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BRCA1 carboxyl-terminal (BRCT) motifs are present in a number of proteins involved in DNA repair and/or
DNA damage-signaling pathways. Human DNA topoisomerase II binding protein 1 (TopBP1) contains eight
BRCT motifs and shares sequence similarity with the fission yeast Rad4/Cut5 protein and the budding yeast
DPB11 protein, both of which are required for DNA damage and/or replication checkpoint controls. We report
here that TopBP1 is phosphorylated in response to DNA double-strand breaks and replication blocks. TopBP1
forms nuclear foci and localizes to the sites of DNA damage or the arrested replication forks. In response to
DNA strand breaks, TopBP1 phosphorylation depends on the ataxia telangiectasia mutated protein (ATM)
in vivo. However, ATM-dependent phosphorylation of TopBP1 does not appear to be required for focus
formation following DNA damage. Instead, focus formation relies on one of the BRCT motifs, BRCT5, in
TopBP1. Antisense Morpholino oligomers against TopBP1 greatly reduced TopBP1 expression in vivo. Similar
to that of ataxia telangiectasia-related protein (ATR), Chk1, or Hus1, downregulation of TopBP1 leads to
reduced cell survival, probably due to increased apoptosis. Taken together, the data presented here
suggest that, like its putative counterparts in yeast species, TopBP1 may be involved in DNA damage and
replication checkpoint controls.

Cell cycle checkpoints induced by DNA damage are essen-
tial for maintaining genetic integrity. Signals of DNA damage
lead to cell cycle arrest and allow time for the repair of dam-
aged DNA (for recent reviews, see references 41, 45, and 72).
Failure of checkpoint responses results in genetic instability,
frequently leading to cancer development.

In mammals, ataxia telangiectasia mutated protein (ATM)
and ataxia telangiectasia-related protein (ATR), two phospha-
tidylinositol-3 kinase (PI3K)-related protein kinases, are es-
sential components in DNA damage-signaling pathways. In
response to DNA damage and/or replication blocks, ATM and
ATR activate the downstream checkpoint kinases Chk1 and
Chk2/Cds1 (see references 41, 45, and 72 for details). To-
gether, these four DNA damage-activated kinases phosphory-
late and regulate a number of proteins, including Cdc25C (4, 7,
13, 35, 39, 51), Cdc25A (21, 36), NBS1 (24, 34, 65, 70), p53 (3,
11, 14, 28, 31, 55, 58), BRCA1 (15, 17, 23, 25, 32, 59), and CtIP
(33). By regulating the functions of these proteins and other
unidentified substrates, these kinases play essential roles in
coordinating DNA repair, cell cycle progression, transcrip-
tional regulation, and apoptosis in response to various DNA-
damaging events.

In order to understand in detail the mammalian DNA dam-
age-signaling pathway, one has to identify the physiological
substrates of ATM and ATR. It is interesting that several ATM

and/or ATR substrates, including BRCA1 and NBS1, contain
BRCA1 carboxyl-terminal (BRCT) motifs. BRCT motifs were
originally identified in the breast cancer tumor suppressor pro-
tein BRCA1 (30) and have since been identified in a number of
proteins involved in DNA repair (e.g., XRCC1 and DNA li-
gases III and IV) and cell cycle checkpoints (e.g., Cut5/Rad4,
Crb2, and Saccharomyces cerevisiae Rad9 [scRad9]) (6, 10).
At least for BRCA1, the BRCT motifs appear to be critical
for its tumor suppression function, since these motifs are
frequently lost or mutated in tumor-associated BRCA1 mu-
tants.

DNA topoisomerase II binding protein 1 (TopBP1), a pro-
tein containing eight BRCT motifs, was cloned through its
association with topoisomerase II� in a yeast two-hybrid
screen (68). While the biological significance of TopBP1-topo-
isomerase II interaction remains to be resolved, TopBP1
shares sequence and structural similarities with the fission
yeast Rad4/Cut5 protein. Rad4/Cut5 is a checkpoint Rad pro-
tein involved in cellular responses to DNA damage and repli-
cation blocks (22, 40, 47–50, 60). Genetic and biochemical
studies suggest that Schizosaccharomyces pombe Rad4/Cut5
(pRad4/Cut5) and its associated protein spCrb2 interact
with the checkpoint kinase spChk1 and act upstream of
spChk1 in the checkpoint signaling pathway (47). Thus,
eight checkpoint Rad proteins (Rad3, Rad17, Rad9, Rad1,
Hus1, Cut5/Rad4, Crb2, and Rad26) are required to activate
the downstream checkpoint protein kinases Chk1 and/or
Cds1/Chk2 in fission yeast (for reviews, see references 41,
45, and 72).

