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Cell cycle checkpoints are essential for maintaining genomic integrity. Human topoisomerase II binding protein
1 (TopBP1) shares sequence similarity with budding yeast Dpbl11, fission yeast Rad4/Cut5, and Xenopus Cut5, all
of which are required for DNA replication and cell cycle checkpoints. Indeed, we have shown that human TopBP1
participates in the activation of replication checkpoint and DNA damage checkpoints, following hydroxyurea
treatment and ionizing radiation. In this study, we address the physiological function of TopBP1 in S phase by using
small interfering RNA. In the absence of exogenous DNA damage, TopBP1 is recruited to replicating chromatin.
However, TopBP1 does not appear to be essential for DNA replication. TopBP1-deficient cells have increased H2AX
phosphorylation and ATM-Chk 2 activation, suggesting the accumulation of DNA double-strand breaks in the
absence of TopBP1. This leads to formation of gaps and breaks at fragile sites, 4N accumulation, and aberrant cell
division. We propose that the cellular function of TopBP1 is to monitor ongoing DNA replication. By ensuring
proper DNA replication, TopBP1 plays a critical role in the maintenance of genomic stability during normal S phase

as well as following genotoxic stress.

Genomic stability in eukaryotic cells is maintained by mul-
tiple checkpoint mechanisms which coordinate cell cycle pro-
gression and other processes including transcription, apopto-
sis, and repair (15). These networks involve many proteins that
relay the signal of DNA damage, faulty DNA replication, or
aberrant chromosome segregation to downstream effectors.

In mammals, ATM (ataxia-telangiectasia mutated) and ATR
(ATM and rad3 related), members of the phosphatidylinositol
3-kinase-related family of proteins, play critical roles as check-
point regulators (1). ATM phosphorylates and activates down-
stream effectors such as checkpoint kinase 2 (Chk2) in response
to ionizing irradiation (5). On the other hand, ATR detects in-
completely replicated or UV-damaged DNA and promotes phos-
phorylation-dependent activation of Chkl (14, 16, 18, 50). In
addition to ATM and ATR, the Rad17-replication factor C clamp
loader, the Rad9-Rad1-Husl sliding clamp, and Mrel1-Rad50-
Nbsl complexes have all been implicated as sensors of DNA
lesions (39, 52). Some of these proteins not only participate in
checkpoint control but also function during normal DNA repli-
cation. These include ATR/ATM kinase, the Rad17-replication
factor C complex, the Rad9-Radl-Husl complex, the single-
strand DNA binding protein replication protein A (RPA), the
DNA helicases BLM (for Bloom’s syndrome protein) and WRN
(for Werner’s syndrome protein), and topoisomerase binding
protein 1 (TopBP1) (4, 12, 19, 27, 35, 43, 52).

TopBP1 was initially identified as a DNA topoisomerase II
B-interacting protein (47). Human TopBP1 possess eight
BRCAL1 carboxyl-terminal (BRCT) domains, a motif which
was first described at the C terminus of the breast cancer
susceptibility gene product, BRCA1, and is conserved in many
proteins related to cell cycle checkpoint and DNA damage
response (8). TopBP1 shares sequence homology with Saccha-
romyces cerevisiae Dpbl1, Schizosaccharomyces pombe Rad4/
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Cut5, Drosophila melanogaster Mus101, and Xenopus Cut5. All
these homologs are believed to participate in DNA replication
and DNA damage checkpoints.

