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Checkpoint kinase 1 (Chk1) is a key regulator of checkpoint signaling
in both the unperturbed cell cycle and DNA damage response. Under
these conditions, Chk1 becomes active to prevent premature CDK1
activation and mitotic entry until DNA is properly replicated or
repaired. It is unclear how Chk1 activity is controlled in the un-
perturbed cell cycle. DuringDNA damage, Chk1 is activated by ataxia
telangiectasia and Rad3 related (ATR)-mediated phosphorylation;
however, it is not entirely clear how this phosphorylation results in
Chk1 activation. Here we report an N-terminally truncated alterna-
tive splice variant of Chk1, Chk1-S. Importantly,we show that Chk1-S
is an endogenous repressor and regulator of Chk1. In the unper-
turbed cell cycle, Chk1-S interacts with and antagonizes Chk1 to pro-
mote the S-to-G2/M phase transition. During DNA damage, Chk1 is
phosphorylated, which disrupts the Chk1–Chk1-S interaction, result-
ing in free, active Chk1 to arrest the cell cycle and facilitate DNA
repair. Higher levels of Chk1-S are expressed, along with Chk1, in
fetal and cancer tissues than in normal tissues. However, forced over-
expression of Chk1-S in cultured cells and tumor xenografts induces
prematuremitotic entry, mitotic catastrophe, and reduction of tumor
growth. The identification of Chk1-S as a unique splice variant and
key regulator of Chk1 provides insights into cell cycle regulation and
DNA damage response.

The cell cycle involves orderly transitions from G1, S, and G2 to
M phase, resulting in cell division and proliferation. These

transitions are under the vigilant surveillance of checkpoint path-
ways, which are activated to prevent entry into the next cell cycle
phase until the current phase is properly completed. Checkpoint
signaling is also crucial to the DNA damage response, where it
induces cell cycle arrest and activates the process ofDNA repair (1–
4). Checkpoint kinase 1 (Chk1) is a serine/threonine protein kinase
originally identified as the key regulator of the DNA damage
checkpoint in yeast andmammalian cells (5, 6). It is now recognized
that Chk1 also has an essential role in normal cell cycle checkpoints,
cell proliferation, and viability in all eukaryotes (7–12). In response
to DNA damage, Chk1 is phosphorylated and activated by ataxia
telangiectasia and Rad3 related (ATR) (7, 13, 14) and, upon acti-
vation, Chk1 phosphorylates cdc25 and Wee1 family proteins,
resulting in the inactivation of CDK1 and delay of mitotic entry to
facilitate DNA repair (5, 15–20). In the unperturbed cell cycle,
Chk1 regulates DNA replication in S phase, G2/M transition or
mitotic entry, and the completion of mitosis (7, 15, 21–27). Despite
these remarkable roles, it is unknown how Chk1 activity is con-
trolled in various phases of the cell cycle. During DNA damage,
Chk1 is activated by phosphorylation in its C-terminal domain, but
it is unclear how the C-terminal phosphorylation leads to the ac-
tivation of the N-terminal kinase domain (28–31). Earlier work
suggested that the C-terminal domain may antagonize the N-ter-
minal kinase domain via an intramolecular interaction that can be
disrupted by phosphorylation, leading to Chk1 activation (31). This
“autoinhibition” model, although supported by some observations
(28), has been seriously challenged (30). Alternatively, Chk1 ac-
tivity may be governed by a repressing factor(s), the dissociation of
which from Chk1 leads to Chk1 activation (29). However, the

identity of such a factor is unknown. In this study, we have iden-
tified an alternative splice variant of Chk1, Chk1-S. Chk1-S
interacts with Chk1 and acts as an endogenous inhibitor of Chk1.
Working together, Chk1 and Chk1-S regulate cell cycle (S-to-G2/
M phase) and DNA damage checkpoints.