The S. cerevisiae homologue of spRad4/Cut5 is DPB11, a
protein that interacts with DNA polymerase and is required for
S-phase progression as well as DNA damage and S-phase
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checkpoint controls (2, 62). DPB11 is required for the proper
activation of the checkpoint kinase RAD53, the budding yeast
homologue of spCds1/human Chk2 (hChk2), following DNA
damage and replication blocks (62), suggesting that DPB11
acts upstream of RAD53 in the DNA damage-signaling path-
way.

In Drosophila melanogaster, the mutagen-sensitive 101 pro-
tein (Mus101) is the closest homologue of spRad4/Cut5 and
scDPB11 (67). Mus101 contains seven BRCT motifs distrib-
uted throughout its primary sequence. Some mus101 mutant
phenotypes include hypersensitivity to DNA-damaging agents
and ionizing radiation, defects in DNA synthesis, and chromo-
some instability, suggesting that, like spRad4/Cut5 and sc-
DPB11, Mus101 also plays a role in DNA repair, replication,
and checkpoint controls.

Because TopBP1 shares sequence similarity with spRad4/
Cut5, scDPB11, and the Drosophila Mus101 protein (dMus101),
we examined whether TopBP1 would be regulated in response
to DNA damage. Here we report that TopBP1 is phosphory-
lated and localizes to the sites of DNA damage in response
to DNA double-strand breaks and replication blocks.
TopBP1 expression peaks in S-phase cells. Similar to what
occurs with other proteins (ATR, Chk1, or hHus1) involved
in S-phase checkpoints, downregulation of TopBP1 results
in reduced cell survival due to increased apoptosis. Taken
together, these results suggest that TopBP1 participates
in the mammalian DNA damage- and/or replication block-
signaling pathways.

MATERIALS AND METHODS

Cell culture and ionizing radiation. Cells were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum in a humidified atmosphere of 5%
CO2 and 95% air at 37°C. The cells were irradiated in a JL Shepherd 137Cs
radiation source at a rate of 10 Gy/min. The cells were then returned to the
culture conditions and maintained for the times indicated in the figure leg-
ends.

Immunoprecipitation, immunoblotting, and antibodies. Immunoprecipitation
and immunoblotting were performed as described previously (54). TopBP1 was
extracted from cells with NETN buffer (0.5% NP-40, 1 mM EDTA, 20 mM
Tris-HCl [pH 8.0], 100 mM NaCl) (5 volumes of cell pellet) on a slowly moving
shaker for 10 min. The sample was centrifuged to isolate the supernatant.
Immunoprecipitation experiments were carried out in NETN buffer. Rabbit
polyclonal anti-TopBP1 serum was purified by using glutathione S-transferase
(GST)–B6-78 (69) immobilized on aminolink-plus columns according to the
manufacturer’s instructions (Pierce). All experiments described here were per-
formed with this affinity-purified anti-TopBP1 antibody.

In phosphatase treatment experiments, TopBP1 immunoprecipitates (30 �l of
a mixture containing a 50% slurry of protein A and 7 �g of antibody in NETN
buffer) were treated with 400 U of lambda protein phosphatase by incubation in
the accompanying buffer (New England Biolabs) for 30 min at 30°C. Polyacryl-
amide gels (5 or 4%) were used for the separation of unphosphorylated and
phosphorylated TopBP1 proteins.

Anti-BRCA1 monoclonal antibody SD118 and anti-NBS1 monoclonal anti-
body EE15 were kindly provided by David M. Livingston and Xiaohua Wu
(Dana-Farber Cancer Institute, Boston, Mass.). Anti-PCNA monoclonal anti-
body PC10 was purchased from Santa Cruz Biotechnology, Inc. The generation
of anti-53BP1 antibodies was described previously (44).

Anti-phospho-TopBP1 antibodies were raised against a peptide (CDEDLLS405

QYENGS) containing phosphorylated Ser405 of TopBP1. The antisera were
precleared with a column containing nonphosphorylated peptides and then
affinity purified with a column containing phosphorylated peptides. Anti-
phospho-Tyr antibody was purchased from Upstate Biotechnology, Inc. Anti-
Myc epitope antibody 9E10 was purchased from Berkeley Antibody Com-
pany.

Immunostaining. Cells grown on coverslips were washed with phosphate-
buffered saline and fixed with 50% acetone–50% methanol (vol/vol) for 10 min
unless otherwise stated. After being washed with TBST (50 mM Tris-HCl [pH
7.4], 150 mM NaCl, 0.2% Tween 20), the coverslips were incubated for 1 h with
primary antibodies in 10% goat serum in TBST at room temperature. The
coverslips were washed three times with TBST and incubated with secondary
antibodies, fluorescein-conjugated goat anti-mouse immunoglobulin G (IgG)
and rhodamine-conjugated anti-rabbit IgG (1:200 dilution; Jackson Immunore-
search Lab), in 10% goat serum in TBST at room temperature for 20 min.
Hoechst dye was added for nuclear staining. After repeated washing, the cover-
slips were mounted on glass slides with 2 drops of a mixture containing 1 mg of
p-phenylenediamine/ml and 90% glycerol in phosphate-buffered saline. The sam-
ples were observed with a fluorescent microscope (Nikon E800) at a magnifica-
tion of �600. Images were captured with a Metamorph imaging system and
processed with Adobe Photoshop software.

