage checkpoint. Genes Dec 14, 1448-1459 (2001).
Colony-forming assay 26. Kim, S. T., Xu, B. & Kastan, M. B. Involvement of the cohesin protein, Stml, in Atm-dependent and
U20S cells transfected with siRNA were seeded at low density and irradiated with various independent responses to DNA damage. Genes Dev. 16, 560-570 (2002).
doses of ionizing or UV radiation. Cells were left for 14 days at 37 'C to allow colonies to 27. Yazdi, P.T. et ASMC1 isa doswnstream effector in the ATM/NBSItbranch of the human S-phase
form. Colonies were stained with 2% methylene blue/50% ethanol and counted. Colonies checkpoint. Genes Dev. 16, 571-582 (2002).

were defined as containing 50 or more cells. 28. Zhao, H., Watkins, J. L. & Piwnica-Worms, H. Disruption of the checkpoint kinase I/cell division
cycle 25A pathway abrogates ionizing radiation-induced S and G2 checkpoints. Proc. Natl Acad. Sci.

Radio-resistant DNA synthesis assay USA 99, 14795-14800 (2002).

The RDS assay was done as described as before. Briefly, cells were transfected with siRNA
oligonucleotides, and 4 h later were placed into McCoy's 5A medium containing 10 nCi of Supplementary Information accompanies the paper on Natsre's website
"tOC-labelled thymidine (NEN Life Science Products Inc.) per millilitre overnight. The (0 http://www.nature.com/nalure).
medium containing 14CClabelled thymidine was then replaced with normal McCoy's 5A
nmedium, and the cells were incubated for another 24 h. Cells were irradiated, incubated for Acknowledgements We thank A. Nussenzweig for the gift of the H2AX null MEFS and the
30 min at 37°C, and then pulse-labelled with 2.5 .aCi [3H]thymidine (NEN Life Science corresponding wild-type MEFs. We thank P. Cooper, I. Chen and S. Jackson for sharing
Products Inc.) per millilitre for 15 rin. Cells were harvested, washed twice with PBS, and unpublished information and helpful discussions. We thank D. Lou for excellent technical
fixed in 70% methanol for 30 rin. After the cells were transferred to Whatman filters and assistance and N. Foray for technical advice. This work was supported by a National Institutes of

fixed sequentially with 70% and then 90% methanol, the filters were air-dried and the Health Grant to S.J.E. B.W. is a fellow of the US Army Breast Cancer Postdoctoral Trainee Award,
amount of radioactivity was assayed in a liquid scintillation counter. The resulting ratios of and S.J.E. is supported by a grant from the NIH, is an Investigator with the Howard Hughes
3H counts per minute to "4C counts per minute, corrected for those counts per minute that Medical Institute and is a Senior Scholar of the Ellison Foundation. C.R.B. is supported by the
were the result of channel crossover, were a measure of DNA synthesis. Leukemia Research Fund. G.S.S. is supported by the European Molecular Biology Organization

(EMBO).
Immunofluorescence
Cells were fixed with 3% paraformaldehyde/2% sucrose for 10 min, permeablized with Competing Interests statement The authors declare that they have no competing financial
0.5% Triton X-100 solution, and then immunostained with primary antibodies against interests.
various proteins and the appropriate Alexa488- (green, Molecular Probes) and Cy3- (red)
conjugated secondary antibodies (Amersham Biosciences). Images were taken with a Zeiss Correspondence and requests for materials should be addressed to S.J.E.
confocal microscope. (e-mail: selledge@bcm.tmc.edu).
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p53-binding protein-1 (53BP1) is phosphorylated in kinases, transcription factors, and DNA repair proteins by
response to DNA damage and rapidly relocalizes to pre- targeting (S/T)Q motifs (2). A second PIK, ATR (ATM- and
sumptive sites of DNA damage along with MrelI and the Rad3-related), also responds to y-IR, but it appears to respond
phosphorylated histone 2A variant, y-H2AX. 53BP1 asso- primarily to agents that create replicational stress (i.e. hy-
ciates with the BRCA1 tumor suppressor, and knock- droxyurea and aphidicolin) (2). ATM and ATR have distinct but
down experiments with small interfering RNA have re- overlapping substrate specificities including the ability of both
vealed a role for the protein in the checkpoint response enzymes to target p53 serine residue 15 (Ser-15) as well as the
to DNA damage. By generating mice defective in product of breast cancer susceptibility gene 1, BRCA1, at Ser-
m53BP1 (m53BP1tr/tr), we have created an animal model 1423 (3, 4). BRCA1 is a major target of the DNA damage
to further explore its biochemical and genetic roles in response, and mutations in BRCA1 contribute to nearly 50% of
vivo. We find that m53BP1tr/tr animals are growth-re- response, and m s ar cntr to near 5 aotaddand show various immune deficiencies including familial forms of breast and ovarian cancer (5). BRCA1 had
tarded show varion immus sizen ces clung been found associated with RNA polymerase 11 (6), chromatin-
a specific reduction in thymus size and T cell count.
Consistent with a role in responding to DNA damage, we remodeling factors (7), and a variety of DNA repair and repli-