Results and Discussion
During our study of DNA damage signaling (32, 33), we ob-
served two prominent bands in Chk1 immunoblots: the Chk1
band at 56 kDa and a faster-migrating band of 43 kDa. The
faster-migrating band was detected by Chk1 antibodies that were
reactive to the internal kinase domain or the C-terminal se-
quence, but not by Chk1 antibodies recognizing the N terminus
(Fig. 1A). This band was not recognized by the G4 monoclonal
antibody from Santa Cruz Biotechnology that is commonly used
for immunoblot analysis of Chk1 (24, 29). Knockdown of Chk1
via siRNA led to the disappearance of both Chk1 and the 43-
kDa band, further confirming their relevance (Fig. 1B). The 43-
kDa protein was not affected by proteasome and protease
inhibitors (SI Appendix, Fig. 1), raising the possibility that it
could be an alternative splice variant of Chk1. The National
Center for Biotechnology Information database currently lists
three alternatively spliced human Chk1 mRNAs that have
varying untranslated regions but encode the same full-length
Chk1 protein of 476 amino acids (http://www.ncbi.nlm.nih.gov/
gene/1111). However, our analysis using an EST-based alter-
native splicing predictive database (http://genome.ewha.ac.kr/
ECgene) suggested the possibility of a unique splice variant of
Chk1 in which exon 3 is alternatively spliced or deleted. To di-
rectly test this possibility, we performed RT-PCR using primers
within the Chk1 coding sequence (Fig. 1C). RT-PCR using the
primer set P1, in which the forward primer was designed within
exon 3, generated a single amplicon of the expected size, whereas
RT-PCR with the P2 or P3 primer set (both based on sequences
flanking exon 3) generated two amplicons, one with the expected
size of Chk1 and the other ∼200 bp shorter (Fig. 1C). Se-
quencing confirmed that the longer amplicon was indeed Chk1
and, notably, the shorter amplicon was an alternative splice
variant of Chk1 lacking exon 3 (Fig. 1D and SI Appendix, Fig.
2A). This splice variant was predicted to translate into an N-
terminally truncated form of Chk1 consisting of 382 amino acids
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that we named Chk1-short, or Chk1-S (Fig. 1D and SI Appendix,
Fig. 2). In gel electrophoresis, in vitro translated Chk1-S mi-
grated similarly as the 43-kDa protein from HEK293 cells (Fig.
1E). We further immunoprecipitated the 43-kDa protein from
HEK293 cell lysate for mass spectrometry and confirmed its
identity as Chk1-S. N-terminal truncation in Chk1-S is consistent
with the immunoblot results showing that it was not recognized
by the antibodies reactive to the N-terminal sequence of Chk1
(Fig. 1A). Real-time and RT-PCR analysis detected Chk1-S
mRNA expression in multiple human tissues, and the expression
is generally higher in fetal tissues (SI Appendix, Fig. 3 A and D).
Immunoblot analysis further detected Chk1-S protein expression
in human, mouse, and rat cell lines, and also in human fetal
tissues (SI Appendix, Fig. 3B) and mouse primary renal tubular
cells (SI Appendix, Fig. 3C). The full-length cDNA of Chk1-S was
also cloned from three normal human tissues (thymus, colon,
fetal liver) and sequenced to confirm that it encodes an N-ter-
minally truncated splice variant of Chk1. Together, these
experiments have identified a unique splice variant of Chk1 that
is N-terminally truncated and widely expressed in mammalian
cells and tissues.
What is the function of Chk1-S? Does it regulate cell cycle

checkpoints like Chk1? With these questions, we first de-
termined the temporal and spatial expression patterns of Chk1-S
in the cell cycle. HEK293 cells were synchronized at G1, G1/S, or
G2/M phases by serum starvation, double thymidine block, or
nocodazole, respectively. Chk1-S was low in G1-phase cells and
higher in G1/S and G2/M cells (SI Appendix, Fig. 4 A and B).
Moreover, when cells were synchronized at G1/S phase by dou-
ble thymidine block and then released, both Chk1 and Chk1-S
expression increased after entering S phase (Fig. 2A). A distinct
difference between Chk1 and Chk1-S expression was that
whereas Chk1 expression peaked at mid-S phase, Chk1-S