FIG. 1. TopBP1 is phosphorylated in response to DNA damage.
(A) K562 cells were treated with � irradiation (�-IR) (10 Gy) or left
untreated (None). After 1 h, whole-cell lysates were immunoprecipi-
tated with anti-TopBP1 antibody. Duplicate samples were treated with
lambda phosphatase (�) or left untreated (�). Western blotting was
performed with anti-TopBP1 antibody. (B) Treatments of cells with
wortmannin (100 �M), caffeine (10 mM), or UCN-01 (1 �M) were
performed 30 min before � irradiation. Dimethyl sulfoxide (DMSO)
was the solvent for wortmannin and was used here as a negative
control. Duplicate samples were treated with � irradiation (�) (10 Gy)
or left untreated (�) and analyzed by Western blotting. (C) Cells
expressing wild-type ATM (K562 and normal lymphoblast) and ATM-
deficient cells (GM031890) were treated with � irradiation (�) (10 Gy)
or left untreated (�) and collected 1 h later. Western blotting was
performed using anti-TopBP1 antibody. Phosphorylated (P) and un-
phosphorylated (unlabeled bar) TopBP1 bands are indicated for all
panels.
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ATM kinase assay. ATM was immunoprecipitated from K562 cells using
anti-ATM antibody 132 raised against a peptide (CKSLASFIKKPFDRG
EVESMEDDTNG). The kinase assay was performed as described previously
(29), except that the immunoprecipitates were washed three times with buffer
containing 1.0 M LiCl.

DNA fragments coding for the SQ or TQ sites of TopBP1 were cloned into the
BamHI and XhoI sites of pGEX-5X-1 (Amersham) by a procedure similar to
that described previously (29). GST fusion proteins (2 �g) were purified as
described previously (69) and used as substrates in the ATM kinase assay.

Transient expression of Myc-tagged TopBP1 and its derivatives. Myc epitope-
tagged TopBP1 in a modified pcDNA3 (Invitrogen) vector was introduced into
SaOS2 cells by using Fugene 6 (Roche) transfection reagent. After 2 days, the
cells were irradiated, fixed, and immunostained as described above.

Colony formation assay and fluorescence-activated cell sorter (FACS)-apo-
ptosis analysis. A pcDNA3.1 derivative with a neomycin resistance gene (26 �g)
was cotransfected with antisense oligomers (500 �M, 12.5 �l) containing artificial
backbone structures (Gene Tools; Morpholino). The Morpholino oligomers used
were As1 (5�-TTGGGACACATCGCTGGTGGTGCAT) (at the translational
initiation site) and As2 (5�-AAACGGTTCTTTGTCATTTCTGGAC) (at the 5�
untranslated region). The control Morpholino oligonucleotide (5�-CCTCTTAC
CTCAGTTACAATTTATA) was a standard control from Gene Tools. The
mixture containing 160 �l of cells was subjected to electroporation at 344 V for
10 ms in a 0.4-cm gapped cuvette. The cells were maintained for 3 days before
being seeded on plates containing RPMI 1640 medium and 1 mg of neomycin/ml.
Colonies were stained and counted 15 days later. Following formaldehyde fixa-
tion, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) assays were performed as suggested by the manufacturer
(Apoalert; Clontech).

RESULTS

TopBP1 is phosphorylated in response to ionizing radiation.
To examine whether TopBP1 is phosphorylated in response to
DNA damage, K562 cells were treated with � irradiation. One
hour later, whole-cell lysates were prepared, immunoprecipi-
tated, and analyzed by Western blotting with anti-TopBP1
antibody. As shown in Fig. 1A, TopBP1 migrated slower in a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel following DNA damage. This slower mobility
of TopBP1 was reversed when the immunoprecipitates were
treated with lambda protein phosphatase (Fig. 1A), suggest-
ing that TopBP1 is phosphorylated in response to DNA dam-
age.

