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TopBP1 is a checkpoint protein that colocalizes with ATR
at sites of DNA replication stress. In this study, we show
that TopBP1 also colocalizes with 53BP1 at sites of DNA
double-strand breaks (DSBs), but only in the G1-phase of
the cell cycle. Recruitment of TopBP1 to sites of DNA
replication stress was dependent on BRCT domains 1-2
and 7-8, whereas recruitment to sites of DNA DSBs was
dependent on BRCT domains 1-2 and 4-5. The BRCT
domains 4-5 interacted with 53BP1 and recruitment of
TopBP1 to sites of DNA DSBs in G1 was dependent on
53BP1. As TopBP1 contains a domain important for ATR
activation, we examined whether it contributes to the G1
cell cycle checkpoint. By monitoring the entry of irra-
diated G1 cells into S-phase, we observed a checkpoint
defect after siRNA-mediated depletion of TopBP1, 53BP1 or
ATM. Thus, TopBP1 may mediate the checkpoint function
of 53BP1 in G1.
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Introduction

In eukaryotic cells, the DNA damage checkpoint helps to
preserve genomic integrity (Abraham, 2001; Nyberg et al,
2002; Sancar et al, 2004). Key players of this checkpoint are
ATM and ATR, members of the phosphoinositide kinase-
related family of protein kinases. ATM (ataxia-telangiectasia
mutated) responds mainly to DNA double-strand breaks
(DSBs), whereas ATR (ATM and Rad3-related) responds
primarily to DNA replication stress (Abraham, 2001; Nyberg
et al, 2002; Sancar et al, 2004). ATR exists in a stable complex
with ATRIP (ATR-interacting protein), a protein that regulates
the localization of ATR to stretches of single-stranded DNA at
sites of DNA replication stress (Cortez et al, 2001; Zou and
Elledge, 2003). Although ATRIP is essential for ATR signalling
(Cortez et al, 2001; Zou and Elledge, 2003; Ball and Cortez,
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2005), several other proteins participate in ATR activation,
including, notably, TopBP1 (Topoisomerase II beta
binding protein 1) and Rad9 (higher eukaryote and
Schizosaccharomyces pombe terminology; not to be confused
with Saccharomyces cerevisiae Rad9) (Kumagai et al, 2006;
Majka et al, 2006; Mordes et al, 2008; Lee and Dunphy, 2010).

Mammalian TopBP1 belongs to a family of evolutionarily
conserved proteins that includes S. cerevisiae Dbpll,
Drosophila melanogaster Mus101 and Xenopus laevis Cut5
(Yamane et al, 1997; Garcia et al, 2005). All these proteins
function in the DNA replication checkpoint (Makiniemi et al,
2001; Yamane et al, 2002; Parrilla-Castellar and Karnitz, 2003;
Garcia et al, 2005) and have multiple BRCT domains, which
usually function in tandem to bind phosphoproteins (Manke
et al, 2003; Yu et al, 2003). TopBP1 colocalizes with ATR,
ATRIP and RPA (replication protein A) at sites of DNA
replication stress (Makiniemi et al, 2001; Garcia et al,
2005). In one study, recruitment to these sites was dependent
on BRCT domain 5 (Yamane et al, 2002), whereas in another
study on BRCT domains 1-2 (Delacroix et al, 2007; Lee et al,
2007). Once recruited to sites of DNA replication stress,
TopBP1 interacts with ATR to stimulate its kinase activity
(Kumagai et al, 2006; Mordes et al, 2008). In addition to
its role as a checkpoint protein, TopBP1 also functions
in the initiation of DNA replication; this latter function of
TopBP1 is apparently independent of its checkpoint function
(Hashimoto and Takisawa, 2003; Tanaka et al, 2007;
Zegerman and Diffley, 2007; Kumagai et al, 2010).