expression kept increasing from the S to M phase (Fig. 2A).
Interestingly, high levels of Chk1-S expression were observed at 7
h after cell cycle release from double thymidine block, a time
point when cells were yet to be mitotic (SI Appendix, Fig. 4C).
We further quantified the Chk1-S:Chk1 ratio in asynchronous
and S or G2/M synchronized cells. Despite the variations of
Chk1-S expression in HEK293, U2OS, and primary renal tubular
cells, the Chk1-S:Chk1 ratio was above 1 in all cells at G2/M
phase (SI Appendix, Fig. 5). In asynchronous cells, Chk1-S and
Chk1 were mainly localized in the nucleus (SI Appendix, Fig. 6A).
However, in G2/M-phase cells, some Chk1-S and Chk1 accu-
mulated in centrosomes (SI Appendix, Fig. 6 B and C). The lo-
calization of Chk1 in centrosomes is critical for its G2/M
checkpoint function, where it prevents premature activation of
Cdk1 and mitotic entry (34, 35). Our results indicate that Chk1-S
can also localize to centrosomes, providing a spatial and tem-
poral regulation of Chk1 to initiate mitotic entry. Next, we de-
termined the effects of Chk1 or Chk1-S overexpression in
HEK293 and U2OS cells. Compared with GFP-Chk1, GFP-
Chk1-S induced a distinguished nuclear phenotype that was
characterized by nuclear condensation and formation of micro-
nuclei and multiple or multilobed nuclei (Fig. 2B). At earlier
time points, the transfected cells showed nuclear/chromatin
condensation marked by faint and punctate histone-H3 phos-
phorylation (Fig. 2B), indicative of premature mitotic entry.
Later, these cells developed micronuclei or multilobed nuclei,
characteristics of mitotic catastrophe (Fig. 2B). Cell counting
showed that GFP-Chk1-S induced the nuclear phenotype in
∼20% of U2OS cells (Fig. 2C). Similar effects were shown by
YFP-Chk1-S and Chk1-S-Myc (Fig. 2C), indicating that the ob-
served nuclear phenotype was induced by Chk1-S and not by the
fusion protein tags. In contrast, premature mitotic entry was not
induced by Chk1 or its kinase-dead mutant Chk1-KD (Fig. 2C).
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Fig. 1. Identification of Chk1-S as a unique, N-terminally
truncated splice variant of Chk1. (A) HEK293 cell lysate
was analyzed by immunoblotting using antibodies spe-
cifically recognizing the N terminus (α-Chk1-NT), kinase
domain (α-Chk1-KD), or C terminus of Chk1 (α-Chk1-CT). In
addition to Chk1, a 43-kDa protein was revealed by
α-Chk1-KD and α-Chk1-CT, but not α-Chk1-NT. (B) HEK293
cells were transfected with Chk1 siRNA (siChk1) or a
scrambled sequence (siCon) for 48 h to collect whole-cell
lysate for immunoblot analysis using α-Chk1-KD. siChk1
diminished the expression of both Chk1 and the 43-kDa
protein. (C) RNA was isolated from HEK293 cells for RT-
PCR using three different sets of primers for Chk1: P1, P2,
and P3 (relative sequence locations are shown in the dia-
gram). Two amplicons were detected by RT-PCR using the
primer sets flanking exon 3 (P2 and P3), whereas only one
amplicon was amplified using the primer set P1, of which
the forward primer was within exon 3 of Chk1. (D) Sche-
matic representation of alternative splicing of Chk1
resulting in an N-terminally truncated protein, Chk1-S. (E)
Chk1-S was cloned for in vitro translation, and the trans-
lated protein along with HEK293 cell lysate were analyzed
by immunoblot analysis. In vitro translated Chk1 migrated
similarly to the 43-kDa band in HEK293 cells.
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Chk1-S also induced the striking nuclear phenotype in other cell
types (SI Appendix, Fig. 7). Notably, a similar nuclear phenotype
was reported in cells and murine models lacking one or both
Chk1 alleles (7, 36, 37), suggesting that Chk1-S may act as an
endogenous inhibitor of Chk1. To further test this possibility, we
generated Tet-on U2OS cell lines that can be induced to express
Chk1, Chk1-KD, or Chk1-S. The cells were synchronized at G1/S
phase by double thymidine block, induced by doxycycline, and
then released into nocodazole-containing medium. About 80%
of Chk1-S-expressing cells entered mitosis [phospho-histone H3
(pH3)-positive], whereas ∼60% of Chk1- or Chk1-KD-express-
ing cells did (Fig. 2D). Importantly, whereas most mitotic cells in
the Chk1- and Chk1-KD-expressing groups had 4n DNA, ∼25%
of mitotic cells from the Chk1-S-expressing group had less than
4n DNA content (Fig. 2D), indicative of aberrant mitotic entry in
these cells without completion of DNA replication. In addition,
Chk1-S overexpression resulted in earlier entry into mitosis, as
indicated by the appearance of pH3-positive cells (SI Appendix,
Fig. 8). Chk1 is a key regulator of mitotic entry or the S-to-G2/M
transition in the cell cycle. By phosphorylating CDC25A (in-
ducing its degradation) and Wee1, Chk1 prevents CDK1 acti-
vation and mitotic entry (5, 15–20). We showed that induction of
Chk1-S by doxycycline in the Tet-on U2OS cells resulted in
higher levels of CDC25A and lower levels of phospho-CDK1,
suggesting that Chk1-S antagonized Chk1 to induce mitotic entry
(Fig. 2E). Specific knockdown of Chk1-S via RNAi was not
successful because the Chk1-S sequence is contained in Chk1