find that m53BP1tr/tr mice are sensitive to ionizing radi- cation factors (8-10). Indeed, BRCA1 has been shown to func-
ation (,y-IR), and cells from these animals exhibit chro- tion in genomic stability by controlling homologous
mosomal abnormalities consistent with defects in DNA recombination, transcription-coupled repair of oxidative DNA
repair. Thus, 53BP1 is a critical element in the DNA damage, and cell cycle checkpoints (11-14).
damage response and plays an integral role in maintain- One protein that contains numerous (S/T)Q motifs and two
ing genomic stability. C-terminal BRCT repeats is p53-binding protein 1 (53BP1).

53BP1 was discovered as a p53-interacting factor in a two-
hybrid screen (15) and was subsequently proposed to function

DNA damage-response mechanisms ensure the fidelity of as a transcriptional co-activator of p53 (16). Although the re-
chromosomal transmission, and their failure may lead to the lationship between 53BP1 and p53 has not been fully estab-
development of diseases such as cancer (1). In response to lished, 53BP1 and p53 from both Xenopus and humans have
y-IR,' phosphoinositide-like kinases (PIKs) such as ATM (mu- been shown to interact either directly or indirectly in experi-
tated in ataxia-telangiectasia) transduce damage signals to mental settings that express high levels of 53BP1 protein from

plasmids or that naturally occur in eggs (15, 17). We, as well as

* This work was supported by grants from The Robert A. Welch others, have demonstrated previously that 53BP1 is involved in

Foundation (to P. B. C.) and The Ellison Medical Foundation (to the DNA damage-response network (17-20). 53BP1 proteins
P. B. C.) as well as National Institute of Health Grants GM65812-01 (to are phosphorylated in response to y-IR, and this is likely gov-
P. B. C.), DK46207 (to R. E. K.), and 5P30 CA16672 (to W. N. H.). The erned by the action of PIKs like ATM (17, 19, 20). y-IR also
costs of publication of this article were defrayed in part by the payment induces 53BP1 to rapidly relocalize to DNA repair foci, and this
of page charges. This article must therefore be hereby marked "adver-
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate response is delayed or inhibited by treatment with the PIK
this fact. inhibitors caffeine and wortmannin. 53BP1 foci also overlap
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Award. phosphorylated form of the histone variant H2AX (y-H2AX; see
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duced foci. We further deciphered the role of 53BP1 in the DNA ever, the behavior of 53BP1 during interphase in the absence of
damage response by generating mice defective in m53BP1. We extrinsic DNA damage has not been fully investigated. To
report that murine animals expressing a truncated form of examine the interphase behavior of 53BP1 during the course of
m53BP1 (m53BP1tr/t) exhibit a pleiotropic phenotype that in- normal, unperturbed MCF-7 cell cycles, we used a laser scan-
cludes growth retardation, immune deficiencies including de- ning cytometer to determine the nuclear localization of 53BP1
fects in T cell maturation, sensitivity to y-IR, as well as in- and the cellular DNA content for any given cell. In G1, 53BP1
creased chromosomal aberrations. Taken together, these exists in a diffuse nuclear pattern as well as in large nuclear
results reveal that 53BP1 is an integral component of the DNA "dots" (Fig. 1A). In S-phase, 53BP1 can be found in a discrete,
damage-response network and indicate that the protein plays punctate pattern (Fig. 1A). The nuclear distribution pattern of
an important role in maintaining genomic stability. 53BP1 in G2 cells appeared in two types, one similar to S-phase