Budding yeast Dpbll containing four BRCT domains as-
sembles on replication origins in a Cdc45-dependent manner
and plays a role in loading DNA polymerases « and € (21, 38,
42). In the presence of incomplete replication, DpbI] mutants
still progress into mitosis, suggesting that Dpb11 is needed for
the activation of replication checkpoint. Dpbl1 mutants have
an increased rate of genome rearrangements, indicating that
one of the Dpb11 functions is to prevent spontaneous genome
rearrangements that arise from replication errors (24). Dpbl11
mutants are sensitive to hydroxyurea and UV irradiation. In
addition, Dpbl11 is required for Rad53 activation in response
to DNA replication blocks. These data suggest that Dpb11 acts
in the DNA damage checkpoint pathway (2, 42). Similarly,
fission yeast Rad4/Cut5 is required for Cdc45 loading during
normal DNA replication (11), as well as replication checkpoint
and DNA damage checkpoint controls (20, 22, 33, 34, 41). In
higher eukaryotes, the mutant of the mutagen sensitive 101
(mus101) gene of Drosophila melanogaster encoding seven
BRCT domains shows defects in DNA synthesis, chromosome
instability, and hypersensitivity to DNA damage (7, 45). Xeno-
pus Cut5 (also known as Mus101) contains eight BRCT do-
mains and is required for the recruitment of Cdc45 to origins
of DNA replication (40). In the presence of stalled replication
forks, Cut5 facilitates ATR chromatin binding and polymerase
a chromatin association (26).

Human TopBP1 has been suggested to be involved in DNA
replication and checkpoint control. TopBP1 physically inter-
acts with DNA polymerase €. The addition of an antibody
against TopBP1 inhibits DNA synthesis in vitro, suggesting
that TopBP1 may be required for normal DNA replication
(19). In response to ionizing radiation, TopBP1 is phosphory-
lated by ATM (48), implying a role of TopBP1 in the DNA
damage checkpoint. The role of TopBP1 in checkpoint control
is directly demonstrated by a later study using TopBP1 anti-
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FIG. 1. TopBP1 associates with chromatin in S-phase cells. (A) HCT116 cells were synchronized in mitosis with nocodazole treatment for 14 h
and then released in fresh medium without nocodazole. Cells were collected at 0, 10, 12, or 16 h later. HCT116 cells were also treated with 1 mM
hydroxyurea (HU) for 14 h. Cell cycle distributions were determined by flow cytometry. Chromatin-containing fractions were blotted with indicated
antibodies. Asyn, asynchronized; MNase, micrococcal nuclease. (B) HeLa cells treated with or without hydroxyurea (HU) were coimmunostained

with the indicated antibodies.

sense oligonucleotides, showing that ionizing radiation-in-
duced G,/M checkpoint and Chk1 phosphorylation is partially
abrogated in the absence of TopBP1 (46).

While it is clear that human TopBP1 participates in the
DNA damage checkpoint, the exact role of TopBP1 during
normal S-phase progression is not fully understood. The S
phase is a period of increased genomic instability as DNA is
unpacked and exposed to numerous intrinsic and exogenous
replication stress. Therefore, a system monitoring proper DNA
replication is pivotal for protecting cells against genomic in-
stability. In this study, we show that TopBP1 is required for
Chk1 activation in response to a stalled replication fork. Fur-
thermore, we find that TopBP1 is a chromatin-associated pro-
tein during DNA replication. TopBP1 probably monitors the
integrity of DNA replication and protects cells from genomic
instability during normal cell cycle progression.

MATERIALS AND METHODS

Antibodies. Rabbit anti-TopBP1 antibody was raised by immunizing rabbits
with GST-TopBP1 containing amino acids 979 to 1435. Anti-TopBP1 antibody
was affinity purified using the AminoLink Plus Immobilization and Purification
kit (Pierce). The phospho-specific antibodies to pT68 of Chk2 and to phosphor-
ylated H2AX (y-H2AX) were generated as described previously (28, 44). The
anti-Chk2pT68 antibody and anti-y-H2AX were purified by affinity chromato-
graphy using the phosphopeptide linked to agarose beads (SulfoLink kit; Pierce)
according to the manufacturer’s instructions. The anti-Chk1 antibody and phos-
pho-specific antibody to pS317 of Chkl were purchased from Cell Signaling
Technology. The phospho-specific antibody to pS1981 of ATM was obtained
from Rockland, Inc.; anti-5-bromo-2’-deoxyuridine (anti-BrdU) antibody was
obtained from BD Biosciences; and anti-origin recognition complex 2 (anti-
ORC?2) was obtained from Santa Cruz Biotechnology.

