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These CDC25 phosphatases can cooperate with Ha-RAS to
transform rodent fibroblasts (18). These data suggest that overexpression of CDC25A or CDC25B plays a critical role in
establishing transformed phenotypes, generally characterized
by unrestricted cell cycle progression and/or suppressed cell
death.
Abrupt changes in cellular homeostasis, such as alterations in the reduction-oxidation (redox) potential, DNA
damage, and imbalance of proliferation, cause cellular stress
(1). Cells have complex signaling mechanisms to trigger a
variety of intracellular responses upon stress and undergo
either cell death (apoptosis) or survival with rescue from
stress, depending on the amplitude of stress and balance of
death-inducing and -sparing genes. The stress-induced signaling pathways involve cascades of protein kinases that
ultimately control expression of a number of stress-responsive genes (31). Apoptosis signal-regulating kinase 1 (ASK1)
functions as an upstream component of the kinase cascades
that interacts with a variety of stress-induced signals (26, 27,
62). ASK1 phosphorylates and activates MKK4/7, which
then activates the c-Jun NH2-terminal protein kinases (JNKs),
also known as the stress-activated protein kinases, or SAPKs
(11, 24, 43, 54, 59, 64, 70). ASK1 also phosphorylates and
activates MKK3 and MKK6, leading to activation of the p38
mitogen-activated protein kinases (MAPKs) (42, 49, 58).
ASK1 is activated by oxidative stress (20, 53), genotoxic stress
(9), and interaction with death receptor-associated proteins,
such as TRAFs and Daxx (7, 45). Downstream activation of

Cyclin-dependent kinases (CDKs) are the central machinery
that promotes cell cycle progression (25, 50, 57, 65). Phosphorylation and dephosphorylation of CDK proteins, as well as
association with cyclins, control protein kinase activity. CDC25
phosphatases remove inhibitory phosphates from specific tyrosine and threonine residues within the ATP-binding domain
of the CDK proteins, thus activating these kinases (12). The
cell cycle-dependent expression of three CDC25 proteins suggests that CDC25A activates cyclin E(A)-CDK2 during G1 to
S transition, while CDC25B is involved in the regulation of
cyclin A-CDK2 or cyclin A-CDK1 during S to G2 transition
(15, 30). CDC25C activates cyclin B-CDK1 at the G2-M
boundary (44, 51). Expression of CDC25A is controlled by
proliferation regulatory signals involving E2F and other transcription factors (8, 61). Overexpression of CDC25A shortens
the passage of serum-stimulated HeLa cells through G1 (4),
while microinjection of anti-CDC25A antibody inhibits the
initiation of the S phase in rat kidney epithelial cells (30).
Thus, CDC25A participates in a rate-limiting mechanism for
G1 progression and initiation of DNA replication. Intriguingly,
CDC25A and CDC25B have been postulated to be oncogenes,
overexpressed in various types of cancers (6, 18, 19, 47, 63).
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CDC25A phosphatase promotes cell cycle progression by activating G1 cyclin-dependent kinases and has
been postulated to be an oncogene because of its ability to cooperate with RAS to transform rodent fibroblasts.
In this study, we have identified apoptosis signal-regulating kinase 1 (ASK1) as a CDC25A-interacting protein
by yeast two-hybrid screening. ASK1 activates the p38 mitogen-activated protein kinase (MAPK) and c-Jun
NH2-terminal protein kinase–stress-activated protein kinase (JNK/SAPK) pathways upon various cellular
stresses. Coimmunoprecipitation studies demonstrated that CDC25A physically associates with ASK1 in
mammalian cells, and immunocytochemistry with confocal laser-scanning microscopy showed that these two
proteins colocalize in the cytoplasm. The carboxyl terminus of CDC25A binds to a domain of ASK1 adjacent
to its kinase domain and inhibits the kinase activity of ASK1, independent of and without effect on the
phosphatase activity of CDC25A. This inhibitory action of CDC25A on ASK1 activity involves diminished
homo-oligomerization of ASK1. Increased cellular expression of wild-type or phosphatase-inactive CDC25A
from inducible transgenes suppresses oxidant-dependent activation of ASK1, p38, and JNK1 and reduces
specific sensitivity to cell death triggered by oxidative stress, but not other apoptotic stimuli. Thus, increased
expression of CDC25A, frequently observed in human cancers, could contribute to reduced cellular responsiveness to oxidative stress under mitogenic or oncogenic conditions, while it promotes cell cycle progression.
