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Human checkpoint kinase 1 (Chk1) is an essential kinase required to preserve genome stability. Here, we
show that Chk1 inhibition by two distinct drugs, UCN-01 and CEP-3891, or by Chk1 small interfering RNA
(siRNA) leads to phosphorylation of ATR targets. Chk1-inhibition triggered rapid, pan-nuclear phosphoryla-
tion of histone H2AX, p53, Smc1, replication protein A, and Chk1 itself in human S-phase cells. These phos-
phorylations were inhibited by ATR siRNA and caffeine, but they occurred independently of ATM. Chk1
inhibition also caused an increased initiation of DNA replication, which was accompanied by increased amounts
of nonextractable RPA protein, formation of single-stranded DNA, and induction of DNA strand breaks. More-
over, these responses were prevented by siRNA-mediated downregulation of Cdk2 or the replication initiation
protein Cdc45, or by addition of the CDK inhibitor roscovitine. We propose that Chk1 is required during
normal S phase to avoid aberrantly increased initiation of DNA replication, thereby protecting against DNA
breakage. These results may help explain why Chk1 is an essential kinase and should be taken into account
when drugs to inhibit this kinase are considered for use in cancer treatment.

To maintain genomic stability cells have evolved mecha-
nisms that ensure the order and fidelity of cell cycle events,
such as DNA replication and cell division (11). When DNA is
damaged or replication is inhibited, cells respond by activation
of evolutionarily conserved signal transduction pathways that
delay cell cycle progression and induce repair of the damaged
DNA (43). These signal transduction pathways include protein
sensors that recognize aberrant DNA structures and activate
kinases, thereby inducing phosphorylation cascades that ulti-
mately lead to cell cycle arrest and DNA repair (43).

The ATR kinase plays a central role in the cellular response
to several types of DNA damage occurring in S and G2 phases
of the cell cycle, including aberrant replication intermediates
and DNA double-strand breaks (DSBs) (1). ATR is activated
in response to formation of single-stranded DNA (ssDNA),
which is induced during DNA damage processing (37, 45).
Single-stranded DNA is recognized and coated by the ssDNA
binding protein replication protein A (RPA), which subse-
quently recruits and activates the ATRIP-ATR complex (45).

Among the ATR targets are proteins such as p53, H2AX,
and Chk1 (10, 15, 36, 38). The latter kinase is phosphorylated
on serine 317 and serine 345, respectively, by ATR, and these
sites are required for the ability of Chk1 to amplify the signal

by phosphorylating several additional targets (29, 40). ATR-
mediated phosphorylation of Chk1 requires the DNA-binding
protein claspin, which may serve to recruit Chk1 to the DNA
lesions where ATR resides (13). Homozygous disruption of
either Chk1 or ATR in mice causes early embryonic lethality
(2, 4, 15, 33). It is not clear why Chk1 function is essential, and
only a few Chk1 targets have been identified.

Cdc25 phosphatases have been identified as bona fide Chk1
target proteins (9, 24). Cdc25s regulate cell cycle progression
by activating the cyclin-dependent kinases (Cdks) (24). Chk1-
mediated phosphorylation and inhibition of Cdc25 phospha-
tases (and thereby Cdks) has been implicated in cell cycle
checkpoint control of G1/S, S, and G2/M phases (9, 17, 18, 24,
29, 41). Cdk activity is rate limiting for initiation of DNA rep-
lication, at least in part by contributing to the activation of the
Mcm2-7 DNA helicase complex that catalyzes the unwinding
of the DNA duplex during replication (21). Cdk activity facil-
ities loading of the replication protein Cdc45 to replication
origins (46), which is thought to support Mcm2-7-mediated
unwinding of DNA (20), as well as loading of DNA poly-
merases onto DNA (34).

When DNA is damaged in S phase, Chk1 may play a prom-
inent role in restraining initiation of DNA replication from the
yet unfired origins (8). In the budding yeast the absence of
checkpoint control leads to accumulation of ssDNA and rep-
lication fork reversal at stalled replication forks (28). Such
abnormal DNA structures may lead to a loss of genome integ-
rity. We previously suggested that during physiological S phase
in the absence of exogenously added DNA damage or replica-
tion interference, Chk1 may restrain unscheduled DNA syn-
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thesis by actively regulating target proteins such as Cdc25A
(29, 30, 41). This hypothesis was supported by recent studies of
the control of DNA replication initiation in Xenopus egg ex-
tracts, where it was shown that the ATR and ATM signaling
pathways control origin firing via the downstream targets
Chk1, Cdk2, and Cdc25A in the absence of DNA damage (19,
27). Physiological regulation of Chk1 is also under the control
of the upstream regulators claspin and the Rad9-Hus1-Rad1
complex, suggesting that DNA replication per se generates
lesions that signal to the checkpoint machinery (30). However,
it is unknown to which extent such Chk1-mediated control of
S-phase events might be required for the process of normal
replication. One possibility is that Chk1 would be required to
limit excessive activity of Cdks or other replication factors,
which could lead to aberrant replication events.