ATM is required for the ionizing radiation-induced phos-
phorylation of TopBP1. ATM plays a central role in cell cycle
checkpoint controls. To examine whether ATM contributes to
the phosphorylation of TopBP1 following DNA damage, we
pretreated cells with wortmannin or caffeine, two agents that
can inhibit PI3K-related protein kinases, including ATM (for
examples, see references 5 and 52). As shown in Fig. 1B,
pretreatment of cells with wortmannin or caffeine inhibited the
� radiation-induced phosphorylation of TopBP1, suggesting

FIG. 2. ATM is required for phosphorylation of TopBP1. (A) GST fusion proteins with corresponding SQ or TQ mutation sites of TopBP1
were expressed in Escherichia coli and purified on glutathione-Sepharose beads. Proteins were eluted with SDS loading buffer, separated by gel
electrophoresis, and visualized with Coomassie blue staining. (B) ATM kinase assays were performed with the purified GST fusion proteins as
substrates, which were prepared as described for panel A, and ATM kinase immunoprecipitated from K562 lysates. (C) ATM kinase assays were
performed with anti-ATM immunoprecipitates prepared from K562 cells (containing wild-type ATM) (ATM�) or from ATM-deficient GM031890
cells (ATM�). (D) Anti-TopBP1 immunoprecipitates were prepared as described in the legend to Fig. 1A. A phosphospecific antibody raised
against the phospho-Ser405 of TopBP1 (anti-phospho-TopBP1 antibody) was used for Western blotting to detect phosphorylated TopBP1
following ionizing radiation. Anti-TopBP1 and anti-phosphotyrosine antibodies were used here as the positive and negative controls, respectively.
�, � irradiated; �, untreated; unlabeled bar, unphosphorylated TopBP1.
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that ATM or other PI3K-related kinases participate in TopBP1
phosphorylation. UCN-01 (7-hydroxystaurosporine), an inhib-
itor of hChk1 (9, 26), did not inhibit TopBP1 phosphorylation,
indicating that the downstream checkpoint kinase hChk1 may
not be required for this phosphorylation event.

To examine directly whether ATM is required for TopBP1
phosphorylation following DNA damage, we used an ATM-
deficient lymphoblast cell line, GM03189D. As shown in Fig.
1C, damage-induced phosphorylation of TopBP1 was absent in

FIG. 3. TopBP1 forms foci and colocalizes with NBS1 and BRCA1
after ionizing irradiation. U2OS cells were treated with � irradiation
(IR) (10 Gy) or left untreated (None) and incubated for 6 (A and B)
or 20 (C) h. Cells were fixed and stained with anti-TopBP1 (red,
TopBP1) antibody and Hoechst dye (blue, Nuclei) (A), anti-TopBP1
(red, TopBP1) and anti-NBS1 (green, NBS1) antibodies (B), or anti-
TopBP1 (red, TopBP1) and anti-BRCA1 (green, BRCA1) antibodies
(C). (B and C) Two images were merged on the unlabeled right panels,
and yellow dots indicate colocalization of TopBP1 with NBS1 or
BRCA1. (D) YZ5 cells containing wild-type ATM and ATM-defi-
cient FT169 cells were treated with � irradiation (10 Gy) and incu-
bated for 6 h before being fixed and stained with anti-TopBP1
antibody (red).

FIG. 4. BRCT5 is required for IRIF localization of TopBP1. (A)
Schematic diagram of wild-type TopBP1 and its derivatives. All mu-
tations were generated with the QuickChange mutagenesis protocol
(Stratagene). Thick lines indicate remaining regions in TopBP1. Re-
sults of focus formation as described below are summarized. (B to E)
Plasmids carrying Myc-epitope-tagged wild-type or mutant TopBP1
were transfected into SaOS2 cells. The cells were treated with � irra-
diation (10 Gy), incubated for 6 h, and fixed and stained with anti-Myc
(green, Myc-TopBP1) and anti-TopBP1 (red, TopBP1) antibodies.
Only transfected cells showed moderate or strong positive signals for
anti-Myc antibody, whereas untransfected cells showed weak, uniform
nuclear staining. (B) Two images were merged on the unlabeled right
panel, and yellow dots indicate colocalization of TopBP1 with Myc-
TopBP1.
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the ATM-deficient cells but was readily observed 1 h after
radiation of K562 cells or normal lymphoblasts that express
wild-type ATM, suggesting that ATM is required for damage-
induced phosphorylation of TopBP1. We also examined the
time course of TopBP1 phosphorylation in ATM wild-type and
ATM-deficient cells. While TopBP1 phosphorylation persisted
for at least 6 h following radiation in wild-type cells, no de-
tectable phosphorylation of TopBP1 was observed in ATM-
deficient cells (data not shown). Taken together, these data

suggest that ATM is required for radiation-induced phosphor-
ylation of TopBP1.

