
Cell cycle-dependent Cdc25C phosphatase determines
cell survival by regulating apoptosis signal-regulating
kinase 1
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Cdc25C (cell division cycle 25C) phosphatase triggers entry into mitosis in the cell cycle by dephosphorylating cyclin B-Cdk1.
Cdc25C exhibits basal phosphatase activity during interphase and then becomes activated at the G2/M transition after
hyperphosphorylation on multiple sites and dissociation from 14-3-3. Although the role of Cdc25C in mitosis has been extensively
studied, its function in interphase remains elusive. Here, we show that during interphase Cdc25C suppresses apoptosis
signal-regulating kinase 1 (ASK1), a member of mitogen-activated protein (MAP) kinase kinase kinase family that mediates
apoptosis. Cdc25C phosphatase dephosphorylates phospho-Thr-838 in the activation loop of ASK1 in vitro and in interphase cells.
In addition, knockdown of Cdc25C increases the activity of ASK1 and ASK1 downstream targets in interphase cells, and
overexpression of Cdc25C inhibits ASK1-mediated apoptosis, suggesting that Cdc25C binds to and negatively regulates ASK1.
Furthermore, we showed that ASK1 kinase activity correlated with Cdc25C activation during mitotic arrest and enhanced ASK1
activity in the presence of activated Cdc25C resulted from the weak association between ASK1 and Cdc25C. In cells synchronized
in mitosis following nocodazole treatment, phosphorylation of Thr-838 in the activation loop of ASK1 increased. Compared with
hypophosphorylated Cdc25C, which exhibited basal phosphatase activity in interphase, hyperphosphorylated Cdc25C exhibited
enhanced phosphatase activity during mitotic arrest, but had significantly reduced affinity to ASK1, suggesting that enhanced
ASK1 activity in mitosis was due to reduced binding of hyperphosphorylated Cdc25C to ASK1. These findings suggest that
Cdc25C negatively regulates proapoptotic ASK1 in a cell cycle-dependent manner and may play a role in G2/M checkpoint-
mediated apoptosis.
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Cell division cycle 25 (Cdc25) phosphatases are dual-
specificity phosphatases involved in cell cycle regulation. By
removing inhibitory phosphate groups from phospho-Thr and
phospho-Tyr residues of cyclin-dependent kinases (CDKs),1

Cdc25 proteins regulate cell cycle progression in S phase and
mitosis. In mammals, three isoforms of Cdc25 phosphatases
have been reported: Cdc25A, which controls the G1/S
transition;2,3 Cdc25B, which is a mitotic starter;4 and Cdc25C,
which controls the G2/M phase.5 Overexpression of Cdc25
phosphatases is frequently associated with various cancers.6

Upon exposure to DNA-damaging reagents like UV radiation
or free oxygen radicals, Cdc25 phosphatases are key targets
of the checkpoint machinery, resulting in cell cycle arrest and
apoptosis. The 14-3-3 proteins bind to phosphorylated Ser-
216 of Cdc25C and induce Cdc25C export from the nucleus
during interphase in response to DNA damage,7,8 but they
have no apparent effect on Cdc25C phosphatase activity.9,10

In addition, hyperphosphorylation of Cdc25C correlates to its
enhanced phosphatase activity.11 Most studies with Cdc25C

have focused on its role in mitotic progression. However, the
role of Cdc25C is not clear when it is sequestered in the
cytoplasm by binding to 14-3-3.
Apoptosis signal-regulating kinase 1 (ASK1), also known as

mitogen-activated protein kinase kinase kinase 5 (MAPKKK5),
is a ubiquitously expressed enzymewith a molecular weight of
170 kDa. The kinase activity of ASK1 is stimulated by various
cellular stresses, such as H2O2,

12,13 tumor necrosis factor-α
(TNF-α),14 Fas ligand,15 serum withdrawal,13 and ER stress.16

Stimulated ASK1 phosphorylates and activates downstream
MAP kinase kinases (MKKs) involved in c-Jun N-terminal
kinase (JNK) and p38 pathways.17–19 Phosphorylation and
activation of ASK1 can induce apoptosis, differentiation, or
other cellular responses, depending on the cell type. ASK1 is
regulated either positively or negatively depending on its
binding proteins.12,13,15,18–25

ASK1 is regulated by phosphorylation at several Ser/Thr/Tyr
residues. Phosphorylation at Thr-838 leads to activation
of ASK1, whereas phosphorylation at Ser-83, Ser-967,
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or Ser-1034 inactivates ASK1.24,26–28 ASK1 is basally
phosphorylated at Ser-967 by an unidentified kinase, and
14-3-3 binds to this site to inhibit ASK1.24 Phosphorylation at
Ser-83 is known to be catalyzed by Akt or PIM1.27,29

Oligomerization-dependent autophosphorylation at Thr-838,
which is located in the activation loop of the kinase domain, is
essential for ASK1 activation.14,18,30 Phosphorylation at
Tyr-718 by JAK2 induces ASK1 degradation.31 Several phos-
phatases that dephosphorylate some of these sites have been
identified. Serine/threonine protein phosphatase type 5 (PP5)
and PP2C dephosphorylate phosphorylated (p)-Thr-838,28,32

whereas PP2A and SHP2 dephosphorylate p-Ser-967 and
p-Tyr-718, respectively.31,33 Little is known about the kinase or
phosphatase that regulates phosphorylation at Ser-1034.
Although ASK1 phosphorylation is known to be involved
in the regulation of apoptosis, only a few reports show that
ASK1 phosphorylation or activity is dependent on the cell
cycle.21,34

In this study, we examined the functional relationship
between Cdc25C and ASK1 and identified a novel function
of Cdc25C phosphatase that can dephosphorylate and inhibit
ASK1 in interphase but not in mitosis. Furthermore, we
demonstrated that Cdc25C phosphorylation status plays a
critical role in the interaction with and the activity of ASK1.
These results reveal a novel regulatory function of Cdc25C
in the ASK1-mediated apoptosis signaling pathway.