mRNA. However, an antisense oligonucleotide complementary
to the unique exon2–exon4 junction in Chk1-S could specifically
reduce Chk1-S expression (SI Appendix, Fig. 9A). Chk1-S down-
regulation markedly reduced cell proliferation (SI Appendix, Fig.
9B). Interestingly, Chk1-S down-regulation did not significantly
change the cell cycle profile (SI Appendix, Fig. 9C). Because
Chk1 functions at several cell cycle checkpoints (e.g., G2/M,
spindle, intra-S), Chk1-S may antagonize Chk1 to facilitate cell
cycle progression at multiple sites. As a result, inhibition of
Chk1-S may slow down the cell cycle at various phases and result
in the suppression of proliferation without major changes of cell
cycle distribution.
How does Chk1-S antagonize Chk1? We hypothesized that

Chk1-S might interact with Chk1 to block its kinase activity.
Consistently, FLAG-Chk1-S expressed in HEK293 cells coim-
munoprecipitated with endogenous Chk1 (Fig. 3A). Moreover,
in vitro translated Myc-Chk1 and Chk1-S coimmunoprecipitated
(Fig. 3B), suggesting a direct Chk1–Chk1-S interaction. We
further demonstrated the coimmunoprecipitation of Chk1 with
the N-terminal domain, but not the C-terminal domain, of Chk1-S
(Fig. 3C), suggesting the requirement of the N-terminal se-
quence in Chk1-S for its interaction with Chk1. Functionally, we
determined the effects of Chk1-S on Chk1 kinase activity. Chk1-
Myc was expressed and immunoprecipitated for in vitro kinase
assay in the absence or presence of purified Chk1-S. As shown in
Fig. 3D, Chk1 kinase activity was partially yet significantly sup-
pressed by Chk1-S, but not by heat-denatured Chk1-S. In
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Fig. 2. Regulation of the cell cycle by Chk1-S. (A) HEK293
cells were synchronized by double thymidine block and
then released into nocodazole-containing medium. (Left)
Cell cycle profile analyzed by propidium iodide (PI) staining
and FACS analysis. (Right) Immunoblot analysis of Chk1 and
Chk1-S in the cell lysate collected at indicated time points
after the release from thymidine block. AS, asynchronous
cells (B) U2OS cells were transfected with GFP-Chk1 or GFP-
Chk1-S (green), and then fixed for immunofluorescence of
phospho-histone H3 (red) and nuclear staining with
Hoechst33342 (blue). (Upper) Chk1-S, but not Chk1, in-
duced premature chromatin condensation and weak pH3
staining (arrows). (Lower) At late stage, Chk1-S-transfected
cells showed the characteristics of mitotic catastrophe in-
cluding micronuclei and multilobed nuclei (arrows). (C)
U2OS cells were transfected with the indicated genes, and
cells with the nuclear phenotype of premature chromatin
condensation and mitotic catastrophe were counted. Data
indicate mean ± SD; *P < 0.05 versus vector group. The
results show that Chk1-S overexpression specifically led to
the nuclear phenotype. (D) U2OS cells were transfected
with the indicated genes, synchronized by double thymi-
dine block, and released for 7 h. The cells were then fixed
for pH3 immunofluorescence and PI staining and analyzed