ATM phosphorylates TopBP1 in vitro and in vivo. To ex-
amine whether ATM directly phosphorylates TopBP1, we
generated GST fusion proteins containing potential ATM
phosphorylation sites (serine-/threonine-glutamine sites) of
TopBP1 (Fig. 2A). The ATM kinase assay was performed with
these GST peptides as the substrates and with immunoprecipi-
tated ATM. As shown in Fig. 2B, ATM efficiently phosphory-

FIG. 4—Continued.
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FIG. 5. TopBP1 associates with 53BP1 and colocalizes with 53BP1
following DNA damage. (A) Cell lysates prepared from HBL100 cells
were immunoprecipitated with the indicated antibodies, and Western
blotting was performed with anti-53BP1 or anti-TopBP1 antibodies. In
each panel, 10% of the immunoprecipitates was applied in the two left
lanes. (B) TopBP1 was translated and 35S labeled in vitro by using the
T7 quick-coupled transcription-translation system (Promega). The
products were incubated with GST-53BP1 fusion proteins immobilized
on beads. The beads were washed, and the proteins bound to the beads
were eluted in SDS sample buffer, separated by SDS-PAGE, and
visualized by autoradiography. Fragments 1, 2, 3, 4, 5, and 6 corre-
spond to 53BP1 residues 1 to 346, 339 to 671, 628 to 962, 956 to 1354,
1331 to 1664, and 1657 to 1972, respectively. (C) U2OS cells were left
untreated (0 min) or treated with � irradiation at 10 Gy, incubated for
the indicated times, and fixed and immunostained with anti-TopBP1
(red, TopBP1) and anti-53BP1 (green, 53BP1) antibodies. Two images
were merged on the unlabeled right panels, and yellow dots indicate
colocalization of TopBP1 with 53BP1.
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lated peptides containing the S405Q, S467Q, and S1051Q
sites of TopBP1 in vitro. The extent of phosphorylation at
these three positions was similar to that at S15Q of p53, a
known ATM phosphorylation site. ATM also phosphorylated
TopBP1, to a lesser extent, at two additional sites, S766Q and
T975Q. As a negative control, GST alone was not phosphor-
ylated by ATM in these experiments. While ATM immuno-
precipitates prepared from K562 cells (containing wild-type
ATM) efficiently phosphorylated Ser405 of TopBP1 and Ser15
(a known ATM phosphorylation site) of p53, immunoprecipi-
tates using the same anti-ATM antibody prepared from ATM-
deficient cells did not lead to efficient phosphorylation of these
two substrates (Fig. 2C). Taken together, these results suggest
that TopBP1 is a substrate of ATM in vitro.

To confirm that TopBP1 is phosphorylated by ATM in vivo,
we generated a phosphospecific antibody raised against phos-
pho-Ser405 of TopBP1. This antibody recognized phosphory-
lated TopBP1 isolated from irradiated K562 cells but failed to
recognize TopBP1 isolated from control cells or from irradi-
ated ATM-deficient cells (Fig. 2D). When used as a control, an
anti-phospho-Tyr-specific antibody did not recognize phos-
phorylated TopBP1 in the same experiment. Thus, TopBP1 is
phosphorylated by ATM following ionizing radiation.

TopBP1 forms foci and colocalizes with BRCA1 and NBS1
following ionizing radiation. To examine the cellular localiza-
tion of TopBP1, we performed immunostaining experiments
with U2OS cells by using anti-TopBP1 antibodies. As shown in
Fig. 3A, TopBP1 normally localized in nuclei, as demonstrated
by granular nuclear staining. Following � irradiation, TopBP1
became concentrated in nuclear foci (Fig. 3A), suggesting that
the subnuclear localization of TopBP1 is regulated in response
to DNA damage.

These TopBP1-containing nuclear foci are reminiscent of
the ionizing radiation-induced foci (IRIF) that were reported
previously. NBS1/Mre11/Rad50 and BRCA1 localize to these
IRIF following � irradiation (12, 38, 64, 71). Thus, we exam-
ined whether TopBP1 colocalizes with NBS1 and BRCA1 fol-
lowing DNA damage. Six hours after � irradiation, U2OS cells
were fixed and stained with anti-TopBP1 and anti-NBS1 anti-
bodies (Fig. 3B). As shown in a merged image, TopBP1 foci
colocalized with NBS1 foci following DNA damage (Fig. 3B)
(�43% of TopBP1 foci colocalized with those of NBS1). Sim-
ilarly, coimmunostaining experiments were performed with an-
ti-BRCA1 and anti-TopBP1 antibodies to examine whether
TopBP1 colocalizes with BRCA1 before and after DNA dam-
age. In agreement with published observations (16, 54),
BRCA1 localized to foci in normal S- and G2-phase cells (Fig.
3C). TopBP1 did not colocalize with BRCA1 in these S-phase
foci (Fig. 3C). However, TopBP1 colocalized with BRCA1
in IRIF following � irradiation (Fig. 3C) (65% of TopBP1
foci colocalized with those of BRCA1). Taken together,
these data suggest that TopBP1 colocalizes with NBS1 and
BRCA1 in IRIF following DNA damage. Identical results
were obtained when MCF-7, HBL100, IMR90, and SaOS2
cells were used.