To address this issue, we have studied the effects of Chk1
inhibition in unperturbed cells. We have found that inhibition
or depletion of Chk1 causes a rapid and strong phosphoryla-
tion of ATR targets in S-phase cells, which was associated with
increased initiation of DNA replication, massive induction of
ssDNA, and generation of DNA strand breaks. We propose a
model where Chk1 is required during normal S-phase progres-
sion to avoid aberrantly increased initiation of DNA replica-
tion, thereby guarding against generation of potentially harm-
ful DNA lesions.

MATERIALS AND METHODS

Cell lines, drugs, and siRNA treatment. Human U-2-OS osteosarcoma cells
and AT fibroblasts GM 09607B (Coriell Cell Repositories) were grown in Dul-
becco modified Eagle medium with 10% fetal bovine serum. AT fibroblasts
AT22IJE stably transfected with YZ5 ATM cDNA (44) were grown in the
presence of 100 �g of hygromycin/ml. The CEP-3891 Chk1 inhibitor was pro-
vided by Cephalon, Inc., and used at a concentration of 500 nM. UCN-01 was a
gift from R. J. Schultz (Drug Synthesis and Chemical Branch, National Cancer
Institute) and was used at 300 nM. Caffeine was purchased from Sigma. Chk1
and Cdc45 small interfering RNA (siRNA) oligonucleotide sequences were
purchased from Dharmacon (Dharmacon SMARTpool reagents M-003255-02
[Chk1] and M-003232-02 [Cdc45]; four siRNAs combined into a single pool).
The ATR siRNA sequence was 5�-GAGUUCUCAGAAGUCAACCdTdT-3�.
Duplexes directed against green fluorescent protein (GFP) siRNA or a nontar-
geting sequence 5�-GCGCGCUUUGUAGGAUUCGdTdT-3� (control siRNA)
were used as a control. The OligofectAMINE reagent (Invitrogen) was used for
transfection.

Production of a U-2-OS clone with tetracycline-inducible Cdk2 short-hairpin
RNA (shRNA). DNA oligonucleotides targeting human Cdk2 (forward strand,
5�-GATCCCCGTTTCAGTATTAGATGCACTTCAAGAGAGTGCATCT
AATACTGAAACTTTTT-3�; reverse strand, 5�-AGCTAAAAAGTTTCAG
TATTAGATGCACTCTCTTGAAGTGCATCTAATACTGAAACGGG-3�)
were ligated into the pSUPERIOR.puro vector (OligoEngine) according to the
manufacturer’s instructions by using a Rapid Ligation Kit (Roche). The resulting
plasmid was then transfected into U-2-OS cells expressing a tetracycline repres-
sor (T-Rex; Invitrogen). After 24 h, puromycin (5 �g/ml) was added to the
culture medium, and clones were expanded and tested for the efficiency of Cdk2
knockdown after addition of tetracycline (2 �g/ml; Calbiochem).

Antibodies and immunochemistry. Immunoblotting was performed as de-
scribed previously (29). Where indicated, cells were preextracted before cell lysis
for 5 min on ice in a buffer containing 0.5% Triton X-100 in 20 mM HEPES (pH
7.4), 50 mM NaCl, 3 mM MgCl2, and 300 mM sucrose, and extracts were
sonicated and treated with DNase (0.1 U/ml) to extract chromatin-bound pro-
teins. Phospho-H2AX (�-H2AX) mouse and rabbit antibodies (Ser139) were
purchased from Upstate Biotechnology (catalog nos. 05-636 and 07-164). Phos-
pho-Chk1 antibody (Ser317) and phospho-p53 (Ser15) were purchased from Cell
Signaling. Antibodies to Chk1 (DCS-310), Mcm7 (DCS-141), p53 (DO-1), and
Cdk7 (MO-1) have been described (29). Goat antibody to ATR (sc-1887) and
rabbit antibodies to Cdc45 (sc-20685) and Cdk2 (sc-163) were purchased from
Santa Cruz, and rabbit antibody to phospho-SMC1 (Ser 966) was purchased from
Ab-cam. Anti-bromodeoxyuridine (BrdU) mouse antibody (RPN20AB) was pur-

chased from Amersham. Fluorescence-conjugated anti-mouse immunoglobulin
G (IgG) and anti-rabbit immunoglobulin G IgG were purchased from Molecular
Probes (Alexa Fluor 488, 568, and and 594).