by FACS. Data indicate mean ± SD; *P < 0.05 versus vector
group. The results show that Chk1-S specifically induced
premature mitotic entry without completion of DNA rep-
lication (cells with <4n DNA). (E) Tet-on U2OS cells were
induced with or without doxycycline. The cells were then
synchronized at S phase by double thymidine block and
released for 7 h. Whole-cell lysate was collected for im-
munoblot analysis of the indicated proteins. The results
show that induced Chk1-S expression led to an increase of
CDC25A and decrease of phospho-CDK1, contributing to
premature mitotic entry.
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contrast, Chk1-S did not diminish Chk2 activity, which has sim-
ilar substrate preferences as Chk1. Compared with Chk1, Chk1-S
lacks part of the kinase domain including the ATP-binding site
(Fig. 1D) and, as expected, did not show significant protein kinase

activity (Fig. 3D). Chk1-S can also suppress the kinase activity of
N-terminally tagged Chk1 (FLAG-Chk1) in an in vitro kinase
assay (SI Appendix, Fig. 10). These results suggest that Chk1-S
may inhibit Chk1 via molecular interaction. A recent study
showed that washing of Chk1 immunoprecipitates with a more
stringent Radio Immuno-Precipitation Assay (RIPA) buffer can
markedly increase Chk1 kinase activity, suggesting that Chk1 is
normally inhibited by repressing factors (29); however, the iden-
tity of the repressing factors is unknown. We confirmed the effect
of RIPA buffer washing and, notably, we further showed that
addition of exogenous Chk1-S could reverse the effect of RIPA
buffer washing on Chk1 kinase activity (SI Appendix, Fig. 11),
suggesting that Chk1-S may be one of the key endogenous
repressing factors for Chk1.
In DNA damage response (DDR), Chk1 is markedly activated

via phosphorylation at S345 and S317 residues (7, 13, 38, 39).
Despite recognition of the importance of S345/S317 phosphor-
ylation, it remains unclear how this phosphorylation activates
Chk1 (28–30). We showed that Chk1-S expression did not
change appreciably in DDR (SI Appendix, Fig. 12). However, the
Chk1–Chk1-S interaction was attenuated in the DDR induced by
camptothecin, a DNA topoisomerase I inhibitor and DNA-
damaging agent (Fig. 3E). Notably, the dissociation of Chk1
from Chk1-S in DDR appeared dependent on Chk1 phosphor-
ylation at S345/S317, because the Chk1(S345A/S317A) mutant
did not dissociate from Chk1-S during camptothecin treatment
(Fig. 3E). In DDR, Chk1 activation depends on ATR-mediated
phosphorylation (7, 13, 14). We showed that inhibition of ATR
via a dominant-negative mutant (dn-ATR) not only suppressed
camptothecin-induced Chk1-S phosphorylation but also pre-
vented Chk1–Chk1-S dissociation (Fig. 3F). Similarly, Chk1
dissociated from Chk1-S during cisplatin-induced DDR, and the
dissociation was prevented by dn-ATR (SI Appendix, Fig. 13).
Together, the results suggest that phosphorylation of Chk1 may
disrupt its interaction with the endogenous inhibitor Chk1-S,
leading to Chk1 activation in DDR.
The identification of Chk1-S as a unique regulator of cell cycle