Results

Synchronization in mitosis with nocodazole treatment
activates ASK1 signaling by modulating ASK1 phosphor-
ylation. Our previous results and another report suggest that
ASK1 activity is regulated during the cell cycle. The release of
serum-starved HEK 293 cells into S phase or cell cycle arrest
at the G2/M phase in MCF-7 (human breast adenocarcinoma)
cells enhanced ASK1 activity without affecting ASK1 protein
expression level.21,34 In order to investigate how ASK1 is
regulated during mitosis, we used nocodazole, an anti-
neoplastic agent that interferes with microtubule polymeriza-
tion, to synchronize cells in prometaphase of mitosis. Both
MCF-7 and HEK 293 cells were successfully synchronized in
mitosis after 16 h of nocodazole treatment (Figure 1a). As
autophosphorylation of ASK1 is essential for ASK1 kinase
activity, we performed autophosphorylation assays to test
whether ASK1 autophosphorylation is affected by nocoda-
zole treatment (Figure 1b). ASK1 autophosphorylation levels
in MCF-7 cells increased with increasing nocodazole
incubation time, suggesting that ASK1 becomes more active
at the M phase.
We then measured ASK1 phosphorylation status using

antibodies specific to p-Ser-83, p-Thr-838, or p-Ser-967 of
ASK1. As commercially available phospho-ASK1 antibodies
specific to p-Ser-83, p-Thr-838, or p-Ser-967 of ASK1 detect
transfected ASK1 only when those residues are phosphory-
lated, we first established a HEK 293 cell-based cell line that
constitutively expressed FLAG-ASK1. No abnormality of cell
growth or morphology was recognized for FLAG-ASK1-
expressing cells, hereafter called HEK 293-A1 cells. When
ASK1 phosphorylation status in HEK 293-A1 cells was

measured using antibodies specific to ASK1 p-Ser-83, p-Thr-
838, or p-Ser-967, p-Thr-838 levels were increased, but
phosphorylation levels of ASK1 Ser-83 and Ser-967 were
decreased with nocodazole treatment (Figure 1c). As
phosphorylation at Ser-83 or Ser-967 inhibits ASK1 and
phosphorylation at Thr-838 activates ASK1, our results
suggest that ASK1 is activated when cells are synchronized
in mitosis. To verify ASK1 activation after nocodazole
treatment, we examined whether the phosphorylation levels
of proteins downstream of ASK1 were affected. ASK1
activates p38 and JNK through phosphorylation of MKK3/
MKK6 and MKK4/MKK7, respectively, under various cellular
stresses.35 As shown in Figure 1d, phosphorylation of p38,
JNK, MKK7, and MKK4 increased in both nocodazole-
treated MCF-7 and HEK 293-A1 cells. When synchronized
cells were released into the cell cycle upon removal of
nocodazole, the levels of p-Ser-83 and p-Ser-967 increased
for 8 h, whereas the level of p-Thr-838 decreased, suggesting
that the phosphorylation status of these sites depends on the
cell cycle (Figure 1e).

Cdc25C interacts with and inhibits ASK1 in asynchro-
nous HEK 293 cells. As the ASK1 phosphorylation state
depends on the cell cycle, a cell cycle-dependent phospha-
tase might regulate ASK1 phosphorylation. In addition, ASK1
is regulated by phosphorylation at Ser/Thr or Tyr residues
and many protein tyrosine phosphatases (PTPs) can act on
Ser/Thr or Tyr residues. Therefore, we performed in vitro
binding assays with ASK1 and 46 human PTPs from the
81 protein-targeting PTPs found in the human genome
to identify possible ASK1-regulating phosphatases.22,36 We
repeated in vitro binding assays at least three times and found
that Cdc25C interacted with ASK1 in all experiments.
As Cdc25C is involved in the G2/M-phase transition during

the cell cycle, we further investigated how Cdc25C is involved
in ASK1 regulation. We confirmed the endogenous associa-
tion between ASK1 and Cdc25C proteins in asynchronous
and untransfected HEK 293 cells (Figures 2a and b).
When we first examined whether ASK1 regulates Cdc25C

stability or Ser-216 phosphorylation, neither the stability nor
Ser-216 phosphorylation of Cdc25C were affected by ASK1
expression levels (Supplementary Figure S1). We then
examined whether Cdc25C phosphatase regulates ASK1
activity. HEK 293 cells were cotransfected with FLAG-ASK1
and wild-type (WT) or catalytically inactive C377S mutant HA-
Cdc25C expression plasmids, and immunoprecipitation was
performed using anti-FLAG M2 agarose. The immunoprecipi-
tates were incubated with [γ-32P]-ATP in kinase reaction
buffer, and ASK1 autophosphorylation levels were determined
(Figure 2c). Autophosphorylation of ASK1 decreased in a
Cdc25C dose-dependent manner, but it was not affected by
the Cdc25CC377Smutant.We also determined ASK1 activity
in cells transfected with small interfering RNAs targeting
Cdc25C (Cdc25C siRNAs) to further confirm whether ASK1
kinase activity increases in Cdc25C-knockdown cells
(Figure 2d). Cells transfected with Cdc25C siRNAs showed
reduced levels of Cdc25C, whereas the ASK1 expression
levels were not affected. In vitro kinase assays showed that
Cdc25C knockdown also increased ASK1 autophosphoryla-
tion and phosphorylation of MKK6, a downstream factor of
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ASK1. Taken together, the results show that Cdc25C
negatively regulates ASK1 activity.