These observations propose a mechanism of oncogenic transformation by the dual function of CDC25A on cell
cycle progression and stress responses.
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MATERIALS AND METHODS
Yeast two-hybrid screening. The entire coding region of human CDC25A
cDNA was fused in frame to the GAL4 DNA-binding domain by using the
pTBG2 vector (56) to produce a fusion protein with CDC25A as the amino
terminus. A rat ovary cDNA library in pGAD-GH (Clontech) was screened with
this bait vector in Y190 yeast (Saccharomyces cerevisiae) by standard two-hybrid
procedures as described previously. Library plasmids recovered from the positive
(His 3⫹ LacZ⫹) clones were reexamined by cotransformation of SFY526 yeast
with the bait plasmid followed by a ␤-galactosidase assay.
Cell lines and transfection. COS-7 cells and OVCAR-8 cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). COS
cells were transfected with 10 g of plasmid by electroporation at the setting of
300 V, 950 F. Human embryonic kidney 293 cells were cultured in Dulbecco’s
modified minimum essential medium (DMEM) supplemented with 10% FBS
and transfected with Superfect (Qiagen) according to the manufacturer’s instructions. To examine the effects of CDC25A on ASK1 homo-oligomerization, 293
cells were transfected with pcDNA3-HA-ASK1 and pcDNA3-Flag-ASK1 (1 g
of each) together with 3 g of pcDNA3-CDC25A. 293 cells stably expressing the
tetracycline (tet) repressor from the pcDNA6/TR plasmid (T-REx-293 cells)
were obtained from Invitrogen. To obtain clones with tetracycline-inducible
expression of CDC25A, T-Rex-293 cells in a 10-cm-diameter culture dish were
transfected with 10 g of the pcDNA4/TO plasmid (Invitrogen) carrying the
coding region of human CDC25A cDNA, by using Superfect, and subjected to
selection for stable transfectants with 0.4 mg of Zeocin per ml. Two weeks later,
colonies were picked, expanded, and tested for induction of the transgene by
doxycycline.
Antibodies. Anti-CDC25A (DCS120 ⫹ 121) and anti-HA (12CA5) monoclonal antibodies were obtained from Neomarkers and Boehringer Mannheim,
respectively. The production of anti-ASK1 peptide (DAV) antiserum was described previously (7). Antibodies against phosphorylated forms of MKK3/6, p38,
and ATF2 were purchased from New England Biolabs. Anti-JNK1 antibody
(C-17) and antihemagglutinin (HA) polyclonal antibody were purchased from
Santa Cruz Biotechnology. Anti-Flag monoclonal antibody (M2) and Sepharose
conjugated with the M2 antibody were obtained from Sigma.
Immunocytochemistry and confocal laser-scanning microscopy. Transfected
293 cells or OVCAR-8 cells without transfection were cultured on a four-well
chamber slides (Nalge Nunc) for 16 h. Cells were fixed with 10% bufferedformalin, rinsed with phosphate-buffered saline (PBS) supplemented with 0.2%
Triton X-100. Cells were incubated with primary antibodies in PBS containing
1% bovine serum albumin (BSA) at 25°C for 16 h. The following dilutions of the
primary antibodies were used: anti-CDC25A monoclonal antibody (DCS120 ⫹
121), 1:200 for 293 cells and 1:50 for OVCAR-8 cells; anti-HA polyclonal antibody, 1:200; anti-ASK1 polyclonal antibody (H-300), 1:50. These conditions were
determined by several pilot experiments in which negligible nonspecific signals
were observed in samples stained after preincubation of the antibodies with
excess purified antigens. After being washed with PBS, cells were incubated with
fluorescein-conjugated antimouse immunoglobulin G (IgG) antibody and Texas
red-conjugated anti-rabbit IgG antibody (Vector Laboratories) in PBS contain-

ing 1% BSA at 25°C for 30 min. The slides were washed with PBS, and cover
glasses were mounted with Vectashield with 4⬘,6⬘-diamidino-2-phenylindole
(DAPI) (Vector Laboratories). The stained samples were analyzed by an
LSM510 laser-scanning confocal microscope (Carl Zeiss) equipped with a ⫻63
water immersion objective. Beams (488 nm for fluorescein, 568 nm for Texas red,
and 351 and 364 nm for DAPI) from an argon krypton laser were used for
excitation, and green, red, and blue fluorescence emissions were detected
through LP505, LP560, and LP385, respectively. The collected images were
processed with Adobe Photoshop, version 6.0. To better present nuclear structures in printed figure panels, the blue color was printed with a pseudo color
(purple) in the panels showing nonmerged DAPI staining.