Immunofluorescence. Cells cultured on glass coverslips were treated as indi-
cated in the figure legends, fixed with 4% formaldehyde (12 min. at room
temperature), permeabilized in phosphate-buffered saline (PBS)–0.25% Triton
X-100 (5 min at room temperature), and stained with the antibodies as specified
in the figure legends, followed by DNA staining with ToPro 3 (1 min, diluted
1:20,000: Molecular Probes). Where indicated, cells were preextracted before
fixation for 5 min on ice (0.5% Triton X-100 in 20 mM HEPES [pH 7.4], 50 mM
NaCl, 3 mM MgCl2, 300 mM sucrose). To measure induction of ssDNA, cells
prelabeled with BrdU (3.3 �M, 24 h) were fixed and permeabilized as described
above and then stained with anti-BrdU (1 h, diluted 1:300). Confocal images
were acquired by a Zeiss 510 laser-scanning microscope.

Flow cytometry. For two-parameter flow cytometry analysis to assay the cell
cycle position of �-H2AX-positive cells, cells were fixed in 70% ethanol, incu-
bated with PBS–0.25% Triton X-100 for 15 min on ice, and stained with mouse
antibody to �-H2AX (1:500) for 1 h at room temperature, followed by 30 min of
incubation with conjugated anti-mouse IgG (Alexa Fluor 488 at 1:500). DNA was
then counterstained by 0.1 mg of propidium iodide (PI)/ml containing RNase for
30 min at 37°C and analyzed with a FACSCalibur flow cytometer (BD Bio-
sciences) using CellQuest software.

Measurement of DNA synthesis. DNA synthesis was assessed as described
previously (29).

PFGE and alkaline elution. The pulsed-field gel electrophoresis (PFGE) assay
to measure induction of DNA DSBs was performed as described previously (16).
Alkaline elution assay, which measures the induction of both single-strand breaks
and DSBs, was performed as described previously (26).

TUNEL assay. For dual staining with the TUNEL (terminal deoxynucleoti-
dyltransferase-mediated dUTP-biotin nick end labeling) assay and �-H2AX, cells
cultured on glass coverslips were fixed in 4% paraformaldehyde (12 min at room
temperature) and permeabilized by incubation with PBS 0.25% Triton X-100 (5
min). To reduce background staining of the TUNEL assay, cells were then
incubated with proteinase K solution (10 �g/ml in PBS) for 5 min at room
temperature, and the TUNEL assay was then performed according to the man-
ufacturer’s instructions (ApoAlert DNA Fragmentation Assay Kit; BD Bio-
sciences). After the last wash, cells were incubated with PBS–0.25% Triton X-100
for 5 min at room temperature and stained with mouse antibody to �-H2AX
(1:500) for 1 h, followed by a 30-min staining with anti-mouse IgG (Alexa Fluor
568) and finally a 1-min staining with the DNA stain ToPro 3 (Molecular Probes
at a dilution of 1:20,000). Confocal images were obtained as described above.

RESULTS

Chk1 inhibition triggers phosphorylation of ATR targets.
To investigate the role of Chk1 during unperturbed cell cycle
progression, we treated cells with two independent inhibitors
of Chk1 kinase: UCN-01 and CEP-3891. Both inhibitors trig-
gered rapid and massive phosphorylation of histone H2AX
(�-H2AX) in a subset of exponentially growing U-2-OS cells
(Fig. 1A, left panels). A similar effect was obtained by deple-
tion of Chk1 with siRNA (Fig. 1A, right panels). Flow cytom-
etry analysis of cells stained with �-H2AX and PI showed that
the response occurred mainly in S-phase cells (Fig. 1B). Fur-
thermore, when cells were first synchronized in G1 or S phase
by release from nocodazole arrest and then treated with UCN-
01, only the S phase cells showed an induction of �-H2AX
(data not shown). The �-H2AX-positive cells were actively
replicating their DNA, since they readily incorporated BrdU
during a short pulse of BrdU at 3 h after CEP-3891 treatment
(Fig. 1C). In addition to �-H2AX, several other ATR/ATM
targets, such as Chk1, p53, SMC1, and RPA, were also rapidly
phosphorylated in response to Chk1 inhibition by UCN-01 or
CEP-3891 (Fig. 1D and data not shown) and by depletion of
Chk1 with siRNA (Fig. 1E). These responses were not limited
to U-2-OS cells as similar effects of UCN-01 and CEP-3891
were seen in other cell types, including HCT116 colon cancer
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cells, AT transformed fibroblasts, Chinese hamster cells, and
normal human fibroblasts, although the magnitude of the re-
sponses varied among the cell types (data not shown).