The p53-binding protein 1 (53BP1), such as TopBP1, also
responds to DNA damage. However, unlike TopBP1, 53BP1
localizes to sites of DNA DSBs (Schultz et al, 2000; Anderson
et al, 2001; Rappold et al, 2001; Xia et al, 2001; Huyen et al,
2004). These sites are physically distinct from the sites of
DNA replication stress, as determined by immunofluores-
cence analysis of irradiated cells with antibodies against
53BP1, ATRIP and RPA (Venere et al, 2007). Depletion of
53BP1 in mammalian cells leads to defects in the G2- and
intra-S-phase DNA damage checkpoints, but the magnitude of
the defect is limited, and in chicken cells, in which the 53bp1
gene has been deleted, there is no G2- or intra-S-phase
checkpoint defect (DiTullio et al, 2002; Wang et al, 2002;
Ward et al, 2003; Nakamura et al, 2006). Thus, it is unclear
whether 53BP1 has an important role in the DNA damage
checkpoint. This is in contrast to what has been observed in
S. cerevisiae, in which Rad9, the budding yeast orthologue of
human 53BP1, is important for the DNA damage checkpoint
and particularly in the G1-phase of the cell cycle (Siede et al,
1993; WysocKi et al, 2005; Hammet et al, 2007).

In this study, we have revisited the recruitment of TopBP1
to sites of DNA damage. We observed that, in addition to its
role in the DNA replication stress checkpoint, TopBP1 coloca-
lized with 53BP1 at sites of DNA DSBs in Gl-phase.
Furthermore, both 53BP1 and TopBP1 were implicated in the
activation of the G1 DNA damage checkpoint. Thus, TopBP1
may mediate at least part of the checkpoint activity of 53BP1.
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Results

To study the recruitment of TopBP1 to sites of DNA damage,
we examined by immunofluorescence the intracellular loca-
lization of the endogenous protein in U20S osteosarcoma
cells exposed to ionizing radiation (IR). Consistent with
previous studies (Makiniemi et al, 2001; Yamane et al,
2002), in some cells, TopBP1 colocalized with ATRIP and
RPA at nuclear foci that we presume are sites of DNA
replication stress (stalled or collapsed DNA replication forks
ahead of DNA single- or double-stranded breaks) or sites of
resected DSBs. However, in other cells, TopBP1 colocalized
with 53BP1 (Figure 1A and B; Supplementary Figure 1).
TopBP1 recruitment to the latter sites was only evident
starting 1-2 h after irradiation and peaked 4 h after irradiation
(Figure 1A and B; data not shown).

To understand why TopBP1 colocalized with RPA in some
cells and with 53BP1 in others, we examined whether the
behaviour of TopBP1 was cell cycle dependent. Cells, in
which TopBP1 colocalized with 53BP1, had a 2N (G1) DNA
content, whereas cells, in which the TopBP1 foci were distinct
from the 53BP1 foci, had a DNA content greater than 2N
(S- or G2-phases of the cell cycle; Figure 1A-C;
Supplementary Figure 2A). In a second approach to explore
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for cell cycle dependency, we repeated the immunofluores-
cence experiment staining for Cyclin Bl, in addition to
TopBP1 and 53BP1. The latter two proteins colocalized only
in the cells staining negative for Cyclin Bl (Figure 1D;
Supplementary Figure 2B). Finally, we monitored colocaliza-
tion of 53BP1 and TopBP1 in irradiated cells treated with the
thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU) to
identify S-phase cells. Furthermore, colocalization of these
two proteins was only observed in Gl cells (Figure 1E;
Supplementary Figure 2C).

We next examined whether distinct domains of TopBP1
mediated its recruitment to sites of DNA DSBs in G1-phase
and to sites of DNA replication stress/resected DNA DSBs in
S/G2-phase. TopBP1 contains eight BRCT domains (Yamane
et al, 1997; Garcia et al, 2005), of which six are arranged in
pairs (BRCT domains 1-2, 4-5 and 7-8) and two are single
(BRCT domains 3 and 6). In addition, TopBP1 has an ATR
activation domain between BRCT domains 6 and 7 (Kumagai
et al, 2006; Mordes et al, 2008). We fused either full-length
TopBP1 or TopBP1 deletion mutants to green fluorescent
protein (GFP) and monitored the colocalization of these
fusion proteins with 53BP1 and RPA in irradiated cells.
Efficient recruitment of TopBP1 to 53BP1 foci required
BRCT domains 1-2 and 4-5, whereas recruitment to RPA