progression and cellular proliferation prompted us to examine its
expression in cancer tissues. At the mRNA level, most cancer
tissues expressed higher levels of Chk1 and Chk1-S than normal
tissues (SI Appendix, Fig. 14). Interestingly, testicular carcinomas
showed a marked up-regulation of Chk1-S but not Chk1 (Fig.
4A). Specific up-regulation of Chk1-S was further confirmed by
immunoblot analysis in testicular carcinoma tissues, especially in
late-stage cancer samples (Fig. 4B). As reported previously (5),
both normal and malignant testicular tissues had high levels of
Chk1 expression. Increased expression of Chk1-S was also
detected during the progression of ovarian cancer (Fig. 4B). The
relatively high level of Chk1 and Chk1-S expression in both fetal
(SI Appendix, Fig. 3) and cancer (Fig. 4) tissues suggests that
Chk1-S may accelerate cell cycle progression, promoting cell
proliferation under these conditions.
We further examined the effect of ectopic Chk1-S expression

on xenograft tumor growth in mice. Tumor xenografts were
established in nude mice using Tet-on MDA-MB-231 breast
cancer cell lines that can be induced by doxycycline to express
Chk1, Chk1-S, or Chk1-KD. Induction of Chk1 or Chk1-KD by
doxycycline did not affect tumor growth; however, induction of
Chk1-S resulted in a 40% reduction in tumor volume (Fig. 4C).
Chk1-S–induced tumor tissues also showed cdc25A accumula-
tion, indicating the inhibition of Chk1 (Fig. 4E). Although the
results may imply a unique anticancer strategy, the physiological
relevance of forced overexpression of ectopic Chk1-S remains
unclear. These results, however, provide a proof of principle that
tilting the Chk1–Chk1-S balance may lead to mitotic catastrophe
and reduction of cell proliferation.
The observation that Chk1-S overexpression reduced xeno-