EXPERIMENTAL PROCEDURES but with fewer foci (Fig. 1A) and one that exhibited few, if any,

Antibodies and Indirect Immunofluorescence-Three antibodies that large dots (not shown). It is well established that 53BP1 relo-

recognize both the human and murine 53BP1 proteins were generated calizes to nuclear foci in response to DNA damage (17-20). We
for this study. We found that our 53BP1 antibodies recognize both the found that 53BP1 and ATR co-localized to nuclear foci in re-
murine and human proteins. Polyclonal antibodies raised against glu- sponse to hydroxyurea (Fig. 1B). We also found that 53BP1
tathione S-transferase fusion proteins encoding the first 524 amino physically associates with ATR in nuclear extracts derived
acids of human 53BP1 (a53BP1) or the last 200 residues of the protein from K562 cells (Fig. 1C). 53BP1 can be detected in ATR
(a53BP1-C) were affinity-purified by established procedures and used immunoprecipitates and ATR is present in 53BP1 immunopre-
as described in the text. a53BP1-N is a polyclonal, anti-peptide anti- cipitates and ATe is prs ind Bp1nimt unopre-
body that was raised against an N-terminal sequence GVLELSQSQD- cipitates, and the association occurs independently of DNA
VEE that is conserved between human and murine 53BP1 proteins, damage (Fig. 1C). Moreover, ATR phosphorylates 53BP1 in
Polyclonal antibodies were affinity-purified by standard methods. An- vitro (not shown). Thus, 53BP1 interacts with various factors
ti-HA antibodies were purchased from Covance, and anti-ATR antibod- implicated in genomic stability including ATR, p53, H2AX,
ies were obtained from Oncogene Research Products. BRCA1, and Chk2. To address which structural elements of

Mouse Genetics and Genotyping of m53BPlllrr/ Animals-Murine 53BP1 are required for the formation of irradiation-induced
animals defective in m53BP1 (m53BP1t/'f) were generated with a ran- foci we created a series of mutant constructs in the 53BP1-
dom retrovirus as described previously (29). Genomic DNA was isolated
from mouse tail snips by standard methods. Insertion of VICTR54 expression vector pCMH6K53BP1 (16). We generated mutant
introduces new XbaI sites into the intron preceding exon 14 of the forms of 53BP1 that deleted the C-terminal BRCT motifs
wild-type allele. Therefore, a disrupted m53BP1 allele will be broken (ABRCT), the kinetochore-binding region (AKINET), the N-
into multiple XbaI fragments including a 5'-proximal, 1.5-kb fragment. terminal 1,234 residues except for the initiation codon (ANH3),
To detect this fragment, we PCR-amplified and labeled with `2P a probe and a protein mutated at 15 potential phosphorylation sites
downstream of the 5' naturally occurring XbaI site but upstream of the
one introduced by VICTR54, as shown in Fig. 2A. The primers used to (15AQ), some of which are known to be targeted dunng the
amplify the 700-base pair probe for Southern analysis were 5'-CTCAG- DNA damage response.2 All constructs maintained the nuclear
CATCCATGCTGGGC-3' and 5'-TACTTAATGAGGCTAGAGCACAGC- localization signal. Transient tranfections with these various
3'. The sequences of the primers used for RT-PCR analysis were as constructs into MCF-7 cells revealed that the mutant proteins
follows: A, 5'-CCTCAGGCAGAGTGAACA-3'; B, 5'-CTCTGTGTCGTC- were being expressed (not shown). We confirmed that the wild-
CACGGGAGCACT-3'; C, 5'-GTGGCGATGCAAGACATGGCCA-3'; D, type, HA-tagged version of 53BP1 encoded by pCMH6K53BP1
5'-GCCAAGAACAGATGGAACAGCTGA-3'. Either poly(A)+ or total
RNA was isolated by standard methods and used to prepare cDNA with generated nuclear foci in response to DNA damage when im-
the Superscript one-step PCR system (Invitrogen). munostained with an antibody specific for the HA tag (Fig. 1D).