Cdc25C dephosphorylates p-Thr-838 of ASK1. As ASK1
activity is dependent on Cdc25C expression level, we

investigated whether ASK1 is dephosphorylated by Cdc25C.
In this study, H2O2 or TNF-α, which may induce degradation
or inactivation of Cdc25C,37 was used to induce ASK1
phosphorylation on Thr-838 in cells. Therefore, we first tested
whether H2O2 or TNF-α treatment could interfere with
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Figure 1 Synchronization by nocodazole activates ASK1/MAPK signaling in MCF-7 and HEK 293 cells. (a) Nocodazole induced cell cycle synchronization at the mitotic
phase. MCF-7 cells or HEK 293 cells were treated with nocodazole (200 ng/ml) for the indicated time points (0, 2, 4, 8, or 16 h). Cell cycle distributions were determined by
fluorescence-activated cell sorting (FACS). Quantitative analyses of the FACS data are shown in the right panel. ND, nocodazole. (b) Nocodazole induced activation of ASK1.
MCF-7 cell lysates were immunoprecipitated with an anti-ASK1 antibody, and ASK1 activities were determined using autophosphorylation assays. Protein phosphorylation levels
were quantified by scanning the autoradiographs, followed by analysis with LabWorks software (UVP, Upland, CA, USA). (c and d) Nocodazole enhanced the activation of ASK1/
MAPK signaling. Cells were treated with nocodazole (200 ng/ml) for the indicated time points, and protein phosphorylation levels or expression levels were assessed by
immunoblot analysis as described in Materials and Methods. Those levels were quantified by analysis with LabWorks software and normalized to corresponding
unphosphorylated protein levels. (e) Release of synchronized cells into G1/S phase reversed phospho-ASK1 levels. HEK 293-A1 cells were exposed to nocodazole (200 ng/ml)
for 16 h, subsequently released into fresh media, and harvested at the indicated time points. Cell lysates containing equal amounts of protein were analyzed by SDS-PAGE and
immunoblotted with appropriate antibodies. Protein phosphorylation levels were quantified by scanning the immunoblots and analyzing them with LabWorks software. The control
lane (C) shows data obtained from asynchronous cells
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Cdc25C phosphatase activity or stability in our experimental
conditions. Results showed that neither H2O2 nor TNF-α used
had effect on Cdc25C activity or expression (Figure 3a).
We then examined which phosphorylated residues of ASK1

were dephosphorylated by Cdc25C phosphatase in vitro. For
in vitro phosphatase assays, the His-tagged catalytic domain
(residues 207–400) of Cdc25C was expressed in and purified
from bacteria because expression levels of full-length Cdc25C
in bacteria were not high enough for purification. Before in vitro
phosphatase assays, the interaction between ASK1 and the
recombinant His-Cdc25C catalytic domain was confirmed.
After transfection with FLAG-ASK1 plasmid, H2O2-treated

HEK 293 cells were prepared, and the lysates were
immunoprecipitated using anti-FLAG M2 agarose. When
immunoprecipitated ASK1 was incubated with the recombi-
nant His-Cdc25C catalytic domain, ASK1 interacted with
recombinant Cdc25C in vitro (Figure 3b). Then, recombinant
His-Cdc25C and immunoprecipitated ASK1 were used for
in vitro phosphatase assays, followed by immunoblot analysis
with anti-phospho-ASK1 Thr-838, Ser-967, or Ser-83 antibody
(Figure 3c). Immunoblot analysis showed that phosphorylation
of ASK1 Thr-838 was clearly reduced, but phosphorylation
of other sites was not affected by Cdc25C. In addition, the
catalytically active recombinant Cdc25C WT significantly
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Figure 2 Endogenous Cdc25C-mediated interaction and regulation of ASK1 in asynchronous HEK 293 cells. (a) Interaction between endogenous ASK1 and Cdc25C
proteins. Cell lysates from untransfected HEK 293 cells were immunoprecipitated with rabbit preimmune serum or anti-ASK1, as described in Materials and Methods. The
immunoprecipitates were analyzed by SDS-PAGE and immunoblotted with an anti-Cdc25C or anti-ASK1 antibody. The far right lane (control) shows an immunoblot of anti-ASK1
antibody plus protein A/G agarose used in the immunoprecipitation to confirm no indigenous IgG reactivity. The levels of endogenous proteins were measured using the
appropriate antibodies, as indicated. ASK1, apoptosis signal-regulating kinase 1; Cdc25C, cell division cycle 25 C; IgG, immunoglobulin G; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; IP, immunoprecipitation. (b) HEK 293 cell lysates were immunoprecipitated with rabbit preimmune serum or anti-Cdc25C antibody and then
analyzed by SDS-PAGE and immunoblot analysis with an anti-ASK1 or anti-Cdc25C antibody. The far right lane (control) shows immunoblotting of an anti-Cdc25C antibody and
the protein A/G agarose used in the immunoprecipitation. The levels of endogenous proteins were measured using the appropriate antibodies, as indicated. (c) Inactivation of
ASK1 by Cdc25C in asynchronous cells. HEK 293 cells were cotransfected with FLAG-ASK1 and various amounts (0.5, 1, or 2 μg) of HA-Cdc25C (WTor C377S) expression
plasmids. After 48 h of transfection, cell lysates were immunoprecipitated with anti-FLAG M2 agarose, and after extensive washing to remove associated endogenous Cdc25C,
the immunoprecipitates were analyzed for ASK1 kinase activity by autophosphorylation assay. The expression levels of Cdc25C and ASK1 were determined by immunoblotting
with anti-HA and anti-FLAG antibodies, respectively. (d) The effect of Cdc25C knockdown on ASK1 activation was determined. HEK 293 cells were transfected with 1 μg of
scrambled siRNA or Cdc25C siRNAs (#1: 5′-CUACUUUCUCUCCUCUUGU-3′ (dTdT), #2: 5′-CCUGAAAGAUCAAGAAGCA-3′ (dTdT)). After 48 h of transfection, cell lysates
were immunoprecipitated with anti-ASK1 agarose and analyzed for autophosphorylation and in vitro kinase activities of ASK1. In vitro kinase assays were performed using
His-MKK6 as a substrate. Kinase activity was normalized to the expression level of ASK1
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reduced the p-Thr-838 level in ASK1 in a time-dependent
manner, whereas the phosphatase-inactive Cdc25C C377S
mutant failed to dephosphorylate p-Thr-838 (Figures 3c and d).
These results indicate that Cdc25C directly and specifically
dephosphorylates p-Thr-838 of ASK1.
To further investigate whether Cdc25C expression in