Protein expression and purification. Site-directed mutagenesis of cDNAs was
performed with the QuikChange kit (Stratagene). Recombinant baculoviruses
for expression of ASK1, cyclin E, and CDK2(R169L) were constructed with the
pBluebacHis-2 vector (Invitrogen). Extracts were prepared by sonication of
virus-infected Sf9 cells in kinase buffer, which consisted of 50 mM HEPES-KOH
(pH 7.5), 10 mM MgCl2, 1 mM dithiothreitol, and 10% glycerol. Glutathione
S-transferase (GST) fusion proteins, including various forms of CDC25A and
MKK6, were expressed in Escherichia coli BL21 transformed with the pGEX-3X
vectors (Pharmacia) carrying the cDNAs, by growing bacteria with 0.2 mM
isopropyl-␤-D-thiogalactopyranoside (IPTG) at 25°C for 8 h. Bacteria were then
lysed by sonication in PBS, and Triton X-100 was added to a concentration of
1%. Lysates were incubated with glutathione-Sepharose 4B (Pharmacia) at 4°C
for 1 h with rotation, and beads were then washed with PBS. Proteins were eluted
in 50 mM Tris-HCl (pH 8) containing 20 mM reduced glutathione, followed by
dialysis in kinase buffer.
Protein analyses. Cells were lysed by sonication in lysis buffer including 50 mM
HEPES-KOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 1 mM
dithiothreitol, 10 mM ␤-glycerophosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, 0.2 mM phenylmethylsulfonyl fluoride, 20 g of aprotinin per ml,
20 g of leupeptin per ml, 1 g of pepstatin A per ml, 10 g of soybean trypsin
inhibitor per ml, 10% glycerol, and 1% NP-40 or Triton X-100. For ASK1 kinase
activity, extracts of Sf9 insect cells infected with the ASK1 baculovirus were
incubated with purified GST or GST-CDC25A in kinase buffer at 30°C for 30
min, and then [␥-32P]ATP (20 M, 10 Ci per reaction) and 1 g of purified
GST-MKK6 were added to a final volume of 30 l. GST-MKK6 used for the
assay was a kinase-inactive KM mutant and did not display autophosphorylation
(49). For some experiments, ASK1-expressing Sf9 extracts were immunoprecipitated with anti-ASK1 antibody (H-300) before incubation with purified GST or
GST-CDC25A. After 30 min of further incubation, reaction was terminated by
the addition of 4⫻-concentrated sodium dodecyl sulfate (SDS) sample buffer.