To explore which kinase was likely responsible for these
effects, we used caffeine to inhibit the ATR and ATM kinases
(25). Caffeine inhibited �-H2AX induction when added to-
gether with UCN-01 in both U-2-OS cells and human AT cells
(Fig. 2A and 2B, top panel), indicating that this response was
caffeine sensitive but ATM independent. H2AX was phosphor-
ylated to a similar extent in AT cells transfected with empty
vector or reconstituted with wild-type ATM (Fig. 2B, bottom
panel). We concluded that the responsible kinase was likely
ATR, a notion confirmed by siRNA-mediated downregula-

tion of ATR. Thus, as seen in Fig. 2C, transfection with ATR
siRNA caused a significant reduction in �-H2AX and Chk1
phosphorylation after UCN-01 treatment, suggesting that
ATR is indeed the kinase responsible for these effects.

Chk1 inhibition triggers increased initiation of DNA repli-
cation. We previously showed that in the absence of DNA
damage, Chk1 inhibition by UCN-01 or CEP-3891 caused a
rapid and transient increase in Cdk activity, mediated by de-
creased Chk1 phosphorylation of the Cdc25A phosphatase (29,
41). In line with this, Chk1 inhibition by UCN-01 or CEP-3891
caused a transient increase in the rate of DNA synthesis (Fig.
3A). Similarly, when the rate of DNA synthesis was measured
at 24 h after transfection with Chk1 or control siRNA, the

FIG. 1. Chk1 inhibition causes massive phosphorylation of ATR targets in S-phase cells. (A) �-H2AX measured at 3 h after Chk1 inhibition
by UCN-01 (300 nM) or CEP-3891 (500 nM) or after transfection with Chk1 siRNA (100 nM, 48 h) in U-2-OS cells. Immunofluorescence of cells
stained with an antibody to �-H2AX is shown. (B) Flow cytometry analysis of cells stained with �-H2AX and PI. Numbers indicate the percentages
of �-H2AX-positive cells. (C) BrdU incorporation in �-H2AX-positive cells. A short pulse of BrdU (5 min) was administered to U-2-OS cells at
3 h after treatment with CEP-3891 (500 nM), and cells were then processed for immunofluorescence analysis with antibody to �-H2AX, followed
by DNase treatment and staining with an antibody to BrdU. (D) Phosphorylation of Chk1, p53, Smc1, and H2AX increase after Chk1 inhibition.
Extracts from U-2-OS cells were prepared at 0, 1, 3, and 6 h after treatment with UCN-01 (300 nM) and processed for Western blotting. Mcm7
protein is a loading marker. (E) Phosphorylation of �-H2AX, p53, and Smc1 increase after depletion of Chk1 by siRNA transfection. Extracts from
U-2-OS cells were prepared at 48 h after transfection with control siRNA (�) or Chk1 siRNA (�) and processed for Western blotting.
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Chk1-depleted cells showed a 1.3 (�0.1)-fold-higher rate of
DNA synthesis compared to the cells transfected with control
siRNA (data not shown). To examine whether the increased
rate of DNA synthesis reflected increased initiation, elon-
gation, or both, we measured the amount of nonextractable
Cdc45 protein after treatment with UCN-01 (Fig. 3B). We
found that UCN-01 caused a marked increase in the amount of
nonextractable Cdc45 protein, which was inhibited by addition
of the Cdk inhibitor roscovitine (Fig. 3B). Since Cdc45 loading
onto chromatin has been implicated in initiation rather than
elongation processes, these results strongly suggest that Chk1
inhibition caused increased initiation of DNA replication,
which was mediated by the increased Cdk activity. Moreover,
Cdk inhibition by roscovitine or shRNA-mediated downregu-
lation of Cdk2 prevented phosphorylation of H2AX in re-
sponse to UCN-01 or CEP-3891 treatment (Fig. 3CD). Deple-
tion of Cdc45 by siRNA also prevented phosphorylation of
H2AX in response to UCN-01 treatment (Fig. 3E). Taken
together, these results suggested that the increased Cdk2 ac-
tivity and increased initiation of DNA replication likely con-
tributed to the activation of ATR seen after Chk1 inhibition.
Consistent with the notion that high levels of Cdk2 activity may
contribute to such a response, we also found that transient
transfections with constitutively active Cdk2 (Cdk2AF) or
Cdc25A, both manipulations that increase Cdk2 activity, caused
massive �-H2AX in U-2-OS cells (data not shown). Further-
more, when UCN-01 or CEP-3891 was added to U-2-OS cells
pretreated with 2 mM thymidine for 24 h to synchronize cells
at the beginning of S phase, a more rapid and stronger �-H2AX