Cell culture and synchronization. All cell lines were obtained from the American
Tissue Culture Collection and maintained in Dulbecco’s modified Eagle medium

supplemented with 10% fetal bovine serum at 37°C in 5% (vol/vol) CO,. Synchro-
nization of cells at mitosis was achieved by nocodazole treatment. In brief, cells
were cultured with 0.1-wg/ml nocodazole for 14 h and were harvested by a
shake-off procedure. The mitotic cells were released and allowed to grow in
serum-containing media.

Cell fractionation. Whole cell extracts were prepared by resuspension of cells
in Laemmli buffer, followed by sonication for 15 s. Preparation of chromatin-
bound proteins was performed as described by Mendez and Stillman (23). A total
of ~3 X 10° cells were washed with phosphate-buffered saline (PBS), resus-
pended in 300 pl of solution A (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM
MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 10 mM NaF, 1 mM
Na,VO;, and protease inhibitors) containing 0.1% of Triton X-100, and incu-
bated on ice for 5 min. Cytoplasmic proteins were separated from nuclei (P1) by
low-speed centrifugation (1,300 X g for 4 min; 4°C). Isolated nuclei were washed
once with solution A and then lysed in 300 wl of solution B (3 mM EDTA, 0.2
mM EGTA, 1 mM dithiothreitol, and protease inhibitors) on ice for 10 min.
Soluble nuclear proteins were separated from insoluble chromatin (P2) by cen-
trifugation (1,700 X g for 4 min; 4°C). Isolated chromatin was washed once with
solution B and centrifuged at 10,000 X g for 1 min. The final chromatin (P3) was
resuspended in 300 pl of Laemmli buffer and sonicated for 15 s. To release
chromatin-bound proteins, nuclei (P1) were resuspended in solution A supple-
mented with 1 mM CaCl, and 50 U of micrococcal nuclease (Sigma). After 1 min
of incubation at 37°C, the nuclease reaction was stopped by the addition of 1 mM
EGTA. Nuclei were collected by low-speed centrifugation, lysed, and fraction-
ated as above.

siRNA. TopBP1 and control small interfering RNA (siRNA) were synthesized
by Dharmacon, Inc. The siRNA duplexes were 21 bp as follows: control siRNA
sense strand, 5'-UUCAAUAAAUUCUUGAGGUATAT (where dT is deoxyri-
bosylthymine); TopBP1 siRNA sense strand, 5'-CUCACCUUAUUGCAGGAG
AdTdT; BRCAL1 siRNA sense strand, 5'-GGAACCUGUCUCCACAAAGATAT
and 5'-UCACAGUGUCCUUUAUGUAJTAT. Transfection was performed
twice 24 h apart with 200 nM of siRNA with Oligofectamine reagent according
to the manufacturer’s instructions (Invitrogen).

Immunofluorescence staining. Cells grown on coverslips were fixed with 3%
paraformaldehyde at room temperature for 10 min. After permeabilization with
0.5% Triton X-100 for 5 min, cells were blocked with 5% goat serum—1% bovine
serum albumin for 30 min and incubated with primary antibodies recognizing
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FIG. 2. TopBP1 deficiency results in accumulation of cells with 4N DNA content. (A) At 72 h after siRNA transfection, HCT116 cell lysates
were prepared and immunoblotted with anti-TopBP1 or antiactin antibodies. (B) DNA content and cell cycle distributions were determined by flow
cytometry. (C) Cells were pulsed with 20 uM BrdU for 30 min and immunostained with anti-TopBP1 and anti-BrdU antibodies. The percentages
of cells with BrdU uptake were determined. For each experiment, 500 cells were counted. The results presented here are the average of three
independent experiments. *, P < 0.05. (D) Cells transfected with siRNA were arrested at mitosis following nocodazole (NOC) treatment and then
released into the next cell cycle. Cell cycle progression was analyzed by flow cytometry. (E) Cells were labeled with 20 M BrdU for 30 min prior
to harvest at each time point, and BrdU-positive cells were determined by immunostaining. An asynchronized (Asyn) cell population was also

included as a control.