B 53BP1

TopBP1

Merge

00 E 100 -
80 80
60 - © 60 -
[0}
o
5
40 - o 40-
20 20
0- 0 -
- + 2N EdU+ 4N
Cyclin B1 EdU- EdU-

Figure 1 Endogenous TopBP1 colocalizes with either RPA or 53BP1 in irradiated cells depending on the phase of the cell cycle. (A, B)
Localization of endogenous TopBP1, RPA and 53BP1 in U20S cells 4h after exposure to IR (9Gy) or after mock-irradiation (0Gy), as
determined by immunofluorescence. Because the IR-induced RPA foci are much smaller than the 53BP1 foci, only part of the cell nucleus is
shown with the blue lines indicating the periphery of the nucleus. In this and all other figures the DNA content of the cells was quantified on
the basis of the intensity of DAPI staining over the entire nucleus and shown as 2 or >2N; the DAPI staining intensities of the adjacent cells
were used for calibration. (C) Histogram plot of the behaviour of TopBP1 according to genomic DNA content. Endogenous TopBP1 and 53BP1
IR-induced foci were visualized in U20S cells 4 h after exposure to IR (9 Gy). The behaviour of TopBP1 was scored as: TopBP1 =53BP1,
colocalized TopBP1 and 53BP1 IR-induced foci; distinct, non-colocalizing TopBP1 and 53BP1 foci; No 53BP1, no 53BP1 foci. (D, E)
Colocalization of TopBP1 and 53BP1 IR-induced foci according to (D) Cyclin B1 staining or genomic DNA content and (E) EdU incorporation.
The behaviour of TopBP1 is presented using the same colouring scheme as in (C).
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Figure 2 Mapping the domains that mediate recruitment of TopBP1 to IR-induced 53BP1 or RPA foci. (A) Diagram of human TopBP1 showing
the BRCT domains, numbered 1-8, and the ATR activation domain (AD) and summary of the properties of the tested TopBP1 deletion mutants.
The mutants were scored according to efficiency of focus formation: +, wild type; /, foci formed, but a significant amount of TopBP1 remained
in the nucleoplasm; —, no foci. (B, C) Examples of the localization of selected GFP-tagged TopBP1 mutants in U20S cells 4 h after exposure to
IR (9 Gy). The numbers refer to the residues present in the TopBP1 mutants. A, deletion.

foci required BRCT domains 1-2 and 7-8 (Figure 2;
Supplementary Figure 3). By contrast, BRCT domains 3 and
6 and the activation domain of TopBP1 were not required for
the recruitment to either 53BP1 or RPA IR-induced foci.

To explore the specificity of recruitment mediated by each
pair of TopBP1 BRCT domains, we generated GFP-tagged
proteins containing single pairs of BRCT domains. These
proteins were either not recruited (pairs 4-5 and 7-8) or
were recruited inefficiently (pair 1-2) to sites of DNA damage
(Figure 3A). To enhance their avidity for their targets, a
tetramerization domain (Harbury et al, 1993; Zgheib et al,
2009) was subsequently introduced in these proteins. As
homotetramers, all BRCT domain pairs localized efficiently
to IR-induced foci. The tetramers of pair 1-2 colocalized with
both 53BP1 and RPA foci and recruitment to the 53BP1 foci
was cell cycle independent (Figure 3B). The tetramers of pair
4-5 formed foci only in G1 cells and these foci also contained
53BP1, whereas the tetramers of pair 7-8 formed foci only in
S/G2 cells and these foci also contained RPA (Figure 3B).

The BRCT domains typically bind phosphoproteins
(Manke et al, 2003; Yu et al, 2003). In all examples known
to date, the first BRCT domain of a BRCT pair contributes an
evolutionarily conserved lysine that interacts with the phos-
phate group (Shiozaki et al, 2004; Stucki et al, 2005; Kilkenny

©2010 European Molecular Biology Organization

et al, 2008). We searched for the presence of this lysine in the
TopBP1 BRCT domain pairs 1-2, 4-5 and 7-8. Putative
phosphate-binding lysines were present in BRCT domains 1
and 7, as expected, but not in domain 4; furthermore,
putative phosphate-binding lysines were present in BRCT
domains 2 and 5 (Figure 3C). We examined the role of each
of these lysines in IR-induced focus formation using alanine
mutants. Recruitment of oligomerized BRCT domain pair 1-2
was abolished only when the putative phosphate-binding
lysines in both domains 1 and 2 were substituted with
alanine; recruitment of oligomerized BRCT domain pair 4-5
was dependent on the lysine in domain 5, whereas recruit-
ment of oligomerized BRCT domain pair 7-8 was dependent
on the lysine in domain 7 (Figure 3C; Supplementary Figure
4). Thus, only the pair of BRCT domains 7 and 8 behaves
similar to the previously described BRCT domain pairs of
BRCA1, MDC1 and Crb2 in having the phosphate-binding site
in the N-terminal BRCT domain.