asynchronous cells could affect phosphorylation on Thr-838

of ASK1, HEK 293-A1 cells were transfected with Cdc25C
siRNA, Cdc25C WT, or empty vector. Cell lysates were
analyzed by SDS-PAGE followed by immunoblot with appro-
priate anti-ASK1 or anti-Cdc25C antibodies (Figure 3e).
Cells transfected with Cdc25C siRNA had increased ASK1
p-Thr-838 levels, but cells overexpressing Cdc25C WT had
reduced p-Thr-838. In contrast, the ASK1 p-Ser-83 levelswere
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not affected by Cdc25C. Collectively, these data suggest that
Cdc25C specifically dephosphorylates ASK1 p-Thr-838 both
in vitro and in cells.

Cdc25C inhibits ASK1-mediated apoptosis in asynchro-
nous cells. We next examined whether Cdc25C regulates
ASK1-mediated apoptosis. After asynchronous MEF cells
were transfected with ASK1 and Cdc25C expression
plasmids, cells were treated with H2O2 and used for cell

viability assays and immunoblot analyses (Figure 4a). When
ASK1 was overexpressed, ∼ 40% of cells died. However,
when Cdc25C was coexpressed along with ASK1, H2O2-
treated cells exhibited increased cell viability compared with
those expressing ASK1 alone. Taken together, our results
suggest that ASK1 proapoptotic activity is inhibited by
Cdc25C in asynchronous cells.
As ASK1 is a key regulator of caspase-3-dependent

apoptosis, we examined the role of Cdc25C in apoptosis by
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measuring the caspase-3 activity using DEVD-7-amino-
4-methylcoumarin as a caspase-3 substrate (Figure 4b).
Exogenous expression of Cdc25C inhibited ASK1-mediated
caspase-3 activity, but phosphatase-inactive Cdc25C C377S
did not inhibit caspase-3 activity. In addition, the kinase-
inactive ASK1 T838A mutant did not induce caspase-3
activity. The inhibitory role of Cdc25C in ASK1-mediated
apoptosis was further confirmed by measuring levels of active
cleaved caspase-9, an apoptotic initiator, by immunoblot
(Figure 4c). Induction of active cleaved caspase-9 was
suppressed when Cdc25C WT was coexpressed, but the
Cdc25C C377S mutant failed to suppress caspase-9
cleavage. As ASK1 activation induces cytochrome c release
from mitochondria as well as activation of caspase-9 and
caspase-3,38 we tested and confirmed that ASK1-induced
cytochrome c release from mitochondria into the cytosol was
significantly reduced in the presence of Cdc25CWT but not in
the presence of Cdc25C C377S (Figure 4d).

Nocodazole treatment results in changes in Cdc25C
phosphorylation status and ASK1-mediated apoptosis.
Phosphorylation of Cdc25C at Ser-216 renders a binding site
for the 14-3-3 proteins, which are required for checkpoint
arrest, causing Cdc25C nuclear export.8 In addition, Cdc25C
is hyperphosphorylated at the G2/M transition through
phosphorylation at multiple sites, with the exception of
Ser-216, and exhibits high phosphatase activity.39 To more
precisely assess the status of Cdc25C in nocodazole-treated
cells, we evaluated gene expression, Ser-216 phosphoryla-
tion, and protein migration patterns by SDS-PAGE. Expression
levels of Cdc25C mRNA in both MCF-7 and HEK 293 cells did
not change upon exposure to nocodazole as judged by
semiquantitative reverse transcription-PCR (RT-PCR;
Figure 5a). However, immunoblotting with an anti-Cdc25C
antibody after electrophoresis on SDS-PAGE gels with cell
lysates from nocodazole-treated HEK 293-A1 or HEK
293 cells revealed slower migrating Cdc25C, suggesting
hyperphosphorylation of Cdc25C protein as reported
previously (Figure 5b and Supplementary Figure S2a).40

Treatment of cell lysates from nocodazole-treated HEK 293
cells with calf intestine phosphatase (CIP), a nonspecific
phosphatase for the phosphorylated Tyr and Ser/Thr residues,
resulted in a faster migrating Cdc25C protein band, confirming
that the slower migrating Cdc25C is hyperphosphorylated
(Supplementary Figure S2b). Furthermore, the increase in
hyperphosphorylated Cdc25C in nocodazole-treated cells was
accompanied by a reduction in Cdc25C p-Ser-216, leading to
14-3-3 binding and Cdc25C nuclear export (Figure 5b and
Supplementary Figure S2a). When nocodazole-treated HEK
293-A1 cells were released into cell cycle progression
upon removal of nocodazole, hyperphosphorylated Cdc25C
decreased with release time, and Ser-216 phosphorylation
levels increased accordingly (Figure 5c and Supplementary
Figure S2c). These results confirmed previous reports that
Cdc25C is hyperphosphorylated, with Ser-216 being depho-
sphorylated, in nocodazole-treated cells.40 We then examined
whether ASK1 suppression after release from mitotic arrest
(as shown in Figure 1e) was reversed in Cdc25C-knockdown
cells. When nocodazole-treated Cdc25C-knockdown HEK
293-A1 cells were released from nocodazole arrest upon

addition of fresh medium, phosphorylation levels of ASK1
Thr-838 increased independently of nocodazole removal time
(Figure 5d), suggesting that ASK1 Thr-838 phosphorylation is
dependent on Cdc25C, but not on nocodazole.
As long nocodazole exposures induce apoptosis as well as

synchronization in mitosis in cells,41 we examined a possible
linkage between nocodazole-induced apoptosis and ASK1 by
measuring the processing of procaspase-3 and cleavage of
poly(ADP-ribose) polymerase (PARP), the major substrate of
caspase-3, in nocodazole-treated ASK1−/− cells (Figure 5e).
After treatment with nocodazole, ASK1−/− cells displayed
reduced caspase-3 processing and PARP cleavage compared
with ASK1 WT cells. Taken together, the results suggest that
ASK1 is involved in nocodazole-induced apoptosis.