induction was seen, a response that could be also inhibited by
addition of roscovitine (data not shown), similarly to the re-
sponse of exponentially growing cells. Since replication elon-
gation is absent after thymidine synchronization, this result
further supported the involvement of increased initiation as a
mechanism behind ATR activation in Chk1-deficient cells.

Chk1 inhibition causes increased RPA binding to ssDNA.
Activation of ATR depends on association of RPA with
ssDNA (45). To test whether RPA-coated ssDNA contributed
to the responses to Chk1 inhibition, we measured the amount
of nonextractable RPA protein and the extent of formation of
ssDNA in response to UCN-01 treatment (Fig. 4). We found a
significant increase in the amount, as well as hyperphosphory-
lation, of nonextractable RPA protein at 1 and 3 h after UCN-
01 treatment, which were inhibited by addition of roscovitin
(Fig. 4A, left panel). Similar effects were observed when Chk1
was depleted by siRNA (Fig. 4A, right panel). Immunofluo-
rescence analysis revealed that the �-H2AX-positive cells also
showed elevated levels of nonextractable RPA protein (Fig.
4B). Furthermore, a simple assay to measure formation of
ssDNA based on the ability of the anti-BrdU antibody to de-
tect incorporated BrdU in the absence of DNA denaturation
showed massive induction of ssDNA in cells strongly positive
for �-H2AX, which was inhibited by addition of roscovitine
(Fig. 4C and D). Similar effects were seen after CEP-3891-
mediated inhibition of Chk1 (data not shown). These results
support the concept that ATR was activated due to an abnor-
mal increase in RPA coated ssDNA, which likely occurred as a

FIG. 2. ATR (but not ATM) is required for H2AX phosphorylation in response to Chk1 inhibition. (A) Caffeine inhibits �-H2AX in response
to Chk1 inhibition. U-2-OS cells were treated for 4 h with caffeine (10 mM), UCN-01 (300 nM), or caffeine plus UCN-01 and then processed for
immunofluorescence staining of �-H2AX. (B) Western blots of extracts of GM9607B AT fibroblasts prepared at 3 h after treatment with UCN-01
(300 nM) in the presence of 0, 10, or 20 nM caffeine are shown in the top panel, and Western blots of AT cells (AT22IJE-T) transfected with
control vector or recombinant ATM protein treated with UCN-01 (300 nM) or caffeine (10 mM) in the bottom panel. (C) U-2-OS cells were
transfected with 200 nM ATR siRNA (�) or GFP siRNA (�) and then treated with UCN-01 (300 nM) for 3 h at 48 h after transfection. Extracts
were then prepared and processed for Western blotting. Mcm7 protein is a loading marker.
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FIG. 3. Chk1 inhibition causes increased initiation of DNA replication. (A) Chk1 inhibition increases the overall rate of DNA synthesis.
U-2-OS cells were treated with UCN-01 (100 nM) or CEP (500 nM) for the indicated times, and DNA synthesis was measured by the determining
the uptake of [3H]thymidine. DNA synthesis after treatment is shown relative to nontreated cells (100%). The results are the averages of three
independent experiments performed with dishes in duplicate. Error bars indicate the standard error of the mean. (B) Chk1 inhibition causes
increased levels of nonextractable Cdc45 protein. U-2-OS cells were treated with UCN-01 (300 nM) for 0, 1, or 3 h in the absence or presence of
the Cdk inhibitor roscovitine (25 �M), incubated with extraction buffer, and processed for Western blotting. Mcm7 protein is a loading marker.
(C) �-H2AX in Chk1-deprived cells is inhibited by roscovitine. U-2-OS cells were treated with UCN-01 for 3 h in the absence or presence of
roscovitine (25 �M), stained with �-H2AX and PI, and analyzed by flow cytometry. FL-1, �-H2AX; FL2-A, PI. (D) Cdk2 depletion prevents
induction of �-H2AX in response to Chk1 inhibition. U-2-OS cells expressing tetracycline (Tet)-dependent Cdk2 shRNA were incubated with Tet�

or Tet� medium as indicated for 48 h and then treated with UCN-01 (300 nM) or Cep-3891 (500 nM). In the top panel is shown flow cytometry
analysis of cells stained with �-H2AX and PI at 3 h after treatment with UCN-01 or CEP-3891. The percentages of �-H2AX-positive cells were calculated
as described for panel C. Error bars indicate the deviations from two independent experiments. In the bottom panel are shown Western blots of extracts
prepared at 1 and 3 h after treatment with UCN-01 (300 nM). (E) �-H2AX in Chk1-deprived cells is inhibited by Cdc45 siRNA. U-2-OS cells transfected
with GFP siRNA (�) or Cdc45 siRNA (�) were treated with UCN-01 (300 nM) for 3 h at 48 h after transfection and stained for �-H2AX and with the
DNA stain Topro3. Western blots show downregulation of the Cdc45 protein after transfection with Cdc45 siRNA.
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consequence of increased initiation of DNA replication caused
by Chk1 inhibition.

Chk1 inhibition leads to DNA breakage. Appearance of
�-H2AX is often used as a marker for DSBs. In order to test

whether �-H2AX was associated with strand breaks after Chk1
inhibition, we first used the TUNEL assay, followed by staining
for �-H2AX with or without CEP-3891 treatment (Fig. 5A).
Many of the cells with a strong �-H2AX signal at 5 h after

FIG. 4. Chk1 inhibition causes formation of ssDNA. (A) Increased levels of nonextractable RPA protein after Chk1 inhibition. U-2-OS cells
were treated with UCN-01 (300 nM) for 0, 1, or 3 h in the absence or presence of roscovitine (25 �M; left panel) or transfected with control (�)
or Chk1 (�) siRNA (100 nM, 48 h; right panel), incubated with extraction buffer, and processed for Western blotting. Mcm7 protein is a loading
marker. (B) U-2-OS cells were treated with UCN-01 (300 nM) in the absence or presence of roscovitine (25 �M), incubated with extraction buffer,
and stained with antibodies to RPA and �-H2AX and the DNA stain Topro3. (C) Detection of incorporated BrdU in the absence of DNase
treatment after Chk1 inhibition. U-2-OS cells prelabeled with BrdU were treated with UCN-01 (100 nM) for 5 h and stained with antibodies to
BrdU and �-H2AX. DNase-treated cells are included to show that the whole-cell population was labeled with BrdU. (D) Roscovitine inhibits the
formation of ssDNA. U-S-OS cells prelabeled with BrdU were treated with UCN-01 (300 nM) for 3 h and stained with antibodies to BrdU and
�-H2AX and with the DNA stain Topro3. DNase-treated sample is included to show incorporation of BrdU.
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FIG. 5. Chk1 inhibition causes DNA breaks. (A) TUNEL staining is increased after Chk1 inhibition. U-2-OS cells were treated with CEP-3891
(500 nM) for 0, 2, 5, or 24 h, and processed for the TUNEL assay, followed by staining with the �-H2AX antibody and the DNA-stain Topro3.
(B) The formation of DNA breaks is inhibited by roscovitine. U-2-OS cells were treated with CEP-3891 (500 nM) for 5 h in the absence or presence
of roscovitine (25 �M) and stained as described for panel A. (C) TUNEL staining after depletion of Chk1 with siRNA. U-2-OS cells were
transfected with control or Chk1 siRNA (100 nM, 48 h) and stained as described for panel A. (D) Chk1 inhibition causes DSBs as measured by
PFGE. U-2-OS cells were treated with CEP-3891 (500 nM) for the indicated times and processed for the PFGE assay. The results of a repre-
sentative experiment are shown. (E) Chk1 inhibition causes DNA breaks as measured by the alkaline elution assay. U-2-OS cells were treated with
CEP-3891 (500 nM) for the indicated times, and samples were analyzed by the alkaline elution assay. The amount of breaks in response to CEP-
3891 is shown relative to the breaks after treatment with etoposide (3 �M, 1 h, 100% breaks). The results shown are the average from two
independent experiments.
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CEP-3891 treatment were positive for TUNEL staining, sug-
gesting a massive induction of DNA breaks (Fig. 5A). The ad-
dition of roscovitine inhibited both the �-H2AX and TUNEL
staining, a finding consistent with the contribution of increased
initiation of DNA replication in triggering these responses
(Fig. 5B). The positive TUNEL staining was clearly not due to
induction of apoptosis since caspase activity was not induced,
and there were no signs of apoptotic nuclear morphology (32;
data not shown). Similar effects were seen after depletion of
Chk1 by siRNA (Fig. 5C). Consistent with the data obtained
with CEP-3891, many, but not all, of the cells with a strong
�-H2AX signal after depletion of Chk1 with siRNA were pos-
itive for TUNEL staining (Fig. 5C). To verify the presence of
DSBs, we also measured the induction of DSBs by the PFGE
assay (Fig. 5D). By this assay, DSBs were detectable from
around 6 h after addition of CEP-3891 (Fig. 5D). Finally, we
used the alkaline elution assay to measure presence of single-
strand breaks (and DSBs) (Fig. 5E). Again, the results clearly
showed that DNA breaks were present after Chk1 inhibition
(Fig. 5E), which was also confirmed by DNA alkaline unwind-
ing (7) analyses (data not shown). Taken together, these results
showed that Chk1 inhibition results in massive induction of
DNA breaks in S-phase cells, likely as a consequence of aber-
rant events related to increased initiation of DNA replication.