To further validate the different recruitment properties of
the various TopBP1 BRCT domains, we examined the locali-
zation of the various point mutants described above in cells
treated with hydroxyurea (HU). Whereas in S-phase cells, IR
induces both DNA replication stress and resected DNA DSBs,
HU induces only DNA replication stress. In S-phase, the
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Figure 3 Different pairs of TopBP1 BRCT domains have distinct properties for recruitment to sites of DNA damage. (A) Recruitment of BRCT
domains 1-2 (residues 2-300), 4-5 (residues 531-755) and 7-8 (residues 1258-1522) as monomers to sites of DNA damage. Domains 1-2
formed IR-induced foci with reduced efficiency compared with full-length TopBP1; domains 4-5 and 7-8 did not form IR-induced foci. In this
and all subsequent panels, U20S cells were examined 4 h after irradiation (9 Gy). (B) Recruitment of BRCT domains 1-2 (residues 2-300), 4-5
(residues 531-755) and 7-8 (residues 1258-1522) as tetramers (TZp) to sites of DNA damage. Tetramers of domains 1-2 colocalized with both
53BP1 and RPA IR-induced foci. Tetramers of domains 4-5 colocalized only with 53BP1 foci and then only in G1 cells. Tetramers of domains
7-8 colocalized only with RPA foci. (C) Potential phosphate-binding lysines in BRCT domains 1, 2, 5 and 7 of human TopBP1 and effect of
amino acid substitutions targeting these lysines on recruitment of oligomerized TopBP1 BRCT domains to IR-induced foci. The putative
phosphate-binding lysines are coloured red; other conserved BRCT domain residues are coloured blue. The corresponding sequence of BRCA1

is shown for reference.

various TopBP1 mutants behaved identically in response to
IR and HU: BRCT domain pairs 1-2 and 7-8 recruited TopBP1
to sites of DNA replication stress, whereas pair 4-5 did not
localize to foci (Supplementary Figure 5; data not shown).
The colocalization of TopBP1 and 53BP1 at sites of DNA
DSBs in G1 cells raises the question whether recruitment of
one of these proteins is dependent on the other. Depletion of
TopBP1 did not compromise 53BP1 focus formation (data
not shown). In contrast, depletion of 53BP1 abrogated
TopBP1 focus formation in G1 cells, but had no effect on

3726 The EMBO Journal VOL 29 | NO 21| 2010

the colocalization of TopBP1 with RPA in S and G2 cells
(Figure 4A; Supplementary Figures 6A and 7). 53BP1
depletion also abrogated recruitment of oligomerized BRCT
domains 4-5 to DNA damage sites, but had no effect on
recruitment of BRCT domains 1-2 (Figure 4B; Supplementary
Figure 6A). These results suggest that BRCT domains 4-5
may interact with 53BP1 at sites of DNA DSBs. Indeed, it has
been reported that endogenous 53BP1 and TopBP1 co-immu-
noprecipitate (Yamane et al, 2002). In our hands, the inter-
action between these endogenous proteins was very weak.