ASK1 activity in tet-CDC25A-293 cells was measured by immunoprecipitation of
lysates (200 g of protein) with 2 l of anti-ASK1(DAV) antiserum followed by
in vitro kinase assay with GST-MKK6 as described above. p38 kinase activity was
measured by immunoprecipitation of cell lysates with anti-p38 antibody followed
by incubation with nonradioactive ATP and purified GST-ATF2 and immunoblotting with anti-phosphorylated ATF2 antibody. JNK1 activity was determined
by immunoprecipitation of lysates with anti-JNK1 antibody followed by in vitro
kinase assay with purified GST–c-Jun and [␥-32P]ATP. The ability of CDC25A to
activate CDK2 was determined by incubating the sample with cyclin E-CDK2
(R169L) complex immunoprecipitated from baculovirus-coinfected Sf9 cells,
followed by histone H1 kinase assay as described previously (52). To examine
ASK1 homodimerization, lysates (200-g proteins) of 293 cells transfected with
HA-ASK1 and Flag-ASK1 were incubated at 4°C for 60 min with Sepharose
beads conjugated with anti-Flag antibody, followed by extensive washing with the
lysis buffer and Western blotting with anti-HA antibody. Western blotting was
performed with chemiluminescence reagents (Pierce). Data from autoradiography and chemiluminescence were quantitatively analyzed with the Molecular
Imager system (Bio-Rad).
Cell death assays. Cell death responses following treatment with H2O2 (0.5 to
4 mM), staurosporine (500 nM), actinomycin D (100 ng/ml), and cycloheximide
(3 g/ml) were assessed by a variety of criteria, as described previously (22).
Apoptotic manifestations of cell death, which include shrinkage and cell rounding, were visualized by phase-contrast microscopy (Nikon Diaphot; Nikon, Garden City, N.Y). Condensation of chromatin was examined by epifluorescence,
following incubation of cells with Hoechst 33342 (Sigma Chemical Co., St. Louis,
Mo.). Cells that had lost adhesion and those maintaining adherence were isolated separately for quantification (Coulter Multisizer II; Beckman Coulter,
Hialeah, Fla.). Nonadherent cells were recovered after gentle rinsing of plates
twice with serum-free medium; adherent cells then were detached by trypsinization. The externalization of membrane phosphatidylserine was revealed by the
binding of fluorescein isothiocyanate (FITC)-conjugated annexin V, and propidium iodide was employed to assess plasma membrane integrity. Mitochon-
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JNKs influences multiple proteins that control apoptosis, including c-Jun, p53, and Bax (2, 35). Activation of p38 kinases
also affects a number of transcription factors, such as ATF2,
Elk-1, and NF-B (28, 46). Activation of JNKs and p38 kinases
seems to play a role in induction of apoptosis (67), while it
could also be involved in cell survival, depending on cell type or
cellular context, e.g., the interaction with survival factors including NF-B (36, 40).
Although complex regulatory cross talk exists between cell
cycle progression and cellular response to stress, our knowledge of its molecular basis is still limited. In this study, we
present evidence that CDC25A inhibits ASK1 by physical association, and increased expression of CDC25A inhibits oxidant-induced activation of ASK1 and the downstream JNK
and p38 pathways, reducing the sensitivity of cells to oxidantinduced cell death. These findings provide a novel clue to the
interaction between the cell cycle machinery and stress-responsive mechanisms.
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drial membrane potential was revealed by staining cells with 100 nM tetramethyl
rhodamine ethyl ester (TMRE; Molecular Probes, Eugene, Oreg.) at 37°C for 10
min.

RESULTS
Identification of ASK1 as a CDC25A-interacting protein. To
investigate previously unidentified function or regulation of
CDC25A, we performed a yeast two-hybrid screen for proteins
that physically interact with CDC25A (Fig. 1A). The entire
coding region of CDC25A was subcloned into the pTBG2 bait
vector to express a CDC25A-Gal4-DNA binding domain fusion protein. A rat ovary cDNA library, constructed for expression of fusion proteins with the Gal4 activation domain, was
screened with this bait plasmid by standard procedures to
identify His 3⫹ LacZ⫹ colonies. Of 2 ⫻ 106 clones screened,
nine positive clones were reexamined by retransformation with
isolated library plasmids. Five of these clones consistently gave
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FIG. 1. ASK1 is a CDC25A-interacting protein. (A) Yeast twohybrid screening for CDC25A-interacting proteins. AD, activation domain; BD, binding domain; UAS, upstream activation sequence; minimum, TATA box minimum promoter; X, protein encoded in the
library. (B) Complex formation of CDC25A and ASK1 in transfected
COS cells. COS-7 cells were transfected with pcDNA3 expression
vectors encoding the proteins shown in the panel. At 48 h posttransfection, extracts were prepared and analyzed by Western blotting
(WB) with antibodies as shown (left panels). To detect complexes,
extracts were immunoprecipitated (IP) with anti-CDC25A monoclonal
antibody, followed by Western blotting with anti-HA monoclonal antibody (right panel). The arrow indicates HA-tagged ASK1 detected in
CDC25A immunoprecipitation. Ig, IgG heavy chain in immunoprecipitation cross-reacted with the secondary antibody. (C) CDC25AASK1 complex in untransfected ovarian carcinoma cells. Extracts of
exponentially growing OVCAR-8 cells were immunoprecipitated with
anti-ASK1 polyclonal antibody, anti-CDC25A monoclonal antibody,
or control mouse IgG, followed by Western blotting with the antiASK1 antibody.