Immune System Analysis-Bone marrow, thymus, and spleen tissue Untransfected cells were found to stain negative with anti-HA
were analyzed in 8-week-old male and female mice. Bone marrow was antibodies (not shown). Our results indicate that the majority
flushed with Hank's balanced salt solution (Invitrogen) from two fe- of 53BP1 appears dispensable for DNA damage-inducible focus
murs per animal. Cells were counted in 3.0% acetic acid with a hemo- formation, including the N-terminal 1,234 residues (which in-
cytomter. Bone marrow cells were stained in Hank's balanced salt cludes numerous (S/T)Q motifs) as well as the C-terminal
solution/2.0% fetal bovine serum, with Fc block, CD11b (Mac-l), Gr-1,
terll9, CD19, anti-IgM, CD45R/B220, and CD43 (all from Pharmin- BRCT motifs (Fig. 1D). Surprisingly, AKINET, a 380-amino-
gen). flow cytometric analysis was performed on a BD Biosciences acid deletion (residues 1,236-1,615) that removes the kineto-
FACScan, with CellQuest software, and appropriate negative isotype chore binding region (28) of 53BP1, failed to form irradiation-
control antibodies (Pharmingen) were used in all analyses. Spleens and induced foci as the protein persisted in a diffuse nuclear
thymuses were excised and gently crushed through 100-gm cell strain- pattern after irradiation (Fig. 1D).
ers (Falcon) in Hank's balanced salt solution/fetal bovine serum. Red patern a f irraDiain(ig. 1D).
blood cells were lysed with ACK buffer (0.15 M NH4C1, 1.0 mM KHCO3, Generation of Mice Defective in m53BP1 (m53BP1tr/-To
0.1 mnm EDTA, pH 7.2) (5 ml/spleen or thymus, 5 min at room temper- begin to decipher the functional role for 53BP1 in the DNA
ature). After centrifugation and washing with phosphate-buffered sa- damage response, we identified embryonic stem cells
line/2.0% fetal bovine serum, the cells were counted as above and (OST94324) from Omnibank (29) containing a single, -5.0-kb
stained for flow cytometric analysis. Thymic cells were stained with retroviral insertion (VICTR54; Fig. 2A) in murine 53BP1
CD4, CD8, CD25, CD44, and CD3 (Pharmingen). Flow cytometry was (m53BP1; 1,957 amino acids; 80% identity to human 53BP1;
performed as above. see Ref. 28). VICTR54 was found inserted within a 4.9-kb

Chromosome Aberration Studies-Exponentially growing passage 2
MEFs were irradiated at room temperature with 0, 0.5, or 1.5 Gy of Y-IR intron located between exons 13 and 14 (Fig. 2A). VICTR54,
using a Nasatron irradiator, returned to 37 °C for 30 min to allow cells and its related vectors, are usually found within introns and
irradiated in mitosis to exit, and then incubated with 1 gg/ml colcemid contain splice acceptor (SA) and donor (SD) sequences such
for 2 h prior to cell harvest, hypotonic (0.075 M KC1) fixation (3:1 that a neomycin (NEO) resistance gene and flanking sequences
methanol:glacial acetic acid), and metaphase spread preparation. Dried are spliced into the mature transcript as an exon (Fig. 2A) (29).
slide preparations were stained with Giemsa and examined for the These transcriptional fusions disrupt the coding sequence
presence of chromatid gaps, breaks, and exchanges by light microscopy.
Between 50 and 100 metaphases were scored for each treatment. through the introduction of premature stop codons. Such gene

trapping methodologies have been applied previously to under-
RESULTS AND DISCUSSION standing gene function (29). OST94324 cells were used to gen-