©2010 European Molecular Biology Organization
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Figure 4 TopBP1 recruitment to sites of DNA DSBs is 53BP1- and ATM-dependent. (A) Immunofluorescence analysis of U20S cells for
endogenous TopBP1 and phosphorylated histone H2AX (y-H2AX) 4h after irradiation (9 Gy). The cells were transfected with control (Ctl)
siRNA or siRNA targeting 53bpl. (B) Immunofluorescence analysis of U20S cells stably expressing haemagglutinin peptide and protein
A-tagged (HA-ZZ) oligomerized (TZp) TopBP1 BRCT domains 1-2 (residues 2-300) or 4-5 (residues 531-755). The cells were transfected with
control (Ctl) siRNA or siRNA targeting 53bpI and were monitored for localization of y-H2AX and the stably expressed TopBP1 proteins 4 h after
irradiation (9 Gy). (C) Co-precipitation of oligomerized TopBP1 BRCT domains 4-5 with endogenous 53BP1. U20S cells stably expressing
HA-ZZ-tagged tetramers (TZp) of RCT domains 1-2 (residues 2-300) or 4-5 (residues 531-755) were used to prepare nuclear extracts (Input),
which were then incubated with IgG-coated beads. HA-ZZ-TZp-TopBP1 fusion proteins and endogenous 53BP1 bound to the beads were
detected by immunoblotting (IB) using anti-HA and anti-53BP1 antibodies, respectively. (D) Immunofluorescence analysis of U20S cells for
endogenous 53BP1 and TopBP1 4 h after irradiation (9 Gy). The cells were transfected with control (Ctl) siRNA or siRNA targeting atm or atrip.
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Figure 5 TopBP1 and 53BP1 are required for the G1 DNA damage checkpoint. (A) Design of the G1 checkpoint assay. U20S cells were
transfected with siRNA. After 48 h, the cells were pulsed with EQU (E) for 1h and then exposed to 2 Gy IR. After irradiation, the cells were
incubated with BrdU and nocodazole for 7 h and then examined by flow cytometry. (B) Representative examples of flow cytometry data. Cells
having G1 DNA content and staining negatively for EQU (highlighted by the purple circles in the left panels) were plotted on the basis of BrdU
versus EdU incorporation (right panels). (C) Statistical analysis of the results of the G1 checkpoint assay performed in quadruplicate. For each
sample, the fraction of BrdU-positive cells over the total number of G1/Edu-negative cells was calculated; then the ratio was determined of the
fraction for the irradiated cells divided by the fraction for the non-irradiated cells. A ratio of 100% indicates no arrest in G1 after irradiation
(marked by a red horizontal line). The green horizontal line indicates the ratio for the cells transfected with control (Ctl) siRNA. Means and s.d.
values are shown. (D) A TopBP1 mutant lacking BRCT domains 4-5 is defective in the G1 checkpoint assay. U20S cells stably transfected with
plasmids expressing GFP-tagged wild-type (wt) TopBP1 or a TopBP1 mutant lacking residues 551-738 were treated with control (Ctl) siRNA or
siRNA targeting the endogenous topbpl gene (the 3’ untranslated region; si topbpl #2) and then subjected to the G1 checkpoint assay.
Expression of the endogenous and ectopically expressed TopBP1 proteins was monitored by immunoblotting (IB) with antibodies against

TopBP1 and GFP. —; non-transfected cells.

However, we could detect a specific interaction between
tetramers of TopBP1 BRCT domains 4-5 with endogenous
53BP1 (Figure 4C).

To further validate the 53BP1 dependency of TopBP1
recruitment to sites of DNA DSBs in G1 cells, we took
advantage of the fact that 53BP1 recruitment to sites of
DNA DSBs is dependent on histone H2AX phosphorylation
and the subsequent recruitment of the proteins MDC1 and
RNF8 (Fernandez-Capetillo et al, 2002; Stewart et al, 2003;
Huen et al, 2007; Kolas et al, 2007; Mailand et al, 2007).
Indeed, although in G1-phase wild-type mouse embryo fibro-
blasts (MEFs) TopBP1 and 53BP1 colocalized with foci of
phosphorylated histone H2AX (y-H2AX), in h2ax /",
mdcl~/~ and rnf8~/~ MEFs, both TopBP1 and 53BP1 failed
to be recruited to sites of DNA DSBs (Supplementary Figure
8A). In contrast, recruitment of TopBP1 to sites of DNA
replication stress was not dependent on histone H2AX,
MDC1 or RNF8 (Supplementary Figure 8B).

As BRCT domains recognize phosphorylated serines or
threonines, we further speculated whether the recruitment
of TopBP1 to sites of DNA DSBs in G1 would be ATM or ATR
dependent. Depletion of ATM, but not of ATRIP, abrogated

3728 The EMBO Journal VOL 29 | NO 21| 2010

the recruitment of endogenous TopBP1 to sites of DNA DSBs
in G1 cells (Figure 4D; Supplementary Figure 7). A similar
defect in recruitment was also observed in ataxia-telangiec-
tasia cells, which have mutant ATM (Supplementary Figure
6B). However, ATM had no effect on recruitment of TopBP1 to
sites of DNA replication stress in S-phase cells (data
not shown).