BrdU, TopBP1, y-H2AX, ATM, or phosphohistone H3 at room temperature for
1 h. After being washed out with PBS, the cells were incubated with secondary
antibodies, fluorescein isothiocyanate-conjugated goat anti-mouse immunoglob-
ulin G (IgG), rhodamine-conjugated goat anti-rabbit IgG, or rhodamine-conju-
gated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) at
room temperature for 1 h. Nuclei were counterstained with 4’6-diamidino-2-
phenylindole (DAPI). After a final wash with PBS, coverslips were mounted with
glycerin containing paraphenylenediamine. For costaining of PCNA with either
TopBP1 or y-H2AX, cells were permeabilized with methanol:acetone (1:1) at
—20°C for 30 min and then incubated sequentially with primary and secondary
antibodies.

Fragile-site analysis. Fragile sites were induced by exposure of HeLa cells to
0.4 pM aphidicolin for 24 h. Cells were harvested for chromosome preparation
by standard conditions of 45 min of Colcemid treatment (50 ng/ml), followed by
20 min incubation in 0.075 M KClI at 37°C. Cells were fixed by multiple changes
of Carnoy fixative (3:1 methanol:acetic acid) and were dropped onto slides.
Slides were baked overnight at 60°C before Giemsa banding, according to the
trypsin digestion procedure. Metaphase spreads were scored for gaps and breaks
(9). Common fragile sites were determined following the list in Richards (30).

RESULTS

TopBP1 is a replication-dependent chromatin binding
protein. In this study, we were interested in identifying the
physiological function of TopBP1 in the absence of DNA
damage. Given the roles of TopBP1 homologs in other
model organisms (8, 11, 19, 21, 38, 42, 45), we first examined
whether TopBP1 would associate with replicating chromatin

in S phase. HCT116 colon carcinoma cells were synchro-
nized at prometaphase with nocodazole and then released
into the next cell cycle. Cell cycle distribution was confirmed
by fluorescence-activated cell sorter analysis. As shown in
Fig. 1A, while ORC2, a subunit of origin recognition com-
plex, remained bound to chromatin in all cell cycle phases
including mitosis (31), TopBP1 was only detected in the
chromatin-containing fractions after cells left mitosis and
entered S phase. Treatment of the S phase-chromatin frac-
tions with micrococcal nuclease released TopBP1 (Fig. 1A),
demonstrating that TopBP1 indeed associates with DNA
during S phase. Furthermore, in the presence of replication
stress induced by hydroxyurea, TopBP1 was enriched in the
chromatin-containing fraction (Fig. 1A), in agreement with
a role of TopBP1 in replication checkpoint control (19).
These observations suggest that TopBP1 binds to replicating
chromatin independently of DNA damage and is robustly
recruited to the damaged DNA.

Next, we sought to examine whether or not TopBP1 is re-
cruited to replication forks during S phase. However, as previ-
ously reported (19), TopBP1 foci in S-phase cells were distinct
from PCNA foci, a marker of the sites of DNA synthesis
(Fig. 1B). This indicates that although TopBP1 associates with
chromatin, it is not directly linked with the ongoing replication
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forks during normal S phase. Also similar to the previous report
showing that TopBP1, BRCA1, and PCNA colocalize at stalled
replication forks (19), it was observed that TopBP1 foci colocal-
ized with most of PCNA foci and y-H2AX foci following hy-
droxyurea treatment, supporting that TopBP1 is recruited to the
sites of stalled replication forks following replication stress.

TopBP1 deficiency leads to the accumulation of cells with
4N DNA content. To further explore whether TopBP1 would
be required for DNA synthesis, we used siRNA to deplete
endogenous TopBP1 expression in HCT116 cells (Fig. 2A). At
72 h after the first siRNA transfection, TopBP1-deficient cells
showed a significant accumulation of cells with 4N DNA con-
tent, with accompanied decrease of S-phase populations
(Fig. 2B). The similar phenotype was also observed with U20S
osteosarcoma, HeLa cervix carcinoma, and A549 lung carci-
noma cells (data not shown), suggesting that this phenotype is
not cell type specific and does not depend on p53 status. To
confirm the decrease of S phase population in the absence of
TopBP1, we used BrdU pulse-labeling to determine the per-
centages of cells with ongoing DNA replication. As shown in
Fig. 2C, the depletion of TopBP1 resulted in a modest but
significant decrease in the percentage of replicating cells in
unsynchronized culture, indicating that TopBP1-deficient cells
show an apparent reduction in S-phase population.