Phosphorylation status of Cdc25C changes binding
affinity to ASK1 in mitotic cells. Given that treatment with
nocodazole induces hyperphosphorylation and activation of
Cdc25C in cells39,40 in addition to enhancement of ASK1
kinase activity, the relationship between Cdc25C hyperpho-
sphorylation and ASK1 Thr-838 phosphorylation was inves-
tigated after treatment with small molecules such as
paclitaxel and dolastatin 15 that disrupt microtubule or actin
polymerization, respectively (Figure 6a). When the levels of
hyperphosphorylated Cdc25C were high, high p-Thr-838
ASK1 levels were also detected. However, monastrol, which
does not induce Cdc25C hyperphosphorylation but synchro-
nizes cells in mitosis by inhibiting the kinesin Eg5, a motor
protein important for spindle bipolarity, failed to increase
pThr-838 ASK1 levels (Figure 6a), suggesting that phosphor-
ylation of ASK1 Thr-838 correlates with Cdc25C hyperpho-
sphorylation. Hyperphosphorylation of Cdc25C was still
detected in nocodazole-treated ASK1−/− cells, suggesting
that ASK1 is not involved in the hyperphosphorylation of
Cdc25C (Supplementary Figure S3).
To further determine whether Cdc25C hyperphosphoryla-

tion indeed affects ASK1 Thr-838 phosphorylation under more
physiological conditions, HEK 293-A1 cells were synchro-
nized in S phase using a double thymidine block. Synchro-
nized HEK 293-A1 cells were released upon removal of the
double thymidine block. Cell lysates were prepared from cells
collected after release for the indicated time points and used
for immunoblot analysis. As shown in Supplementary Figure
S4, cells were enriched in the G2/M phase after release to
normal cell cycle for 6 and 8 h. In accordance with the FACS
data, Cdc25C hyperphosphorylation increased at 6, 8, and
10 h after release, and ASK1 Thr-838 phosphorylation
increased in a similar manner (Figure 6b).
As ASK1 is activated in the presence of hyperphosphory-

lated Cdc25C and phosphorylation of Ser-83 or Ser-967
results in inhibition of ASK1 kinase activity, we expected that
hyperphosphorylated Cdc25C might dephosphorylate either
p-Ser-83 or p-Ser-967 rather than p-Thr-838 of ASK1.
However, dephosphorylation of p-Ser-83 or p-Ser-967 was
not mediated by Cdc25C (Figures 3c and e), whereas ASK1
Thr-838 was phosphorylated in nocodazole-treated cells,
as shown in Figure 1c. Therefore, we sought to elucidate
how ASK1 could be activated in the presence of hyperpho-
sphorylated Cdc25C in cells synchronized in mitosis. Differ-
ential subcellular localization of these two proteins was
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possible as Cdc25C p-Ser-216 levels decrease during mitosis
to enhance nuclear translocation of Cdc25C, whereas ASK1 is
located in the cytoplasm. However, subcellular localization of
Cdc25C in nocodazole-treated cells may not be important, as
nocodazole induces nuclear envelope disassembly,42 and
thus ASK1 and Cdc25C could colocalize as shown in
Supplementary Figure S5. We then investigated whether the
binding affinity of hyperphosphorylated Cdc25C to ASK1 was
different from that of hypophosphorylated Cdc25C. As shown
in Figure 6c, hyperphosphorylated Cdc25C had reduced

interaction with ASK1 in nocodazole-treated HEK 293 cells, in
contrast to the relatively tight interaction between ASK1 and
hypophosphorylated Cdc25C. Moreover, hyperphosphory-
lated Cdc25C in HEK 293 cells treated with paclitaxel or
dolastatin 15 also had lower binding affinity to ASK1 than
hypophosphorylated Cdc25C (Supplementary Figure S6).
Taken together, these results suggest that hyperphosphory-
lated and activated Cdc25C in mitotic cells does not regulate
ASK1 effectively because of reduced interaction between the
two proteins.
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It is also possible that the endogenous ASK1-Cdc25C
association might be affected by H2O2 or TNF-α-mediated
ASK1 activation as well as hyperphosphorylation of Cdc25C.
To investigate this possibility, HEK 293 cells were treated with
H2O2 or TNF-α in the presence or in the absence of
nocodazole, and cell lysates were then immunoprecipitated
with an anti-ASK1 antibody for subsequent immunoblotting
with an anti-Cdc25C antibody. As shown in Figure 6d, ASK1-
Cdc25C interaction levels were not affected by H2O2 or TNF-α
treatment in both nocodazole-treated and untreated cells,
suggesting that ASK1–Cdc25C association was independent
of oxidative stress. In cells treated with nocodazole, the
association between ASK1 and hyperphosphorylated
Cdc25C was greatly reduced, whereas the interaction levels
between ASK1 and hypophospho-Cdc25C were unchanged.