the two-hybrid signal (His 3⫹ LacZ⫹). One represented the rat
14–3-3, which has been demonstrated to physically interact
with CDC25A (10). Another clone was found to encode a
sequence that is 95% identical to the amino acid residues 961
to 1020 of human ASK1. This domain of human ASK1 is
located almost adjacent to the 3⬘ side of the kinase domain,
residues 676 to 936. The sequences of the other three clones
showed homology to mouse expressed sequence tag sequences,
the identities of which are unknown at this moment.
To confirm that ASK1 is a CDC25A-interacting protein,
COS-7 cells were transfected with expression vectors for human CDC25A and human ASK1 with an HA tag at the carboxyl terminus, and cell lysates were subjected to immunoprecipitation with anti-CDC25A monoclonal antibodies, followed
by Western blotting with anti-HA antibody (Fig. 1B). With
this assay, we observed complex formation between full-length
ASK1 and CDC25A proteins. Furthermore, we attempted to
detect endogenous CDC25A-ASK1 complexes in mammalian
cells without transfection (Fig. 1C). In exponentially proliferating ovarian carcinoma OVCAR-8 cells, ASK1 in complex
with CDC25A was detected by immunoprecipitation followed
by Western blotting. These data indicate that ASK1 is a
CDC25A-interacting protein in mammalian cells.
Subcellular localization of CDC25A and ASK1. To extend
our observation that CDC25A can physically associate with
ASK1, we examined whether these proteins reside in the same
cellular compartment. We transfected human embryonic kidney 293 cells for expression of CDC25A and HA-tagged ASK1.
Immunocytochemistry followed by confocal laser-scanning microscopy showed that CDC25A was expressed both in the
nucleus and in the cytoplasm (Fig. 2, upper panels). This expression pattern of CDC25A is consistent with previous studies
with mouse 3T3 fibroblasts stably transfected with CDC25A
(17). ASK1 was expressed mostly in the cytoplasm, partially
colocalizing with CDC25A, as demonstrated by the yellow
color in the merge panel. Under these conditions, only ectopically expressed CDC25A was detected, since the expression
level of endogenous CDC25A was low in 293 cells and we used
a low concentration of anti-CDC25A. HA-ASK1 was detected
by anti-HA antibody. CDC25A functions in the nucleus as an
activator of G1 CDKs. The colocalization of CDC25A and
ASK1 in the cytoplasm observed in transfected cells might be
due to forced overexpression of these proteins. To determine
whether endogenous CDC25A and ASK1 colocalize in vivo,
we performed immunocytochemistry for CDC25A and ASK1
in exponentially proliferating OVCAR-8 cells without transfection (Fig. 2, lower panels), in which CDC25A-ASK1 complex was detected by immunoprecipitation (Fig. 1C). Also in
these cells, we detected both nuclear and cytoplasmic expression of CDC25A. Anti-ASK1 antibody demonstrated that
ASK1 is predominantly expressed in the cytoplasm, and confocal analysis indicated that these two proteins partially colocalized in the cytoplasm. Background fluorescence was negligible when anti-CDC25A and anti-ASK1 antibodies were
replaced with nonimmune mouse and rabbit IgG, and preincubation of the primary antibodies with purified antigens abolished the detected signals (data not shown). The clear cytoplasmic colocalization of CDC25A and ASK1 is consistent with
the physical association of CDC25A and ASK1 demonstrated
by the coimmunoprecipitation studies.