The apparent reduction of S-phase cells in the absence of
TopBP1 could indicate that TopBP1 may be required for nor-
mal DNA replication. Alternatively, since we observed an in-
crease of cells with 4N DNA content, it is possible that a large
number of cells are arrested with 4N DNA content and cannot
reenter the cell cycle. The decrease of S-phase cells in unsyn-
chronized culture could just reflect fewer cycling cells in the
absence of TopBP1. To further clarify the cell cycle arrest
induced by TopBP1 deficiency, we sought to determine
whether there was any defect in overall DNA synthesis in the
absence of TopBP1 using synchronized cultures. siRNA-trans-
fected HCT116 cells were synchronized in prometaphase by
nocodazole treatment and then released to the cell cycle, fol-
lowing a protocol shown in Fig. 2D. Control siRNA-trans-
fected cells progressed normally into the next S phase. How-
ever, many TopBP1-deficient cells were arrested with 4N DNA
content throughout the experimental period. Only some
TopBP1-deficient cells were able to enter G, and S phases
after release from nocodazole. To carefully monitor the fate of
TopBP1-deficient cells, the progression of S phase was deter-
mined by pulse-labeling with BrdU. The pattern of S-phase
progression appeared to be normal in TopBP1-deficient cells
(Fig. 2E). We observed that TopBP1 siRNA-treated cells
started to enter S phase 6 to 8 h after being released from
nocodazole and S-phase cells peaked at the 14- or 16-h time
points. This is very similar to that observed with cells treated
with control siRNA (Fig. 2E). There may be a slight delay in
S-phase entrance, but largely TopBP1 was not required for the
overall DNA replication. Of course, there was an overall
decline of BrdU-positive cells in the absence of TopBP1
(Fig. 2E). As shown above, using unsynchronized cultures
(Fig. 2B), this decline likely resulted from a blockage of the cell
division at 4N DNA status in TopBP1-deficient cells.

TopBP1 deficiency generates spontaneous DNA damage and
activates ATM-Chk2 pathway. The next question is why TopBP1-
deficient cells are arrested with 4N DNA content. The accumu-
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FIG. 3. TopBPl1-deficient cells increase H2AX phosphorylation
through the activation of ATM-Chk2 pathway. (A) U20S (left) or
HelLa (right) cells were transfected with control or TopBP1 siRNA.
After 72 h, cells were collected and immunoblotted with the indicated
antibodies. Cells transfected with indicated siRNA were also treated
with 10 mM hydroxyurea (HU) or gamma irradiated (IR; 10 Gy) and
then incubated for 1 h before harvest. (B) U20S cells transfected with
the indicated siRNA were immunostained with indicated antibodies.
At least 300 cells were counted for each sample.

lation of cells with 4N DNA content was very similar to the G,/M
cell cycle arrest observed with wild-type cells following DNA
damage. Given the role of TopBP1 in checkpoint control, it is
possible that cells with TopBP1 deficiency bypass the replication
checkpoint activated during normal DNA replication. This in turn
would lead to the generation of DNA breaks due to the failure to
stabilize any stalled replication forks. To test this hypothesis, we
examined the phosphorylation of histone H2AX, a marker of
double-strand DNA breaks (29). vy H2AX was significantly en-
hanced in TopBP1-siRNA-transfected U20S cells compared to
control siRNA-transfected cells, either by immunoblotting or by
immunostaining (Fig. 3A and B). This indicates that TopBP1
deficiency results in the generation of DNA breaks even in the
absence of any external genotoxic stress.