Discussion

Although Cdc25C has been known to be involved in the G2/M
transition of cell cycle, the role of Cdc25C during cell cycle is
largely unknown. Cdc25C has basal phosphatase activity and
is located in the cytoplasm during interphase, whereas
Cdc25C becomes activated by multiple phosphorylation
during G2/M transition, leading to its hyperactivation toward
its primary mitotic target cyclin B-Cdk1 complex. We reported
here that Cdc25C has two important functional features during
cell cycle. First, Cdc25C inhibits ASK1 and its proapoptotic
function during interphase. During interphase, hypopho-
sphorylated Cdc25C with the basal phosphatase activity
binds to ASK1 and dephosphorylates p-Thr-838 of ASK1,
leading to inactivation of ASK1. Second, hyperphosphorylated
Cdc25C formed during mitotic arrest loses its ability to bind to
ASK1. The hyperphosphorylated form of Cdc25C, therefore,
appears inactive toward ASK1, resulting in increase of ASK1
p-Thr-838 and ASK1 activation. As prolonged arrest of cells in
mitosis triggers apoptosis,43 this Cdc25C function toward
ASK1 may play critical roles in mitotic checkpoint that inhibits
mitosis in response to abnormal stresses until the stress is
removed, and induces apoptosis if the stress is persistent. In
cells undergoing normal process of mitosis, however, Cdc25C
hyperphosphorylation is transient and, therefore, ASK1 may
not be active long enough to induce apoptosis.
The tumor suppressor p53 is a well-known key regulator

of apoptosis mediated by prolonged mitotic arrest, and
microtubule-stabilizing drugs, such as nocodazole and taxol,
enhance p53 transcriptional activity.44 When we measured
the levels of caspase-3 processing and PARP cleavage upon
nocodazole treatment in p53−/− cells, we also detected
decrease of apoptosis in p53−/− cells, with respect to
caspase-3 processing and PARP cleavage in the presence
of nocodazole, confirming the role of p53 as a regulator of
mitotic arrest-mediated apoptosis (Supplementary Figure S7).
The result of this study, therefore, suggests that ASK1 is
another regulator of apoptosis that is mediated by prolonged
mitotic arrest as nocodazole can induce Cdc25C hyperpho-
sphorylation that leads to the release of ASK1 from Cdc25C
because of reduced binding affinity. It is not clear how
hyperphosphorylation of Cdc25C reduces binding affinity to
ASK1. Although the precise underlying mechanism by which
hypophosphorylated Cdc25C binds more strongly to ASK1

than hyperphosphorylated Cdc25C needs further study, we
generated a model based on our data that may explain the
mechanism by which mitotic arrest-induced hyperphosphor-
ylation of Cdc25C contributes to ASK1 activation (Figure 6e).
Accumulating evidence strongly suggests that ASK1 is

involved in cell cycle regulation. Inactivation of ASK1 signaling
leads to accelerated cell growth, suggesting that ASK1 is
negatively involved in cell cycle progression.45 Furthermore,
JNK, a downstream factor in the ASK1 signaling pathway,
inactivates Cdc25C by direct phosphorylation at Ser-168 of
Cdc25C during theG2 phase.

46 Therefore, these reports along
with our results suggest that ASK1 signaling and Cdc25C
might regulate each other during the cell cycle. Furthermore,
Cdc25A, which is involved in the control of the G1/S transition,
binds to a region adjacent to the ASK1 kinase domain and
inhibits the kinase activity of ASK1 in amanner independent of
the phosphatase activity.47 As Cdc25A and Cdc25C proteins
function in different stages of the cell cycle,2,3,5 ASK1might be
regulated in several stages of the cell cycle. There are several
pieces of evidence that ASK1 phosphorylation is cell cycle
dependent.48,49

Although ASK1 activity is regulated at several stages of the
cell cycle, it is not clear how ASK1 is involved in cross-talk
between apoptosis and cell cycle progression at the molecular
level. It is possible that other phosphatases at different stages
of cell cycle are involved in the cross-talk. As phosphorylations
of ASK1 at Ser-83 or Ser-967 are also cell cycle dependent,
there might be more cell cycle-dependent phosphatases that
regulate ASK1. Therefore, the regulation of ASK1 during the
cell cycle via ASK1 site-specific dephosphorylation by several
cell cycle-dependent phosphatases might mediate the cross-
talk between cell cycle progression and ASK1-mediated
apoptosis. Apoptotic cell death may be a consequence of
perturbations of cell cycle regulators and the resulting
activation of apoptotic factors.

Materials and Methods
Cells. ASK1-/- mouse embryonic fibroblast (MEF) was obtained from Dr. Hidenori
Ichijo (The University of Tokyo, Tokyo, Japan). Human embryonic kidney (HEK) 293,
MEF, ASK1-/- MEF, HCT 116, HCT 116 p53-/-, and MCF-7 (human breast
adenocarcinoma) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with heat-inactivated 10%
fetal bovine serum (FBS; Invitrogen) and antibiotics (100 U/ml penicillin and 100 μg/
ml streptomycin), and maintained at 37 °C in an incubator containing a humidified
atmosphere of 5% CO2. HEK 293 cells expressing FLAG-ASK1 (HEK 293-A1 cells)
were prepared by transfecting pcDNA3.1/Zeo-FLAG-ASK1 plasmid and maintained
in the presence of 100 μg/ml of zeocin (Invitrogen).

Plasmid construction. HA-ASK1 expression plasmid was obtained from
Dr. Hidenori Ichijo. FLAG-ASK1 expression plasmid was cloned into the pCMV2-
FLAG vector (Sigma-Aldrich, St. Louis, MO, USA) or pcDNA3.1/Zeo plasmid
(Invitrogen). The FLAG- or HA-tagged Cdc25C WT and Cdc25C mutant (C377S)
were constructed in pcDNA3.1/Zeo plasmid (Invitrogen). His-Cdc25C WT and His-
Cdc25C mutant (C377S) that express the catalytic domain (residues 207–400) and
His-MKK6 were constructed in pET28a plasmid (Novagen, Darmstadt, Germany) for
protein expressions in E. coli.