Dynamic Nuclear Localization of 53BP1 in the Absence and
Presence of DNA Damage-It has been recently shown that
53BP1 localizes to the kinetochore during mitosis (28). How- 2 Z. Xia, J. C. Morales, and P. B. Carpenter, unpublished data.
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FIG. 1. Dynamic nuclear localization of human 53BP1 during interphase, association with ATR, and structural requirements for
DNA damage inducible focus formation. As shown in A, immunofluorescence analysis with an antibody specific for 53BP1 (a53BP1; see
"Experimental Procedures") reveals the nuclear staining pattern for cells unambiguously assigned to the Gl-phase (left), S-phase (middle), and
G2-phase (right) of the cell cycle as determined by DNA content with a lasing scanning cytometer. Black and white images were captured with a
x 100 objective on a Zeiss Axiophot and pseudocolored in Adobe PhotoShop. As shown in B, ATR and 53BP1 co-localize to nuclear foci in response
to hydroxyurea (2.0 inm). Left panel, immunostaining for 53BP1. Middle, immunostaining with an antibody specific for ATR (see "Experimental
Procedures"). Right, merged images to show co-localization between 53BP1 and ATR. As shown in C, ATR and 53BP1 physically interact before
and after DNA damage. K562 cells were grown and either left untreated (lanes 1 and 2) or treated with 2.0 mm hydroxyurea (HU; lane 3) for 18 h
prior to the preparation of nuclear extracts for immunoprecipitation with an antibody against 53BP1 (left panel) or ATR (right panel). Immuno-
blotting was then performed with the reciprocal antibodies as shown. D, schematic representation of primary structure of 53BP1 (not drawn to
scale). Hatched lines represent locations of(S/T)Q sites mutated in 15AQ. KINET, kinetochore-binding region (28); NLS, nuclear localization signal
(28). E, identification of a region of 53BP1 required for irradiation-induced focus formation. Wild-type, HA-tagged 53BP1 and various mutant
derivatives were transfected into MCF7 cells and treated with 10 Gy of ionizing radiation prior to fixation and immunostaining with an antibody
specific for the HA tag (Covance). The following constructs expressing in-frame 53BP1 deletions or mutations were made: ABRCT (deletes amino
acid residues 1,786-1,964), AKINET (deletes amino acid residues 1,236-1,615), ANH3 (deletes the first 1,234 amino acids residues except for the
initiation codon), and 15AQ, a construct with mutations in 15 (S/T)Q sites. The following serine or threonine residues were mutated to alanines
in 15AQ: Ser-6, Ser-13, Ser-25, Ser-29, Ser-105, Ser-166, Ser-176, Ser-178, Thr-302, Ser-452, Ser-523, Ser-543, Ser-625, Ser-784, Ser-892. All
constructs were verified by DNA sequencing and expressed in either 293T or MCF7 cells (not shown).

erate transgenic animals heterozygous in m53BP1 (m53BP1±/ and m53BPtr/tr animals. By using antibodies specific for the N
tr) as described previously (29). Southern blotting with DNA and C termini of 53BP1 (a53BP1-N and a53BP1-C, respec-
isolated from tail biopsies confirmed the disruption in m53BP1 tively; see "Experimental Procedures"), we determined that a
and was used to genotype the animals (Fig. 2B; see "Experi- truncated m53BP1 protein corresponding to m53BPltr ap-
mental Procedures"). Crosses between heterozygous animals peared in heterozygous and mutant extracts but not in wild-
produced m53BP1tr/tr progeny born at the expected frequen- type ones (Fig. 2E). The levels of m53BPltr appeared much
cies. The m53BP1tr/tr animals were found to be fertile, but we lower than the full-length protein and, in some cases, we ob-
did observe that crosses between mutant animals produced served an apparent isoform of m53BP1 in wild-type and het-
smaller litters as some embryos spontaneously aborted and erozygous animals (Fig. 2E). The disappearance of full-length
were reabsorbed by the mother (data not shown). RT-PCR m53BP1 in the mutant samples was accompanied by the ap-
analysis with various primers 5' and 3' to the insertion dem- pearance of a smaller protein corresponding to m53BPltr (Fig.
onstrated that exon 13 failed to properly splice next to exon 14 2E). We observed that a53BP1-N cross-reacted with m53BP1tr