We next examined whether H2AX phosphorylation induced
by TopBP1 siRNA was due to the activation of ATM or ATR
kinase. Using an antibody that recognizes the activation-spe-
cific ATM autophosphorylation site Ser-1981, we showed a
significant activation of ATM colocalized with vy H2AX in
TopBP1 siRNA-transfected U20S cells (Fig. 3B). This phos-
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phorylation of ATM and H2AX was also detected in HeLa
cells after TopBP1 depletion (data not shown). Since Chk?2 is
phosphorylated by active ATM following DNA damage, we
would expect to observe Chk2 phosphorylation. We detected a
significant Chk2 phosphorylation in TopBP1-deficient HeLa
cells (Fig. 3A). Because there is no reliable ATR antibody that
can be used as a marker of ATR activation, we did not address
directly whether ATR was activated in TopBP1-deficient cells.
Instead, we examined Chk1 phosphorylation as an indicator of
ATR activation, since ATR is directly required for Chk1 phos-
phorylation following DNA damage. As shown in Fig. 3A, we
failed to observe any Chkl phosphorylation by immunoblot-
ting. These observations indicate that TopBP1 deficiency
causes spontaneous DNA damage, which might resemble some
double-strand break-like structures, and thus activate the
ATM-Chk2 pathway.

We further determined how TopBP1 might deal with stalled
replication forks induced by external genotoxic stress. It has
been reported that TopBP1 homologs are required for the
activation of replication checkpoint in yeast and Xenopus sys-
tems (26, 33, 42). To confirm that TopBP1 also functions in the
DNA replication checkpoint, TopBP1-deficient cells were
treated with hydroxyurea, and checkpoint activation was exam-
ined by immunoblotting with anti-phospho-Chk1 antibodies.
As shown in Fig. 3A, while we readily detected phosphorylated
Chk1 in hydroxyurea-treated control U20S cells, cells trans-
fected with TopBP1 siRNA were defective in Chk1 phosphor-
ylation following hydroxyurea treatment. Similar results were
also observed with HeLa cells (data not shown). As shown
above in Fig. 1A and B, TopBP1 was also enriched at stalled
replication forks. In addition, Chk1 phosphorylation was abol-

ished in TopBP1-deficient cells, following ionizing radiation
(Fig. 3A). These data suggest that TopBP1 is involved in sens-
ing and signaling DNA damage and is required for Chkl,
following replication stress and double-strand breaks.

TopBP1 partially regulates fragile site expression. Our find-
ings of spontaneous DNA damage and ATM-Chk?2 activation
in TopBP1-deficient cells suggest that single-strand and/or
double-strand breaks are generated in these cells. One likely
source of spontaneous damage is stalled replication forks that
accumulate single-strand DNA gaps. In addition, stalled rep-
lication forks are also frequently processed to Holliday junc-
tion-like “chicken foot” structures. The collapse of such struc-
tures leads to DNA double-strand breaks (10, 25, 36). The
intra-S-phase checkpoint is required for the stabilization of
stalled replication forks and thus maintains genomic stability.
One consequence of an inactive or absent replication check-
point is the generation of fragile sites, characterized by forma-
tion of gaps and breaks, which arise upon progression into
mitosis (10, 30).

To determine whether TopBP1-deficient cells express com-
mon fragile sites, low doses of aphidicolin was used, and the
gaps and breaks at fragile sites on metaphase chromosomes
were evaluated with trypsin-Giemsa banding (Fig. 4A). Since
another checkpoint protein, BRCAL, is required for the frag-
ile-site stability (3), we included BRCAL1 siRNA as a control in
our experiments. HeLa cells transfected with either TopBP1
siRNA or BRCA1 siRNA showed about a threefold increase in
fragile-site expression compared to control cells, indicating
that both TopBP1 and BRCAL partially regulate fragile-site
stability (Fig. 4B). As shown in Fig. 4C, the concurrent down-
regulation of TopBP1 and BRCAL resulted in a 1.5-fold in-
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crease in fragile-site expression compared to single siRNA-
transfected cells, suggesting that TopBP1 and BRCA1 may
have overlapping functions in regulating the fragile site. This
result is similar to an early study showing the overlapping
functions of TopBP1 and BRCA1 in G,/M checkpoint control
(46), raising the possibility that the checkpoint function and
fragile-site regulation are mechanistically linked.