The recruitment of TopBP1 to sites of DNA DSBs in G1 cells
suggests that TopBP1 may have a role in the G1 DNA damage
checkpoint. To explore this possibility, we developed a G1
checkpoint assay. U20S osteosarcoma cells were first pulsed
for 1h with the thymidine analogue EdU; EdU was then
washed away and the cells were irradiated or mock-irradiated
and incubated for 7h in the presence of 5-bromo-2'-deoxy-
uridine (BrdU) and nocodazole (Figure SA). In this assay,
cells that were in G1-phase at the time of irradiation would
stain negatively for EQU. Furthermore, cells that were in S-,
G2- and M-phase would be unable to complete cytokinesis
due to the presence of nocodazole, and therefore would
remain with a G2 DNA content. Thus, at the time of collection,
the Edu-negative cells with a Gl-early S-phase DNA content
would have been in Gl-phase at the time of irradiation.

©2010 European Molecular Biology Organization



We therefore examined the degree to which these cells
incorporated BrdU during the 7-h period after irradiation,
indicating entry into S-phase.

Control cells had a robust G1 checkpoint, as evidenced by
the lack of BrdU incorporation in the G1 EdU-negative cell
population after irradiation. In contrast, entry of TopBP1-
depleted cells into S-phase was essentially unaffected by
irradiation (Figure S5B). Depletion of 53BP1, ATM and
ATRIP had similar phenotypes as TopBP1 depletion in this
assay, although the magnitude of the checkpoint defect was
less pronounced than after TopBP1 depletion (Figure 5C). We
attribute this to the higher efficiency of siRNA-mediated
depletion of TopBP1 (Supplementary Figure 7) and the pos-
sibility that ATM and ATR/ATRIP may have redundant roles.
In contrast, depletion of RPA, which compromises the intra-S-
phase checkpoint (Zou and Elledge, 2003) did not affect the
G1 checkpoint (Figure 5C), nor the recruitment of TopBP1 to
sites of DNA DSBs in G1 cells (Supplementary Figure 6C).

To establish whether the interaction of 53BP1 and TopBP1
was important for the function of TopBP1 in the G1 check-
point, we generated stably-transfected clones of U20S cells
expressing either GFP-tagged full-length TopBP1 or a TopBP1
mutant with BRCT domains 4-5 deleted (A551-738;
Figure 5D). Expression of endogenous TopBP1 was depleted
using an siRNA corresponding to the 3 untranslated region of
the endogenous topbpl gene and the G1 checkpoint assay
performed. The cells stably expressing full-length TopBP1
retained the G1 checkpoint, whereas the cells expressing
the TopBP1 deletion mutant exhibited a checkpoint defect
(Figure 5D).

Interestingly, even though TopBP1 also has a role in the
initiation of DNA replication, the siRNA-mediated depletion
of TopBP1 did not inhibit entry into S-phase in our system
(Figure 5B). Presumably, even more efficient depletion of
TopBP1 is required to abolish the function of TopBP1 in
initiation of DNA replication.

Discussion

The observations that TopBP1 can localize to both sites of
DNA DSBs and sites of DNA replication stress and that
localization to these sites is cell cycle dependent and
mediated by distinct combinations of BRCT domains (1-2
and 4-5 for sites of DNA DSBs in Gl-phase and 1-2 and
7-8 for sites of DNA replication stress and resected DNA
DSBs in S/G2-phase) provide an explanation for the conflict-
ing data in the literature regarding which domains are
important for recruitment (Yamane et al, 2002; Delacroix
et al, 2007; Lee et al, 2007). In essence, our studies show
that a major part of the TopBP1 protein (BRCT domains 1-2,
4-5 and 7-8) mediates its recruitment to sites of DNA
damage.

As BRCT domains are phosphopeptide-binding domains
(Manke et al, 2003; Yu et al, 2003), our results suggest that
TopBP1 is recruited to sites of DNA damage by interacting
with phosphorylated proteins present at these sites. BRCT
domains 1-2 are important for the recruitment to sites of
both DNA DSBs and DNA replication stress. On the basis of
published TopBP1-protein interactions, the recruitment of
ToPBP1 to these sites may be mediated by interactions
of BRCT domains 1-2 with NBS1 and Rad9, respectively
(Delacroix et al, 2007; Lee et al, 2007; Yoo et al, 2009).
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The interaction between TopBP1 BRCT domains 4-5
and 53BP1 can explain the role of these BRCT domains on
the recruitment of TopBP1 to sites of DNA DSBs in G1-phase
and its dependency on 53BP1. Interestingly, the homologues
of TopBP1 and 53BP1 in fission yeast also interact
with each other, suggesting that these recruitment mechan-
isms may be conserved in evolution (Saka et al, 1997;
Du et al, 2006).