in the m53BP1tr/tr mice (Fig. 20). Rather, the "artificial" exon but not with a53BP1-C, demonstrating that m53BP1 is indeed
containing neomycin from VICTR54 was spliced adjacent to truncated in m53BP1tr/tr animals (Fig. 2, E and F).
exon 13 as verified with primers specific for exon 13 and the Immune Deficiencies in m53BP1t*'tr Mice-We observed that
neomycin gene (primer set D/A; Fig. 2C). Sequencing of a m53BPltl/tr animals were growth-retarded as the males and
cloned RT-PCR product spanning the insertion event revealed females were found on average to weigh 25 and 15% less,
that the natural coding sequence of m53BP1 had stopped after respectively, than their wild-type littermates (Fig. 3A). We
residue 1,205, where it then fused to 21 residues derived from found that thymuses derived from m53BPltrftr animals were
VICTR54 before terminating (Fig. 2D). Therefore the disrupted significantly smaller and possessed fewer cells than those from
allele of m53BP1 encodes a truncated 1,226 residue protein m53BP1+/+ animals (Fig. 3B). This suggests that defects in
(m53BPltr), and notably, m53BPltr is missing over 700 resi- m53BP1 may contribute to immune deficiencies, a result that
dues including its functional nuclear localization signal, kine- has been observed for various DNA damage-response factors,
tochore binding domain (KINET), and two BRCT motifs (Fig. including H2AX (24). We found that the lymphoid organ archi-
2D). To determine whether m53BP1tr was expressed, we per- tecture of thymuses, as assayed by hematoxylin and eosin
formed immunoprecipitation/Western blotting (IP/WB) analy- staining of tissue sections, appeared normal in m53BP1tr/tI
sis from brain extracts derived from m53BP1+/+, m53BP1+Itr, mice (data not shown). In addition, flow cytometric analysis
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FIG. 2. Generation and characterization of mice defective in m53BP1 (m53BP1tr/tf). A, schematic diagram of insertion event in
m53BP1 (not drawn to scale). The thick horizontal lines represent positions of probes for Southern blotting as described in B. Arrows represent
the position and orientation of PCR primers used in C. The insertion of VICTR54 was determined by DNA sequencing to reside within the
intron preceding exon 14 at nucleotide position 1,730 (marked by *). Splicing of the neomycin gene and flanking DNA produces a transcript
that potentially disrupts the proper splicing of exons 13 and 14. LTR, long-terminal repeat; NEO, neomycin resistance gene; PGK,
phosphoglycerate kinase-1; BTK, Bruton's tyrosine kinase; SA and SD, splice acceptor and donor, respectively. B, top, Southern blotting to
determine the genotype of m53BP1-defective animals. 10 gg of genomic DNA was digested with XbaI and was probed with a radiolabeled
fragment (see "Experimental Procedures") capable of discerning wild-type (WT) and mutant alleles as discussed under "Experimental
Procedures." Bottom, a 700-bp probe derived from the neomycin gene was used to help genotype the animals. +/+, wild type; +/tr,
heterozygous; tr/tr, homozygous. As shown in C, RT-PCR analysis indicates that improper splicing occurs between exons 13 and 14 in
m53BP1tr/tr mice. Positions and orientation of primers for PCR are indicated in A. Control reactions without reverse transcriptase showed
essentially no amplified products (not shown). As shown in D, m53BPltr/tr encodes a truncated protein of 1,226 amino acids. RT-PCR products
derived from primer set A/D (as shown in C) using RNA isolated from m53BP1tr/tr animals as template were cloned into the TA vector
(Invitrogen). DNA sequencing and conceptual translation indicated that m53BPltr/tr animals potentially encode a truncated m53BP1 protein
(m53BPlt) of 1,205 natural residues along with an additional 21 residues derived from the VICTR54 vector. m53BP1tr is missing over 700
C-terminal residues, including those that specify the kinetochore binding domain (KINET; amino acids 1,220-1,601), the nuclear localization
signal (NLS; mapped to amino acids 1,601-1,703; ref), and the C-terminal BRCT repeats (amino acids, 1,665-1,957). The small, vertical
rectangle in m53BP1 represents the additional vector-derived 21 residues. E and F, detection of m53BPltr protein by IPIWB analysis. 1.0 mg
of total brain protein extracts derived from +/+, +/tr, and tr/tr animals was immunoprecipitated with 5 jkg of affinity-purified antibody
(a53BP1-N) raised against an N-terminal peptide sequence (see "Experimental Procedures") and split into two equal parts. One part (E) was
blotted with a53BP1-N, and the other (F) was immunoblotted with an affinity-purified antibody specific for the C terminus (a53BP1-C). E, lane
1, IP from 100 gg of MCF-7 nuclear extract. Lane 2, IP with nonspecific IgG control, Lanes 3-5, IP with +/+, +/tr, and tr/tr animals as
determined in B. IP/WB analysis shows the presence of m53BP1 in m53BP1Plr and m53BP1 11r animals but not of m53BP " ones. In some
cases, we observed an apparent isoform of m53BP1 in brain tissue, as designated by the asterisk. F, WB with a53BP1-C, an affinity-purified
antibody against the C-terminal 200 residues of human 53BP1. As shown, a53BP1-C recognizes full-length m53BP1 but fails to immunoreact
with m53BPlt, indicating that the protein is indeed missing C-terminal residues of m53BP1.
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FIG. 3. Growth retardation and immune deficiencies in mice defective in m53BPZ. A, mean body weight, in grams, of m53BP14 1 + and