To examine whether the focus formation of TopBP1 de-
pends on its phosphorylation by ATM following DNA damage,
we used ATM-deficient FT169 cells and wild-type ATM-re-
constituted YZ5 cells. While TopBP1 foci formed readily in
YZ5 cells, we also detected TopBP1 foci in ATM-deficient

FT169A cells (Fig. 3D). Thus, phosphorylation of TopBP1 by
ATM is not required for its focus formation.

IRIF formation requires BRCT5 of TopBP1. To explore the
regulation of TopBP1 focus formation, we generated expres-
sion constructs of Myc-epitope-tagged wild-type TopBP1 and a
series of TopBP1 deletion mutants (Fig. 4A). These constructs
were transiently transfected into SaOS2 cells. Neither myc-
tagged wild-type TopBP1 nor any of these deletion mutants
formed foci in unirradiated cells (data not shown), but Myc-
tagged wild-type TopBP1 readily localized to foci following
radiation (Fig. 4B).

To determine the regions of TopBP1 required for the for-
mation of its damage-induced foci, immunostaining experi-
ments were performed in cells transfected with various
TopBP1 mutants. In agreement with the hypothesis that
TopBP1 focus formation is independent of ATM, two phos-
phorylation mutants (S405A and S405A�S1051A) also local-
ized to foci following DNA damage (Fig. 4C). TopBP1 con-
tains eight BRCT motifs. Deletion of all eight BRCT motifs or
C-terminal BRCT motifs (Fig. 4D, panel D-8) abolished or
reduced damage-induced focus formation of TopBP1. How-
ever, deletion of the four N-terminal BRCT motifs (Fig. 4D,
panel D1–8) did not affect TopBP1 focus formation, suggesting
that the C terminus of TopBP1 controls its localization follow-
ing DNA damage. Indeed, deletion of BRCT5 (Fig. 4E, panel
D5), but not any other BRCT motifs, diminished damage-
induced focus formation of TopBP1. Thus, BRCT5 is required
for TopBP1 focus formation.

TopBP1 colocalizes and associates with 53BP1. The tumor
suppressor p53 binding protein 53BP1 participates early in the
DNA damage-signaling pathway (1, 44, 53, 66). 53BP1 contains
tandem BRCT motifs at the C terminus (27) and shares se-
quence homology with spCrb2, a protein that interacts with
spRad4/Cut5 (47). Because TopBP1 may be the mammalian
homologue of spRad4/Cut5, we examined whether TopBP1
associates with 53BP1. As shown in Fig. 5A, TopBP1 coim-
munoprecipitated with 53BP1 and vice versa. In addition,
TopBP1, synthesized by in vitro transcription and translation,
associated with a GST fusion protein containing residues 956
to 1354 of 53BP1 (Fig. 5B), suggesting that TopBP1 may di-
rectly interact with 53BP1 in vivo.

53BP1 forms nuclear foci and colocalizes with the phosphor-
ylated histone H2AX at the sites of DNA double-strand breaks
within minutes after irradiation (1, 43, 44, 46, 53, 66). Thus, we
examined the time course of TopBP1 focus formation in U2OS
cells. As shown in Fig. 5C, while 53BP1 readily localized to foci
within 10 min after irradiation, TopBP1 foci were not apparent
at this early time point. After 1 h, approximately 50% of
TopBP1 foci colocalized with 53BP1 foci. After 6 h, more than
90% of TopBP1 foci colocalized with 53BP1. Thus, TopBP1
appears to enter these foci after 53BP1 does.

Regulation of TopBP1 following replication blocks. TopBP1
shares sequence and structural homology with the fission yeast
protein Rad4/Cut5 and the budding yeast protein DPB11.
Both proteins are involved not only in DNA damage but also
in replication checkpoint controls. We have observed that,
similar to that of BRCA1 (16), the protein level of TopBP1
peaks in S phase (Fig. 6A and data not shown), suggesting that
TopBP1 may participate in certain S-phase functions. Similar
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findings regarding cell cycle regulation of TopBP1 were pub-
lished recently (37).

To explore whether TopBP1 is involved in the replication
checkpoints, we treated cells with hydroxyurea (HU) or 4-nit-
roquinoline-1-oxide (4-NQO), a UV-mimetic agent, both of
which lead to the inhibition of DNA synthesis. As shown in Fig.
6B, inhibition of DNA replication leads to the phosphorylation
of TopBP1. As with ionizing radiation, replication block-in-
duced TopBP1 phosphorylation is inhibited by wortmannin or
caffeine (Fig. 6C), suggesting that ATM and/or ATR are in-
volved in these phosphorylation events. To examine the local-
ization of TopBP1 following replication blocks, the control and
treated cells were fixed with methanol-acetone. As shown in
Fig. 6D, HU or 4-NQO treatments led to relocalization of
TopBP1 to the arrested replication forks (indicated by anti-
PCNA staining), a finding similar to that reported by Makini-
emi and colleagues (37). Thus, TopBP1 is likely involved in the
replication checkpoint controls.