TopBP1 deficiency results in abnormal cell cycle progres-
sion. Based on the above observations, it is reasonable to
speculate that the inability to correctly process spontaneous
replication fork collapse in TopBP1-depleted cells leads to the
generation of DNA double-strand breaks, which in turn arrest
the cell cycle at G,/M phase. To determine in which cell cycle
phase TopBP1-deficient cells are arrested, we examined the
percentages of mitotic cells using phosphohistone H3 staining.
However, as shown in Fig. 5A, TopBP1-deficient HCT116 cells
have approximately the same percentages of cells in mitosis as
control siRNA-transfected cells. In addition, the number of
cells in late G, phase, which displays a dotted pattern of phos-
phohistone H3 staining, also did not increase in TopBP1-de-
ficient cells (data not shown).

Because of the lack of proper markers for early G, phase, we
were unable to determine the percentage of TopBP1-deficient
cells in early G, phase. However, if the 4N accumulation ob-
served with TopBP1-deficient cells is the result of G,/M check-
point activation in response to DNA breaks, it should be over-
ridden by the addition of caffeine, an inhibitor of both ATM
and ATR kinases. Earlier studies have indeed shown that the
G,/M cell cycle arrest following DNA damage can be bypassed
by caffeine (49). Thus, after TopBP1 siRNA transfection, we
incubated these cells with caffeine for an additional 44 h
(Fig. 5B). To our surprise, the 4N accumulation we observed
following TopBP1 depletion largely could not be overcome by

caffeine treatment, suggesting that these 4N cells are not likely
the normal G,-arrested cells following DNA damage.

To find out the property of these cells with 4N DNA content,
we counted the cells with aberrant mitotic morphologies. As
shown in Fig. 5C, the number of cells with aberrant mitosis
including nuclear missegregation and multinucleation was sub-
stantially increased in TopBP1-deficient HCT116 cells. The
aberrant phenotypes were also observed with HeLa cells (data
not shown). These observations suggest that the TopBP1-de-
ficient cells somehow bypassed the G,/M checkpoint and en-
tered mitosis (see Discussion for details). However, presum-
ably because of the unreplicated DNA regions or remaining
DNA breaks, these cells failed to undergo normal mitosis and
cytokinesis and subsequently were arrested as tetraploid cells.
These cells are unlikely to be able to survive, which is in
agreement with our previous report indicating that abolishing
TopBP1 expression leads to significant cell death (48).

DISCUSSION

The present study demonstrates that TopBP1 is required for
genomic integrity in mammalian cells. Similar to previous stud-
ies, we have shown that TopBP1 participates in DNA damage
response and is required for Chkl activation following DNA
damage. More importantly, we have shown that TopBP1 is a
replication-dependent chromatin binding protein and further ac-
cumulates on chromatin following replication stress. TopBP1 is
required for faithful DNA synthesis. In the absence of TopBP1,
cells accumulate spontaneous DNA damage and activate the
ATM-Chk2 pathway, which results in tetraploid cell cycle ar-
rest. Consequently, TopBP1-deficient cells are prone to ex-
pression of common fragile sites. These observations allow us
to propose a model whereby TopBP1 coordinates cell cycle
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FIG. 6. TopBP1 participates in the maintenance of genomic stabil-
ity during normal S phase, as well as following DNA damage.

transitions with the completion of DNA synthesis and DNA
checkpoint, thereby safeguarding genomic integrity (Fig. 6).

S phase is probably one of the most vulnerable cell cycle
phases during normal cell proliferation. Either intrinsic or ex-
ternal events can lead to the stalling of replication forks, which
if not managed properly will result in the collapse of replica-
tion forks and the generation of DNA double-strand breaks.
Thus, a guarding system called the replication checkpoint has
evolved to deal with these replication stresses and ensure
proper DNA duplication (32). Based on our observations, we
believe that TopBP1 is one of the key S-phase checkpoint
components. Loss of TopBP1 leads to the generation of DNA
double-strand breaks and the activation of the ATM-Chk2
pathway, due to the collapse of stalled replication forks in
these cells.

Previous studies suggested that components of the repli-
cation checkpoint (ATR, BRCA1, BLM/WRN, and Chkl)
are all critical for protecting the stability of fragile sites (3,
9, 17, 32, 37). In this study, we have shown that TopBP1 is
also required for the prevention of fragile site expression.
Interestingly, a recent report shows that in the Xenopus
system, the absence of BLM results in chromosomal breaks
during S phase (17), a phenomenon similar to that observed
here with TopBP1-deficient cells. Chkl1 is also proposed to
be required for normal S phase to avoid DNA breakage
(37). Thus, it implicates that the replication checkpoint is
required for faithful DNA replication, suppression of the
fragile-site expression, and genomic stability, even in the
absence of external DNA damage. Further study of the
nature of these stalled replication forks and the molecular
mechanisms by which stalled replication forks or replication
stress are monitored will yield better understanding of
genomic stability in humans.