DISCUSSION

The results presented here show that Chk1 plays an impor-
tant role during normal S-phase progression by minimizing the
occurrence of aberrant replication-associated events. These
results are consistent with a recent study where conditional
Chk1 heterozygosity caused accumulation of DNA damage
during DNA replication in mice (14). Our study shows that as
a consequence of Chk1 inhibition in human S-phase cells, ATR
is rapidly activated (within 1 h). This is likely due to stabiliza-
tion of Cdc25A and the accompanying hyperactivation of
Cdk2, resulting in increased loading onto chromatin of the key
replication factor Cdc45, increased activation of replication
origins, and subsequent increased association of RPA to
ssDNA (Fig. 6A). As a further consequence of this process, the
genome is destabilized, as evidenced by massive accumulation
of DNA strand breaks. Based on our results we propose that
Chk1-mediated control of the initiation of DNA synthesis is
required for normal S-phase progression of human cells. These
data are consistent with and mechanistically further extend the
recent findings in Xenopus cell-free system demonstrating the
critical involvement of ATR in preventing unscheduled repli-
cation (19, 27).

An alternative, but not mutually exclusive, possibility is that
Chk1 inhibition may cause DNA breaks and activation of ATR
due to lack of Chk1-mediated maintenance of stalled replica-
tion forks during normal S phase (Fig. 6B). Chk1, as well as
ATR, are required to prevent collapse of stalled replication
forks after treatment with replication inhibitors such as aphidi-
colin (3, 8). ATR also likely prevents replication fork collapse
during normal S-phase progression, as ATR is required to
avoid chromosome breaks in mitosis in the absence of exoge-
nous treatment (3). It is possible that Chk1 is also needed to
prevent fork collapse during normal S-phase progression and
that this may contribute to the responses reported here. Al-

though the pattern of BrdU incorporation appeared normal in
cells with massive �-H2AX after Chk1 inhibition, clearly dem-
onstrating that a massive collapse of replication forks did not
occur (Fig. 1C), we cannot exclude that the integrity of a small
portion of replication forks was perturbed. However, taken
into account our observations that Cdk2 and Cdc45 are re-
quired for the responses (Fig. 3), and that transient transfec-
tions with Cdk2AF or Cdc25A caused massive �-H2AX (data
not shown), the model outlined in Fig. 6A seems more plau-
sible.

In response to Chk1 inhibition by drugs, measurements of
both cyclin A-, E-, and B-associated Cdk activities showed an

FIG. 6. Proposed models for how Chk1 inhibition causes activation
of ATR and massive DNA lesions in S-phase cells. (A) In response to
Chk1 inhibition, Cdc25A is stabilized and the Cdk activity is rapidly
increased, which leads to increased initiation of DNA replication (as
measured here by increased loading of Cdc45 protein to chromatin and
an increased rate of overall DNA synthesis). This is accompanied by an
increased binding of RPA to ssDNA and subsequent phosphorylations
of ATR targets. During this process, DNA is destabilized, leading to
formation of DNA strand breaks. (B) In response to Chk1 inhibition,
replication forks may collapse due to a lack of Chk1-mediated main-
tenance of stalled replication forks during normal S-phase progression.
This may result in the formation of ssDNA and DNA breaks and in
phosphorylations of ATR targets.
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ca. two- to threefold transient and rapid increase, which occurs
due to lack of Chk1-mediated phosphorylation of the Cdc25s
(29, 32). The results of our present study clearly indicate that
increased Cdk activity in response to Chk1 inhibition generates
increased initiation of DNA replication, which ultimately leads
to induction of DNA strand breaks. In this context, it is inter-
esting that constitutive overexpression of cyclin E causes chro-
mosomal instability by an unknown mechanism likely associ-
ated with defective DNA replication (23, 31). One possibility is
that high levels of cyclin E may cause DNA damage and chro-
mosomal instability due to increased initiation of DNA repli-
cation in a similar way as described here, although a recent
study (6) proposed that cyclin E-mediated impairment of pre-
replication complex assembly in early G1 phase may be in-
volved. On the other hand, more studies are required to ex-
plore whether increased Cdk activity is sufficient to trigger the
whole cascade of responses that we have observed after Chk1
inhibition in S-phase cells. At the present stage we cannot
exclude that Chk1 may target additional factors involved in
control of replication initiation. For example, it was suggested
that ATR-Chk1, together with Cdk2, may regulate phosphor-
ylation of Mcm4 in a complex manner after treatment with
hydroxyurea (12), and Chk1-mediated control of Mcm4 or
other origin-binding proteins could likely be involved.