Antibodies and reagents. Polyclonal anti-phospho-ASK1 (Ser-83),
anti-phospho-ASK1 (Thr-845, corresponding to Thr-838 of human ASK1),
anti-phospho-ASK1 (Ser-967), anti-JNK, anti-phospho-JNK (Thr-183/Tyr-185),
anti-p38, anti-phospho-p38 (Thr-180/Tyr-182), anti-MKK4, anti-phospho-MKK4
(Ser-257/Thr-261), anti-MKK7, anti-phospho-MKK7 (Ser-271/Thr-275), anti-COX
IV, anti-cytochrome c, anti-Cdc25C, anti-caspase-9, anti-caspase-3, and
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anti-cleaved PARP antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-ASK1 (F-9) agarose bead, anti-ASK1 (H-300), anti-p53,
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), anti-HA antibodies, and
dolastatin 15 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
FLAG M2 agarose beads, cycloheximide, nocodazole (ND), paclitaxel (PTX), anti-
FLAG M2, and anti-tubulin antibodies were from Sigma-Aldrich. Monastrol was from
Abcam (Cambridge, MA, USA).

Recombinant Cdc25C protein expression and purification. After
E. coli BL21 (DE3)RIL was transformed with pET28a-His-Cdc25C WT or pET28a-
His-Cdc25C mutant (C377S), cells were grown on LB medium containing
kanamycin and 0.2 mM isopropyl-β-D-1 thiogalactopyranoside at 18 °C for 16 h.
Cells were harvested and resuspended in lysis buffer (50 mM Tris-HCl (pH 7.5),
500 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF), 4 mM 2-mercap-
toethanol, and 5% (v/v) glycerol) and then lysed by sonication. The cell extracts
were centrifuged at 16 000 r.p.m. for 50 min and the supernatant was subjected to
Ni-NTA agarose affinity chromatography. The Cdc25C phosphatase bound to the
affinity gel was eluted by imidazole gradient method and frozen at − 80 °C in a
buffer containing 25 mM Tris-HCl (pH 7.5), 200 mM NaCl, 10 mM 2-mercaptoetha-
nol, and 5% (v/v) glycerol until enzyme assay.

Transfection of DNA and siRNA. Cells plated 1 day before transfection
were transfected with DNA using LipofectAMINE reagents (Invitrogen) according to
the manufacturer’s instructions. After transfection, cells were cultured for 24–48 h
before harvesting.
For RNA interference of Cdc25C, cells grown at 40% confluences were transfected

with siRNA of Cdc25C (Bioneer Corporation, Daejeon, South Korea) using LTX
transfection reagent according to the manufacturer’s protocol (Invitrogen). The siRNA
target sequences of Cdc25C were 5′-CUACUUUCUCUCCUCUUGU-3′ (dTdT) (#1)
or 5′-CCUGAAAGAUCAAGAAGCA-3′ (dTdT) (#2). The negative control siRNA used
was purchased from Bioneer.

Protein binding assays and immunoblotting analysis. After HEK
293 cells were cotransfected with ASK1 and Cdc25C expression plasmids for 48 h,
cells were washed twice with phosphate-buffered saline (PBS) buffer and lysed in
PTP lysis buffer (0.5% NP-40, 0.5% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 1% glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
1 μg/ml aprotinin) for 30 min at 4 °C. Cleared cell lysates from centrifugation were
incubated with 20 μl of anti-FLAG M2 agarose at 4 °C for 4 h. Anti-FLAG M2
agarose-bound proteins were washed with PTP lysis buffer, resuspended with
protein sample buffer, boiled at 100 °C for 5 min, subjected to SDS-PAGE, and
subsequently transferred onto nitrocellulose (NC) membrane. The membranes were
then blocked with 5% skim milk/TBS for 1 h and incubated with the appropriate
primary antibodies and horseradish peroxidase (HRP)-conjugated secondary
antibodies at room temperature. Following extensive washing, protein bands were
visualized using enhanced chemiluminescence (ECL) western blotting detection
reagents (Pierce, Rockford, IL, USA).
To examine in vivo interaction between the endogenous proteins, cell lysates were

prepared from HEK 293 cells as described above and subjected to immuno-
precipitation with an anti-ASK1 antibody or with Cdc25C-specific mouse IgG followed
by incubation with protein A/G agarose for 16 h at 4 °C. The bound proteins were
analyzed by immunoblotting with anti-ASK1 antibody or anti-Cdc25C antibody.

In vitro kinase assays. For ASK1 kinase activity assay, transfected HEK
293 cells were lysed with the lysis buffer containing 0.5% NP-40, 0.5% Triton X-100,
150 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1% glycerol, 1 mM PMSF, and
1 μg/ml aprotinin. Cleared cell lysates were incubated with anti-FLAG M2 agarose
at 4 °C for 4 h and the FLAG immunoprecipitates were assayed for the ASK1 kinase
activities by using His-MKK6 as a substrate. Kinase assay was performed at 30 °C
for 30 min in the final reaction mixture – 1 μCi [γ-32P]-ATP in kinase reaction buffer
(20 mM Tris-HCl (pH 7.5), 20 mM MgCl2, and 0.1 mM Na3VO4). Phosphorylated
substrates were determined using SDS-PAGE and autoradiography.
For autophosphorylation assays, kinase assays were performed as described

above except that no substrate was added.

In vitro phosphatase assays. HEK 293-A1 cells were treated with 1 mM
H2O2 for 30 min, and cell lysates were prepared by PTP lysis buffer. Cleared cell
lysates were immunoprecipitated with anti-FLAG M2 agarose and the beads were
washed twice with PTP lysis buffer. The beads were then added with 0.5 μg of

His-Cdc25C WT or Cdc25C mutant (C377S) in 20 μl PTP reaction buffer (100 mM
Tris-HCl (pH 7.5), 40 mM NaCl, and 1 mM DTT), and reaction mixtures were
incubated at 30 °C for 0–60 min. Phosphatase reaction was stopped by adding SDS
sample buffer. The beads were then resolved on SDS-PAGE followed by
electroblotting onto NC membranes and analyzed by immunoblotting with
anti-phospho-ASK1 antibodies.