TopBP1 is required for cell survival. ATR, Chk1, and Hus1
are required for checkpoint controls in mammals. ATR-,
Chk1-, and Hus1-deficient cells all show reduced cell viability,
probably due to increased apoptosis (8, 18, 35, 57, 63), sug-
gesting that checkpoint function is critical for cell survival.
Using a control and two antisense Morpholino oligomers, we
examined the consequences of abolishing TopBP1 expression
in vivo. Two antisense Morpholino oligomers of TopBP1 (AS1
and AS2) strongly inhibited TopBP1 expression in the cell
(Fig. 7A). These two antisense Morpholino oligomers also
induced apoptosis in the transfected cells, as measured by
sub-G1 (i.e., apoptotic) populations and also by TUNEL assays
(Fig. 7B to D). These increases in apoptosis are independent of
exogenous DNA damage (Fig. 7B and C), suggesting that
TopBP1 is required for normal cell survival. Indeed, the two
antisense Morpholino oligomers strongly inhibited cell survival
in colony formation assays, confirming that TopBP1 is essential
for cell viability (Fig. 8).

DISCUSSION

We report here that TopBP1 is phosphorylated after � irra-
diation. Several lines of evidence suggest that ATM is required
for this damage-induced phosphorylation of TopBP1. First, the
inhibitors of the ATM kinase, wortmannin and caffeine,
inhibit � irradiation-induced TopBP1 phosphorylation. Sec-
ond, TopBP1 phosphorylation is absent in the ATM-deficient
cells following DNA damage. Third, ATM efficiently phos-
phorylates several residues of TopBP1 in vitro. Fourth, using a
phosphospecific anti-TopBP1 antibody, we have shown that
TopBP1 is phosphorylated at the S405Q site following DNA
damage in an ATM-dependent manner. Taken together, these
data suggest that TopBP1 is phosphorylated by ATM following
ionizing radiation.

The subnuclear localization of TopBP1 is regulated by DNA
damage. Following exposure to ionizing radiation, TopBP1
colocalizes with NBS1, BRCA1, and 53BP1 at the sites of
DNA breaks. Although both phosphorylation and localization
of TopBP1 are regulated by DNA damage, the phosphoryla-
tion of TopBP1 does not appear to be essential for its relocal-
ization following DNA damage. Damage-induced focus forma-

tion of TopBP1 still occurs in ATM-deficient cells (Fig. 3D)
and is not blocked by wortmannin or caffeine at concentrations
sufficient to inhibit TopBP1 phosphorylation (data not shown).
Phosphorylation-deficient mutants of TopBP1 localize nor-
mally to foci following DNA damage (Fig. 5C). Similar dam-
age-dependent but ATM-independent focus localization has
been reported for other ATM substrates, including BRCA1
and NBS1. For example, phosphorylation-deficient mutants of

FIG. 6. Regulation of TopBP1 in S-phase cells. (A) MCF7 cells
were serum starved for 2 days. The cells were then sequentially re-
leased from serum starvation for the indicated times. Western blotting
was performed with anti-TopBP1, anti-BRCA1 (MS110), and anti-
Chk2 (monoclonal antibody no. 7) antibodies, respectively. The per-
centages of the cell populations in the S phase were analyzed by FACS
and are indicated at the bottom of the panel. Un, unsynchronized cells.
(B) K562 cells were left untreated (None) or treated with HU (1 mM)
or 4-NQO (2 �g/ml). After 1 h, whole-cell lysates were prepared and
immunoprecipitated with anti-TopBP1 antibody. Portions of samples
were treated with lambda phosphatase. Western blotting was per-
formed with anti-TopBP1 antibody. Phosphorylated (P) and unphos-
phorylated (unlabeled bar) TopBP1 bands are indicated. (C) K562
cells were treated with wortmannin (100 �M) or caffeine (10 mM) for
30 min before the procedures described above were performed. (D)
U2OS cells were treated with 4-NQO or HU, fixed 1 h later, and
stained with anti-TopBP1 (red, TopBP1) and anti-PCNA (green,
PCNA) antibodies. Two images were merged on the unlabeled right
panels, and yellow dots indicate colocalization of TopBP1 with
PCNA.
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BRCA1 localize normally to foci (17). Relocalization of
BRCA1 following DNA damage normally occurs in ATM-
deficient cells (unpublished observations). In addition, there
are reports that ATM-dependent phosphorylation events are
not required for NBS1 focus formation following DNA dam-
age (24, 65). Mirzoeva and Petrini have also shown that ATM
does not influence the relocalization of the NBS1 complex
following DNA double-strand breaks (40a). Thus, it seems that
ATM-dependent phosphorylation events may regulate other
functions of these substrates but not their subnuclear localiza-
tion. What, then, determines the damage-induced focus for-
mation of TopBP1? Using a series of TopBP1 deletion mu-
tants, we have shown that only one of the eight BRCT motifs,
BRCT5, is required for its damage-induced focus formation. It
would be interesting to identify any protein specifically inter-
acting with TopBP1 through the BRCT5 motif. Such a protein
may be required for recruiting TopBP1 to the sites of DNA
damage.