m53BPlrtr mice. (n = 10). As shown in B, reduced thymus size in m53BP1'•t animals results in lower tissue cell count. Mean cell numbers are X
10' (per mouse) of bone marrow (two femurs per mouse), spleens, and thymuses from m53BP1t1 ' and m53BP1tl' mice (n = 4). C, defective T cell
development in m53BP1t't mice as revealed by double-negative thymocyte populations. CD4÷ and CD8+ cells were removed by gating, leaving
DNI (CD44+CD25-), DNII (CD44+CD25÷), DNIII (CD44-CD25+), and DNIV (CD44-CD25-) thymocytes. Numbers in the histogram quadrants
are average percentages for four mutant or control animals. D, defective B cell development in m53BP1•'/ animals. Immature (IgM'IgD°),
transitional (IgMiIgDi), and mature (IgDWIgMi) B cells in m53BP1*'+ and m53BP1tr/tr mouse spleens. Numbers in the histogram quadrants are
average percentages for four mutant or control mice.

with a variety of markers (e.g. B220, CD43, Gr-1, CDlia, and doses of 7-IR (1.5 Gy) remained viable (Fig. 4B). To further
Terll9) revealed that bone marrow pro-B, pre-B, myeloid, and explore m53BP1 function, we generated embryonic fibroblasts
erythroid progenitor populations were normal in m53BPltr/tr (MEFs) from wild-type and m53BPltr/ir animals. m53BPltr/t
mice (not shown). Although CD4 and CD8 T cell populations MEFs proliferated more slowly than their wild-type counter-
were proportionately similar in m53BPltl/tr and m53BP1+1+ parts (Fig. 5A). Immunofluorescence analysis indicated that
thymuses, we observed that progression out of the DNIII stage the truncated m53BP1 protein expressed in m53BP1tr/tr ani-
of early thymocyte development was impaired in m53BPltr/tr mals failed to form foci in response to DNA damage as it was
animals (Fig. 3C), the stage at which 13-gene rearrangement essentially absent from the nucleus (data not shown). This
occurs. This indicates that m53BP1 participates in proper T result is consistent with our transfection studies, which have
cell development, a process known to require various DNA shown that C-terminal determinants (AKINET) are necessary
repair factors (30). We also found that spleens derived from for focus formation. The relative growth of the mutant and the
m53BPltr•/t animals were similar in size and organ architec- wild-type MEFs was reminiscent of what has been recently
ture to those from m53BPltrt•r animals and that the lack of described for H2AX (24). To further characterize cells defective
functional m53BP1 did not affect the proportions of B and T in m53BP1, we examined the cytological consequences of im-
lymphocytes (data not shown). We did observe, however, that paired m53BP1 function in early passage MEFs derived from
m53BP1tr/tr spleens were deficient in mature B cells m53BPltr/tr and m53BP1+/+ animals. For this, exponentially
(IgM°IgDh'; Fig. 4D), suggesting that deficiencies in m53BP1 growing MEFs (passage 2) were treated with 0, 0.5, or 1.5 Gy of
may also result in defective B lymphocyte development. y-IR, and metaphase preparations were examined 2.5 h post-