graft tumor growth (Fig. 4 C–E) seemed contradictory to the
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Fig. 3. Chk1-S interacts with Chk1 to suppress its kinase activity. (A) HEK293
cells were transfected with FLAG-Chk1-S or empty vector to collect lysate for
immunoprecipitation (IP) using anti-FLAG antibodies. The immunoprecipitates
were analyzed for Chk1 and FLAG-Chk1-S by immunoblotting using anti-FLAG
and anti-N terminus Chk1 antibodies, respectively. The results show the co-IP of
FLAG-Chk1-S with endogenous Chk1. (B) Chk1-Myc and Chk1-S were produced
using the TnT in vitro transcription/translation kit (Promega). (Left) In vitro
produced Chk1-Myc and Chk1-S shown by immunoblotting. (Right) Chk1-Myc
was immunoprecipitated using anti-Myc antibodies after incubation with or
without Chk1-S. The immunoprecipitates were analyzed for Chk1-S and Chk1-
Myc by immunoblotting. The results indicate a direct interaction between Chk1
and Chk1-S. (C) HEK293 cells were transfected with Myc-tagged Chk1-S or its C-
or N-terminal deletion mutants to collect lysate for immunoprecipitation using
anti-Myc antibodies. The immunoprecipitates were examined for the presence
of Chk1. The results demonstrate the coimmunoprecipitation of Chk1 with
Chk1-S and its C-terminal deletion mutant, but not with its N-terminal deletion
mutant. (D) HEK293 cells were transfected with Myc-tagged Chk1-S, Chk1, or
Chk2 to collect lysate for immunoprecipitation using anti-Myc antibodies. The
immunoprecipitates, containing Chk1-S-Myc, Chk1-Myc, or Chk2-Myc, were
incubated with or without Chk1-S for 1 h and then added to the kinase activity
assay using Chktide as substrate. Denatured Chk1-S was prepared by boiling.
Data indicate mean ± SD; *P < 0.05 versus Chk1-Myc group. The results show
that native Chk1-S can specifically inhibit Chk1. (E) HEK293 cells were trans-
fected with Chk1-Myc or Chk1-Myc(S317A/S345A) mutant. The cells were then
untreated or treated with 100 nM camptothecin for 2 h to collect lysate for
immunoprecipitation with anti-Myc antibodies. The immunoprecipitates were
analyzed for Myc-Chk1, phosphorylated (serine 345) Chk1, and Chk1-S by im-
munoblotting. Chk1 input was also verified in the samples. The results show
that Chk1-S coimmunoprecipitated or associated with Chk1 in normal cells and
that the association was diminished during camptothecin-induced DNA dam-
age. However, the association between Chk1-S and the Chk1(S345A/S317A)
mutant was not disrupted during DNA damage, suggesting that the phos-
phorylation of Chk1 at S345 and S317 may be required for the dissociation of
Chk1-S from Chk1. (F) HEK293 cells were cotransfected with either Chk1-Myc +
empty vector or Chk1-Myc + dn-ATR, followed by treatment with 100 nM
camptothecin for 2 h. The cellular lysate was collected for immunoprecipitation
with anti-Myc antibodies, followed by immunoblot analysis of the indicated
proteins. The results show that camptothecin-induced disruptionof Chk1–Chk1-
S dissociation depends on ATR and Chk1 phosphorylation.
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observation that the tumor samples from human patients
expressed relatively high levels of Chk1-S for cell proliferation
(Fig. 4 A and B and SI Appendix, Fig. 14). To reconcile these
data, it is important to recognize the differences between the
experimental conditions. Relatively high Chk1-S expression in
human tumors can be attributed to the presence of proliferative
cells in these tissues. Consistently, Chk1-S is also high in fetal
tissues that are highly proliferative (SI Appendix, Fig. 3A). Im-
portantly, Chk1-S expression in these proliferative tissues is
temporally restricted to the late S to M phase (Fig. 2 and SI
Appendix, Fig. 4). This temporal regulation may ensure that
Chk1 activity is inhibited after (and only after) the completion of
DNA replication in S phase for cell cycle progression into G2/M
phase. However, when ectopic Chk1-S is forced to overexpress in
cultured cells or xenograft tumors, the temporal restriction of
Chk1-S expression is disrupted; in other words, Chk1-S is high
throughout the cell cycle including S phase, resulting in constant
blockade of Chk-1 and premature mitotic entry, leading to mi-
totic catastrophe and reduced cell proliferation.
In conclusion, this study has identified a splice variant of Chk1,

Chk1-S, that is a key regulator of Chk1 in the normal cell cycle
and during DDR (SI Appendix, Fig. 15). In the unperturbed cell
cycle, Chk1 expression increases at S phase and some Chk1
molecules might be phosphorylated by ATR preventing Chk1-S
binding, resulting in high Chk1 activity and S-phase maintenance
until the completion of DNA replication. In G2 phase, Chk1-S
expression increases and, as reported (29), Chk1 phosphorylation
decreases, promoting a Chk1–Chk1-S interaction to suppress