When cells treated with CEP-3891 or transfected with Chk1
siRNA were assayed simultaneously for �-H2AX and DSB
induction by the TUNEL assay, we consistently observed that
only a subset of the �-H2AX-positive cells were TUNEL pos-
itive (Fig. 5). These results indicate that the induction of mas-
sive DNA breaks is a late event likely occurring after the onset
of massive phosphorylation of �-H2AX. Consistent with pre-
vious studies (37, 45), the signal that first activates ATR in
response to Chk1 inhibition may therefore be ssDNA rather
than DSBs. However, we cannot exclude that a small number
of DSBs not detectable by the TUNEL assay may be involved.

Interestingly, we observed significantly less phosphorylation
of H2AX in response to Chk1 inhibition when Cdk2 was down-
regulated by conditionally expressed shRNA (Fig. 3D). In
agreement with several recent studies reporting that Cdk2 is
dispensable for cell cycle progression (22, 35), we have not
observed any effects on cell cycle progression by depleting
Cdk2 in U-2-OS cells in the absence of UCN-01 or CEP-3891
treatment (data not shown). Taken together, our results dem-
onstrate for the first time that although Cdk2 may be dispens-
able for normal cell cycle progression, Cdk2 is not dispensable
in the situation when cells are exposed to external stress such
as Chk1-inhibitors.

It was previously suggested that Chk1 is essential for early
embryonic viability due to its control of entry into mitosis (33).
Defective Chk1 function was predicted to cause premature
activation of cyclin B-Cdk1 and mitotic catastrophe (33). Our
results demonstrating that Chk1 is required during normal
S-phase progression to avoid replication-associated defects,
together with the recent report where conditional Chk1 het-
erozygosity caused DNA damage during DNA replication in
mice (14), add a new possible explanation of this phenomenon.
We propose that lack of Chk1-mediated control of the ini-
tiation of DNA replication might contribute to lethality of
Chk1�/� cells. It is plausible to assume that induction of lethal
DNA breaks occurs during S phase of early embryonic cells

from Chk1�/� mice through a similar mechanism to the one
described here in human cells. On the other hand, Chk1 was
previously shown to be dispensable for the viability of somatic
cells derived from the chicken cell line DT40 under normal
growth conditions in culture (39). However, such Chk1-defi-
cient cells did proliferate significantly more slowly in the ab-
sence of any externally induced DNA damage or replication
stress, which was attributed to an increase in the incidence of
spontaneous cell death (39), and which could possibly be due
to similar replication defects as we have described in the
present study. Alternatively, these highly genetically unstable
chicken cells may behave differently than the human cell lines
used in our present study.

Due to its critical role in regulating the DNA damage-in-
duced checkpoints, Chk1 has been proposed as a potential
target for cancer treatment (reviewed in reference 42). The
principle idea of this strategy is to combine standard chemo- or
radiotherapy with drugs that inhibit Chk1 kinase in order to
inhibit the S and G2 checkpoints. Cancer cells could likely be
particularly sensitive to such treatment since they commonly
lack normal G1 checkpoint control and may rely more on the
S and G2 checkpoints compared to normal cells (5). The results
presented here, showing that Chk1 inhibition per se leads to
massive induction of DNA breaks in human S-phase cells,
demonstrate that much remains to be understood in terms of
the role of Chk1 kinase in the absence or presence of genotoxic
agents. In particular, it will be important to determine to which
extent these S-phase responses may vary between different
cancer and normal cell types. Deeper insight into this issue will
be important before pharmacological manipulation of Chk1
can be utilized in the clinic to enhance the efficacy of antican-
cer therapies.
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