TopBP1 has a well-established function in the DNA
replication checkpoint, which is conserved in evolu-
tion (Makiniemi et al, 2001; Yamane et al, 2002; Parrilla-
Castellar and Karnitz, 2003; Garcia et al, 2005). Un-
expectedly, we observed that TopBP1 is also critical
for the G1 checkpoint and that its function in Gl-phase
involves 53BP1. A role of 53BP1 as a checkpoint protein in
vertebrate cells has been debated (DiTullio et al, 2002;
Wang et al, 2002; Ward et al, 2003; Nakamura et al, 2006),
even though its homologues in yeast are well-established
checkpoint proteins (Weinert and Hartwell, 1988; Saka
et al, 1997; Willson et al, 1997). The previous studies
on the checkpoint function of 53BP1 in vertebrate cells had
focused on the S- and G2-phases of the cell cycle. The
results reported here suggest that 53BP1 exerts its checkpoint
function predominantly in G1, similar to what has been
observed with Rad9, the 53BP1 homologue, in budding
yeast (Siede et al, 1993; Wysocki et al, 2005; Hammet et al,
2007). These studies further suggest that the checkpoint
function of 53BP1 is mediated at least partially by TopBP1,
although direct activation of ATM by 53BP1 may also be
a contributor to the checkpoint function of 53BP1 (Lee et al,
2009).

How TopBP1 exerts a checkpoint function in Gl-phase
remains to be determined (Supplementary Figure 9). One
possibility is that TopBP1 activates ATM either through an, as
yet unidentified, ATM activation domain or even through its
ATR activation domain, as ATM has sequence similarity with
the domain of ATR that interacts with TopBP1 (Mordes et al,
2008; Lempiainen and Halazonetis, 2009). Alternatively,
TopBP1 may activate ATR. In S- and G2-phase cells, an initial
activation of ATM leads to strand resection and RPA-depen-
dent recruitment and activation of ATR (Jazayeri et al, 2006;
Myers and Cortez, 2006; Yoo et al, 2007, 2009; Shiotani and
Zou, 2009). In G1 cells, we did not detect by immunofluor-
escence either ATRIP or RPA at sites of DNA DSBs. However,
there is a possibility that very limited resection may be
occurring, leading to limited recruitment of ATR that is
undetectable by immunofluorescence. The two possibilities
discussed above, activation of ATM and activation of ATR, are
not mutually exclusive. In fact, we favour both, as the G1
checkpoint was dependent on ATM and also, although to a
lesser degree, on ATR.

Finally, an unresolved issue is whether the colocalization
of 53BP1 and TopBP1 in Gl-phase affects DNA repair. The
DNA DSBs in Gl-phase are repaired mostly by non-homo-
logous end joining, whereas DNA DSBs in S/G2-phase
are repaired by homologous recombination. 53BP1 is appar-
ently involved in the choice between these two repair
pathways (Nakamura et al, 2006; Difilippantonio et al,
2008; Dimitrova et al, 2008; Bothmer et al, 2010; Bouwman
et al, 2010; Bunting et al, 2010). Thus, it will be interesting to
determine whether the DNA repair function of 53BP1 is
modulated by TopBP1.
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Materials and methods

Recombinant plasmids and antibodies

Plasmids encoding TopBP1 polypeptides fused to the C-terminus of
GFP were generated from a previously-described mammalian
expression plasmid (Huyen et al, 2004). For stable expression the
GFP-TopBP1 inserts were transferred from the pSV2 vector to the
PIRESN?2 bicistronic vector (Clontech Laboratories, Mountain View,
CA). For the co-immunoprecipitation experiments, the pIRESN2
vector was used to express a fusion protein consisting from its
N-terminus to C-terminus of an HA tag, two tandem IgG-binding
domains from protein A (Nilsson et al, 1987), a heterologous
tetramerization domain (TZp) fused to a nuclear localization signal
(Zgheib et al, 2009) and residues 2-300 or 531-755 of human
TopBP1. Antibodies used were specific for 53BP1 (Schultz et al,
2000), ATRIP (Venere et al, 2007), GFP, ATM and TopBP1 (Abcam,
Cambridge, UK), RPA70 (Calbiochem, La Jolla, CA, USA), Cyclin
Bl (Upstate, Albany, NY, USA) and the HA tag (Covance,
Princeton, NJ).