Genomic Instability in m53BPltr/tr Mice-Mice with defects irradiation. Untreated MEFs derived from m53BPltT/fr animals
in double-stranded break repair are highly sensitive to y-IR. To showed increased levels of chromatid gaps, breaks, and, to a
evaluate whether m53BP1 contributes to increased sensitivity lesser extent, exchanges when compared with those derived
to DNA damage, we treated m53BPltr/tr or wild-type animals from m53BP1+1 + mice, suggesting an intrinsic genomic stabil-
with 7 Gy of y-IR. After this whole body irradiation treatment, ity defect in the mutant cells (Fig. 5, B and C). More strikingly,
we found that 100% of the mutant animals died between 9 and irradiated MEFs derived from m53BP1tr/tr animals showed an
15 days post-irradiation in contrast to only 16% of the control -2-fold increase in levels of chromatid breaks and gaps when
littermates (Fig. 4A). This shows that animals defective in compared with MEFs derived from wild-type mice (Fig. 5, B
m53BP1 are highly sensitive to 7-IR, a result that parallels and C). Although MEFS from m53BPltr/tr animals showed
previous observations with HI2AX-deficient mice (24). Despite relatively high chromatid exchange rates at 0.5 Gy when com-
this, we found that m53BPltr/tr animals treated with lower pared with those from m53BP1+"' animals, this difference was
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less apparent at 1.5 Gy, perhaps due to the limited progression
A. lIdVctY to mitosis of the most damaged cells from both populations

during this time frame. One possible explanation for the in-
S01 creased frequencies of chromosomal aberrations observed in

the m53BP1tr/tr MEFs following irradiation might be a defi-
•':' _ ciency in a G2 checkpoint response whereby more damaged

cells would still be permitted to enter mitosis and would be
available for chromosome analysis. In fact, recent reports have

, implicated 53BP1 in the G2/M checkpoint (25-27). To examine
S~ this in our MEFs, either m53BP1tr/t or wild-type MEFs were

treated with 0, 1.5, or 10 Gy of y-IR, and cultures were ana-
lyzed for the fraction of cells showing phospho-histone H3 im-
munostaining (mitotic cells) either after 1 or 16 h post-irradi-
ation (in the presence of colcemid). Although all cell types
showed evidence of a partial G2/M block following irradiation,

BM ,W MEFs derived from m53BP1t1/tr mice showed only a slight
decrease, if any, in the G2 block when compared with MEFs

S !kderived from wild-type mice (data not shown). The minimal
effects on the G2/M checkpoint observed in our- m53BP1tr/tr

SMEFs may be due to the nature of the truncated protein pro-
duced from the m53BP1tr/t allele that is expressed in our
mutant animals described here.

53BP1 interacts with a variety of factors known to be in-
volved in the maintenance of genomic stability including ATR,
p53, H2AX, BRCA1, Chk2, and ATM (15, 20, 25, 27). The

FiG. 4. Characterization of animals and cells defective in generation of murine animals defective in m53BP1 provides a
m53BP1t'' t'. A, survival of 4-6-week-old m53BPltlr•l and mn53BP1"+ valuable tool to further understand the role of the protein in
mice after exposure to 7 Gy of y-IR. Six animals from each genotype
were used in the experiment. B, survival of 4-6-week-old m53BP1tr/t the DNA damage response. The m53BP1tr/tr allele expresses a
animals after exposure to 1.5 Gy of ionizing radiation, truncated version of m53BP1, and this likely represents a
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FIG. 5. Chromosomal abnormalities in m53BPlt•/• cells. A, growth curve of MEFs derived from mn53BP1t•/t (open diamonds) and
m53BP1' (closed circles). B, metaphase preparation of mutant MEF following 1.5 Gy of y-IR. Note the presence of a chromatid gap, two chromatidbreaks, and one chromatid exchange in the metaphase sample. C, relative frequencies of chromatid gaps, breaks, and exchanges in metaphases
of wild-type and mutant MEFs following 0, 0.5, and 1.5 Gy of ionizing radiation.
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significant impairment in some aspects of its function, development of cancer. The analysis of cells derived from these
m53BP1tr/tr is missing over 700 amino acids including the crosses is likely to provide more insight into how 53BP1 func-
nuclear localization signal, the C-terminal BRCT motifs, and a tions in the DNA damage response in concert with its various
kinetochore-binding domain. We have observed that this do- interacting partners.
main is also necessary for forming irradiation-induced nuclear
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