Chk1 activity. The decrease in Chk1 activity at G2/M phase is
critical to mitotic entry. Under conditions of Chk1-S induction or
overexpression, excessive amounts of Chk1-S sequester Chk1 and
diminish its kinase activity during S phase, resulting in premature
mitotic entry without completion of DNA replication, leading to
mitotic catastrophe. During DNA damage, Chk1 is phosphory-
lated, resulting in decreased Chk1-S binding, increased Chk1 ac-
tivity, and G2/M arrest (SI Appendix, Fig. 11). Our findings support
the “de-repression” mechanism of Chk1 activation (29). Impor-
tantly, Chk1-S appears to be one of the key repressing factors of
Chk1 activity. By antagonizing Chk1, Chk1-S may accelerate the
cell cycle, leading to increased proliferation in fetal and cancerous
tissues. High levels of Chk1 in proliferating cells coordinate S phase
and mitosis, whereas high levels of Chk1-S may provide a powerful
switch for the S-to-G2/M phase transition. In contrast, forced
overexpression of Chk1-S at excessive levels, unbalanced by Chk1,
induces premature mitotic entry and cell death (Fig. 2) and sup-
presses tumor growth in tumor xenograft models (Fig. 4). Chk1 has
been suggested to be an effective therapeutic target in cancer
therapy, and Chk1 inhibitors are being evaluated in clinical trials
(40–43). The identification of Chk1-S as an endogenous inhibitor of
Chk1may open new areas of research in cell cycle regulation, DNA
damage response, and cancer therapy.

Materials and Methods
Alternative splicing of Chk1 was analyzed by immunoblotting, RT-PCR, and
sequencing. Chk1 and Chk1-S expression in various cell types and tissues was
determined by real-time PCR and immunoblot analysis. The role of Chk1-S in
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Fig. 4. Chk1-S regulation in cancer. (A) Real-time
PCR analysis of Chk1 and Chk1-S mRNA expression
in normal testicular tissues and testicular carcinoma
samples, showing up-regulation of Chk1-S in tes-
ticular carcinomas. (B) Immunoblot analysis of Chk1
and Chk1-S in human normal testicular and testic-
ular cancer tissues, showing increased Chk1-S ex-
pression in late-stage cancer tissues. (C) Nude mice
were injected with 10 × 106 Tet-on MDA-MB-231
cells that were doxycycline-inducible to express
Chk1, Chk1-KD, or Chk1-S, respectively. After tumor
establishment to ∼100 mm3, the mice were main-
tained on drinking water with or without doxycy-
cline. Tumor volume was measured weekly (shown
for fourth-week values, n = 8). Data indicate mean±
SD. The results show that induced expression of
Chk1-S, but not Chk1 or Chk-KD, inhibited tumor
growth. (D) Densitometry of immunoblot results of
doxycycline-induced Chk1-Myc, Chk1-KD-Myc, and
Chk1-S-Myc expression in excised tumors (n = 3 for
each group). The signals were normalized with
Chk1-Myc (arbitrarily set as 100). Data indicate
mean ± SD. The results show that doxycycline in-
duced similar levels of expression of Chk1-Myc,
Chk1-KD-Myc, and Chk1-S-Myc in the tumors. (E)
Nude mice were injected with Chk1-S-inducible cells
to establish tumors and then maintained on drink-
ing water with or without doxycycline for 4 wk.
Tumor tissues were collected for immunoblot anal-
ysis. The results show higher CDC25A expression in
the tumor xenografts with doxycycline-induced
Chk1-S expression.
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cell cycle regulation was examined in asynchronous or cell cycle synchronized
cells.Aberrantmitotic entry in cells overexpressingChk1-Sproteinwas shownby
microscopic, biochemical, and FACSanalyses. The interactionbetweenChk1and
Chk1-S was verified by coimmunoprecipitation analysis of cellular lysates and
in vitro translated proteins. Tumor xenograft models inducibly expressing Chk1
orChk1-Swereused todetermine theeffectofChk1-Soverexpression in tumors.
More details are included in SI Appendix, Materials and Methods.
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