As shown by Makiniemi and colleagues (37), the TopBP1
protein level peaks in the S phase (see also Fig. 6). TopBP1 is
phosphorylated and relocalizes to the stalled replication fork in
response to HU or 4-NQO treatment. Furthermore, Makini-
emi and colleagues have also shown that TopBP1 associates
with the checkpoint protein hRad9 and DNA polymerase ε
(37), suggesting that TopBP1 is involved in the S-phase check-

points. Here, we have demonstrated that TopBP1 is required
for cell survival. Inhibition of TopBP1 expression in cells leads
to reduced cell viability due to increased apoptosis, a phenom-
enon similar to that in ATR-, Chk1-, or hHus1-deficient cells.
Taken together, these data imply that in addition to its role in
DNA damage-signaling pathways, TopBP1 participates in the
replication checkpoint controls.

TopBP1 shares sequence and structural homology with the
fission yeast Rad4/Cut5 protein, the budding yeast DPB11
protein, and the Drosophila Mus101 protein. All these proteins
contain multiple BRCT motifs distributed throughout their
corresponding primary sequences. Similar to the roles of
spRad4/Cut5 and scDPB11 in DNA damage and replication
checkpoint controls in yeast species, some Drosophila mus101
mutants are hypersensitive to DNA-damaging agents and ion-
izing radiation. Here, we have shown that TopBP1 may par-
ticipate in the DNA damage-signaling pathway as well as in
replication checkpoint controls. While spRad4/Cut5 interacts
with spCrb2, a protein containing C-terminal tandem BRCT
motifs (47), TopBP1, associates with 53BP1, also a protein with
tandem BRCT motifs at the C terminus (27). These similarities
suggest that TopBP1 may be the functional homologue of
spRad4/Cut5 and scDPB11 in mammals. spRad4/Cut5 is re-
quired for Chk1 activation following DNA damage (47). In
budding yeast, both scDPB11 and scRAD9 (the homologue of

FIG. 6—Continued.
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spCrb2) are required for RAD53 activation (19, 20, 42, 56, 61,
62). If TopBP1 were the spRad4/Cut5 and scDPB11 homo-
logue, we would expect TopBP1 to be required for Chk1
and/or Chk2 activation following DNA damage. Given that
TopBP1 binds to DNA breaks directly in vitro (69) and local-
izes to DNA damage sites in vivo, it is possible that TopBP1
participates in the recognition of DNA damage and cooperates
with ATM to activate downstream checkpoint kinases (Chk1
and Chk2). Because TopBP1 is essential for cell survival, we
have not yet been able to examine directly the roles of TopBP1
in mammalian DNA damage-signaling pathways. The develop-

ment of conditional TopBP1 knockout cells will be useful in
addressing these issues.
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FIG. 7. Antisense Morpholino oligomers for TopBP1 mRNA strongly inhibit TopBP1 expression and induce apoptosis. Two different antisense
Morpholino oligomers, As1 and As2, for the TopBP1 mRNA 5� region were transfected into HeLa cells by electroporation. More than 95% of
the cells were transfected as suggested, with fluorescein-conjugated Morpholino oligomers being used as a control (data not shown). After 3 days,
cells were collected and equal amounts of whole-cell lysates were analyzed by Western blotting using anti-TopBP1 antibody. (A) Although TopBP1
levels were reduced in the cells transfected with As1 or As2, the intensities of several cross-reacting bands (indicated by stars) in the lower
portion of the panel were not altered. (B) Cells transfected with control or As1 or As2 Morpholino oligomers were fixed with ethanol. Apoptosis
and cell cycle distribution were analyzed by FACS analysis. (C) The percentages of the net sub-G1 populations are shown; from each of these
values, the value representing the sub-G1 population derived from electroporation (�20%) has been subtracted. IR(�), unirradiated; IR(�),
irradiated. (D) Cells transfected with control or As1 Morpholino oligomers were fixed with formaldehyde, double-stained with propidium
iodide, and analyzed by the TUNEL method using fluorescein-labeled dUTP. Percentages of TUNEL-positive cell populations are shown.
Cont, control.
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