Focus formation assay

U20S cells, obtained from the American type culture collection
(Manassas, VA, USA) were either not transfected (to monitor
localization of endogenous proteins) or were transiently transfected
with plasmids encoding GFP-TopBP1 proteins using Fugene (Roche
Diagnostic, Basel, Switzerland) and examined 2 days later. To
induce DNA damage, the cells were exposed to IR (9Gy), and,
30min to several hours later, fixed and processed for immuno-
fluorescence, as described (Zgheib et al, 2009). Alternatively, cells
were treated with 2 mM HU and examined 16h later. To correlate
the behaviour of TopBP1 foci according to genomic DNA content,
overlapping images capturing a total of 227 cells were acquired
using a x 40 magnification lens. The genomic DNA content of each
cell was determined by integrating the density of DAPI staining over
the entire nucleus of the cell after the images had been calibrated
(via their overlapping part) to one another. Then a histogram plot
showing for each cell the genomic DNA content and the behaviour
of TopBP1 was prepared (Figure 1C). For all other immunofluor-
escence assays, the DNA content of the indicated cell was
determined to be 2 or >2N based on the integrated DAPI staining
value of the cell in comparison to the adjacent cells in the same
field. For many experiments, the cells were also treated with EAU
for 30min before fixing and the presence or absence of EdU
incorporation, helped distinguish S-phase cells from cells in G1- or
G2-phase. The processing of the images and the calculations were
performed using Imagevision/IRIX and PERL software (Silicon
Graphics, Mountain View, CA, USA). For the correlations of Cyclin
Bl staining and EdU incorporation to behaviour of TopBP1 IR-
induced foci, more than 200 cells were counted.

Small interfering RNA (siRNA) transfection
U20S cells were transfected using Oligofectamine (Invitrogen,
Carlsbad, CA, USA) or Hyperfectamine (Qiagen, Valencia, CA,
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USA) with control siRNA (luciferase; Dharmacon, Lafayette, CO) or
siRNAs targeting atm, 53bpl, mdcl (Mochan et al, 2003), atrip
(Venere et al, 2007), rpa70 or topbpl. The sequence of the siRNA
targeting rpa70 was: ACCACTCTATCCTCTTTCATGAtdt. For topbpl,
3 different siRNAs were used: #1, CAGAAUUGUUGGUCCUCAA
dtdt; #2, GAAUUCUGCUUCAGAGUAUAAtdt; and #3, CGAUAGAG
GAGACUCAUGAAdtdt. The cells were examined 48h after siRNA
transfection.

Preparation of cell extracts, immunoblotting and
coprecipitation assays

The preparation of whole cell extracts and immunoblotting were
performed as described previously (Venere et al, 2007). For analysis
of the interaction of the BRCT domains of TopBP1 with endogenous
53BP1, stable clones of U20S cells expressing the pIRESN2 vectors
described above were selected with G418 as described previously
(Venere et al, 2007). Nuclear extracts prepared from these cells
(Dignam et al, 1983) were incubated for 1h at 4°C in buffer
consisting of 25mM BTP (pH 6.8), 10mM EDTA, 1 mM EGTA,
150mM KCl, 5% glycerol and 0.75% CHAPS with M-270 Epoxy
Dynabeads (Dynal AS, Oslo, Norway) coated with rabbit IgG
(Sigma, St Louis, MO, USA). Then the beads were washed
extensively in the same buffer and captured HA-tagged TopBP1
and endogenous 53BP1 proteins were detected by immunoblotting.

Checkpoint assay

At 481 after siRNA transfection, U20S cells pulse-labelled for 1h
with 10puM EdU (Invitrogen) were exposed to IR (2Gy) or were
mock-irradiated. Then, the cells were incubated for 7 h with 10 pM
BrdU (Sigma) and 0.25 pg/ml nocodazole (Sigma). Afterwards, the
cells were collected by trypzinization and fixed in ice-cold 70%
ethanol for 20 min. The presence of Edu and BrdU were monitored
by Click-It chemistry (Invitrogen) and anti-BrdU antibodies (BD
Bioscence, Franklin Lakes, NJ), respectively. After staining of the
genomic DNA with propidium iodide, the samples were analysed by
flow cytometry.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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