For phosphatase assay with Cdc25C, HEK 293 cells were lysed in PTP lysis buffer
and subjected to centrifugation to remove insoluble material. The supernatants were
immunoprecipitated using an appropriate antibody. Immunoprecipitates were washed
twice with PTP lysis buffer. Each immune complex was assayed at 30 °C in 100 μl of
reaction buffer containing 100 mM Tris-HCl (pH 7.5), 40 mM NaCl, 1 mM DTT,
20% glycerol, and 500 μM 3-O-methylfluorescein phosphate (OMFP; Sigma-Aldrich).
The amount of OMFP was determined by the absorbance change at 490 nm
or fluorescence change of excitation at 485 nm and emission at 525 nm.
The phosphatase activity of recombinant Cdc25C was assayed as described above.

Cell cycle analysis. To determine cell cycle distribution analysis, 5 × 105 cells
were plated in 60 mm dishes and treated with 200 ng/ml nocodazole for times
indicated. For G2/M fraction quantification, cells were fixed with 70% ethanol, and
the cells were washed with PBS three times and then incubated with RNase A and
propidium iodide at room temperature for 30 min. Cells (at least 2 × 104) were
analyzed using FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and
CellQuest software (Becton Dickinson).

Double thymidine block. Cells were plated in 60 mm dishes as 40%
confluences at first thymidine block and treated with 5 μM thymidine for 19 h. Cells
were washed with warm PBS 2 times and incubated with fresh medium (10% FBS
and 1% penicillin and streptomycin) for 9 h, and then 5 μM thymidine was added.
After 16 h of incubation, cells were released to normal cell cycle by replacing with
fresh medium (10% FBS and 1% penicillin and streptomycin) as the times indicated.
Released cells for each time were harvested and subsequently subjected to FACS
or immunoblotting analysis.

Cell viability assay. Cell viability was determined using a CCK-8 cell viability
assay kit (Dojindo Molecular Technologies, Rockville, MD, USA). Briefly, transfected
MEF cells in exponential growth were harvested by trypsinization and seeded at a
concentration of 3 × 103 cells/well into 96-well plates, and were allowed to stand
overnight for attachment. Cells were stimulated with 1 mM H2O2 for 4 h. CCK-8
solution (10 μl per 100 μl of medium in each well) was added, the plates were
incubated at 37 °C for 30–60 min, and the absorbance of each well was measured
at 450 nm using a microplate reader.

Measurement of caspase-3 activity and detection of caspase-
9. Caspase-3 activity was measured as described previously.21 Briefly, MEF cells
(2 × 106/60 mm plate) were transfected with both FLAG-ASK1 and HA-Cdc25C
expression plasmids. After 24 h of transfection, cells were transferred to 100 mm
plates and grown to 80% confluence. Then, cells were exposed to 1 mM H2O2 for
4 h before collection for measurement.

For detection of caspase-9, H2O2-treated cell lysates (1 mM H2O2 for 4 h) were
prepared and analyzed by immunoblotting with an anti-caspase-9 antibody and
HRP-coupled monoclonal anti-rabbit IgG antibody (Sigma-Aldrich).

Detection of cytochrome c release. MEF cells were transfected with
HA-ASK1 or HA-Cdc25C expression plasmid. After treatment with 0.5 mM H2O2 for
4 h, cytosolic and mitochondrial fractions were separated with the Qproteome Cell
Compartment kit (QIAGEN, Valencia, CA, USA). The presence of cytochrome c in
the cytosolic fraction was assessed by immunoblotting with an anti-cytochrome
c antibody.

Reverse transcription-PCR. Total RNAs were prepared from cells using
Trizol (Roche, Basal, Switzerland) and reverse transcription was performed using
M-MLV (Invitrogen). PCR for human Cdc25C was carried out using the following
primers: forward 5′-GAACAGGCCAAGACTGAAGC-3′ and reverse 5′-GCCCCTGG
TTAGAATCTTC C-3′.

Measurement of regulation of Cdc25C by ASK1. FLAG-ASK1 was
transfected to HEK 293 cells in a dose-dependent manner. After 48 h of incubation,
40 μg/ml cycloheximide was added with serum-free medium as the times indicated.
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Cell lysates were prepared and subsequently immunoblotted with anti-Cdc25C and
anti-p-Cdc25C antibodies.

Subcellular fractionation. HEK 293 cells were treated with nocodazole
(200 ng/ml) for 16 h and total cells were collected by scrapping the dishes. After
washing with cold PBS 2 times, cells were resuspended with buffer A (10 mM
HEPES (pH 7.9), 10 mM KCl, and 10 mM EDTA) and placed on 4 °C for 10 min with
rotation (200 r.p.m.). The supernatants after centrifugation at 13 000 r.p.m. for 3 min
were collected as cytosolic fraction and the remained pellets were subjected to
wash with buffer A 2 times. After absolute removal of supernatants, pellets were
resuspended with buffer B (20 mM HEPES, 400 mM NaCl, 1 mM EDTA, and 10%
glycerol) and placed on ice for 30 min with vigorous vortexing for 10 s at every
5 min. The supernatants after centrifugation at 13 000 r.p.m. for 5 min were collected
as nuclear fraction.

CIP treatment of hyperphosphorylated Cdc25C. Total cell lysates
from nocodazole-treated or untreated cells were prepared using PTP lysis buffer.
Equal quantities of lysates were incubated with CIP for 30 min at 30 °C and the
reaction was stopped by adding SDS sample loading buffer. The protein samples
were analyzed by immunoblotting with anti-Cdc25C antibody.

Experimental replicates and statistical analysis. All of the figures
shown here are representative of at least three experimental repeats. For statistical
analysis, differences between experimental conditions were assessed by Student’s
t-test. Po0.05 considered to be statistically significant. In all instances, the means
of data from three independent experiments were analyzed.
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