It remains to be resolved whether or not human TopBP1 is
a component of normal DNA replication apparatus. Yeast
TopBP1 homologs are required for recruiting Cdc45 or DNA
polymerases during replication (2, 42). However, human
TopBP1 does not colocalize with PCNA in normal S-phase
cells, raising the possibility that TopBP1 is not an essential
component of the DNA replication machinery. If TopBP1 is
critical for DNA replication, we would expect to detect G,/
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S-phase or S-phase arrest in TopBP1 siRNA-treated cells. In-
stead, we observed accumulation of cells with 4N DNA content
in the absence of TopBP1. These data suggest that TopBP1 is
not necessary for general DNA replication, since cells are able
to complete most, if not all, DNA replication without TopBP1.
Of course, we cannot rule out that TopBP1 is required for
DNA replication at certain regions. DNA replication is not a
uniform process, as replication through repetitive sequences or
unusual chromatin regions (e.g., telomeres, centromeres, and
fragile sites) may need additional auxiliary factors that are not
required for the normal DNA replication. Potentially, TopBP1
and/or the replication checkpoint is involved in these special
replication events.

We observed the accumulation of cells with 4N DNA con-
tent in the absence of TopBP1. Since we also detected ATM
and Chk2 activation in these cells, we initially suspected that
these cells were arrested at G,/M phase, similar to wild-type
cells following DNA damage. However, unlike the G,/M
checkpoint activation following DNA damage, caffeine treat-
ment failed to rescue the accumulation of 4N cells in the
absence of TopBP1. Detailed analyses revealed that these cells
are likely to be arrested in tetraploid stage, due to a failure of
nuclear segregation or cytokinesis. Then if DNA damage exists
in TopBP1-deficient cells (which is clearly indicated by the
ATM-Chk2 activation and phosphorylation of H2AX), why
these cells are not arrested at G,/M phase? We believe that the
absence of cell cycle arrest at G,/M phase is probably due to
the failure of Chkl activation in these cells. Early studies
suggest that G,/M cell cycle arrest is mediated by the Chkl1-
dependent pathway (51). However, in TopBP1-deficient cells,
we failed to observe any Chkl activation in response to either
replication stress or ionizing radiation (Fig. 3A). On one hand,
these data suggest that TopBP1 is required for Chk1 activation
in response to both DNA replication stress and DNA double-
strand breaks. On the other hand, the absence of Chkl acti-
vation explains why TopBP1-deficient cells cannot be arrested
at G,/M phase, even in the presence of DNA damage and
ATM activation.

TopBP1 clearly plays a role in checkpoint control following
genotoxic stress. What we emphasize here is that this stress
occurs normally during DNA replication. The S phase or rep-
lication checkpoint has evolved to specifically deal with the
stress or the unusual chromatin structures arising during nor-
mal S-phase progression and thus to ensure the faithful repli-
cation of genetic material. While TopBP1 does not participate
directly in DNA replication, it monitors faithful DNA replica-
tion through the ATR pathway. We propose that TopBP1 is
recruited to fragile sites and other specific chromosomal re-
gions during normal DNA replication to ensure the successful
replication progression through these regions. In the absence
of TopBP1, replication forks will stall and likely collapse at
these regions, which lead to the generation of DNA strand
breaks, the activation of the ATM-Chk2 pathway, and genomic
instability. Thus, the normal function of TopBP1 is to maintain
genomic integrity by minimizing naturally occurring stalled
replication forks and double-strand breaks. Given the impor-
tance of deregulated DNA replication and the DNA damage
checkpoint in tumorigenesis (6, 13), it will be interesting to
explore whether TopBP1 would be deregulated during tumor-
igenesis and contributes to tumor development in humans.
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