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CDC25A inhibits ASK1 in a manner independent of the
phosphatase activity. To address functional consequences of
the CDC25A-ASK1 interaction, we compared phosphorylation
of MKK3/6, physiological substrates of ASK1 kinase activity, in
COS-7 cells transfected with ASK1 and ASK1 plus CDC25A
(Fig. 3A). Immunoblotting of cell lysates with antibodies specific for the phosphorylated active forms of MKK3/6 demonstrated that transfection of ASK1 increased the activating
phosphorylation of MKK3/6 relative to that of a mock transfection control. Cotransfection of CDC25A with ASK1 abrogated this ASK1-associated increase in MKK3/6 phosphorylation, whereas the expression of ASK1 or MKK3 was not
affected. These data suggested that expression of CDC25A
results in decreased activity of ASK1. To further investigate
the interaction of ASK1 with CDC25A in vitro, we constructed
a recombinant baculovirus encoding human ASK1. Extracts of
Sf9 cells infected with the ASK1-encoding baculovirus contained large amounts (a range of 10 to 100 nM) of ASK1
protein (data not shown). Immunoprecipitates from the ASK1
virus-infected extracts with anti-ASK1 antibody (Fig. 3B, lane
1), as well as the total extracts (Fig. 3C, lane 2), were able to
phosphorylate purified GST-tagged MKK6 protein in vitro
with high activity. Autophosphorylation of ASK1 also was observed in this assay. In contrast, extracts of uninfected Sf9 cells
had negligible activity to phosphorylate MKK6 (Fig. 3C, lane
1). Addition of purified GST-tagged CDC25A protein to immunoprecipitated ASK1 or ASK1-expressing Sf9 cell extracts
resulted in inhibition of both MKK6 phosphorylation and
ASK1 autophosphorylation (Fig. 3B, lane 2; and C, lanes 3 to
7). Interestingly, the incubation of GST-CDC25A with ASK1
led to phosphorylation of GST-CDC25A, which decreased in
parallel with MKK6 phosphorylation and ASK1 autophosphorylation as higher doses of CDC25A were added. Incubation of immunoprecipitated ASK1 and GST-CDC25A without
MKK6 also resulted in phosphorylation of GST-CDC25A, ac-

companied by a decrease in ASK1 autophosphorylation (data
not shown). Extracts of Sf9 cells infected with a kinase-inactive
mutant of ASK1, ASK1(K709R), phosphorylated neither MKK6
nor CDC25A (data not shown). These results suggest that
CDC25A is both an inhibitor and a substrate of ASK1.
This inhibition of ASK1 by CDC25A could be a consequence of physical association of these two proteins, suggested
by the two-hybrid and coimmunoprecipitation analyses. Alternatively, the phosphatase activity of CDC25A might play a
direct or indirect role in the inhibition of ASK1. To examine
whether the catalytic activity of CDC25A is involved in ASK1
inhibition, we constructed and purified mutant CDC25A proteins that are phosphatase inactive. The active catalytic site of
CDC25A resides in the carboxyl terminus. The Cys 430 residue
of CDC25A is critical in the formation of a phosphate binding
loop, while the Asp 383 residue is structurally important in
forming a conserved buried salt bridge that is essential for
phosphate hydrolysis (13, 14) (also see Fig. 5A). Purified GSTCDC25A exhibited phosphatase activity in vitro, as measured
by the hydrolysis of a simple paranitrophenylphosphate substrate (data not shown) and by the dephosphorylation-dependent activation of an authentic CDK2 substrate (52) (Fig. 3D).
In contrast, GST-CDC25A(D383N,C430S) was completely inactive as a phosphatase (Fig. 3D). Strikingly, this CDC25A
double mutant was as effective as the wild type in its ability to
inhibit ASK1 (Fig. 3C, lanes 11 to 15). ASK1 activity also was
inhibited similarly by purified GST-CDC25A(C430S), which
exhibited minimum phosphatase activity (data not shown).
These results indicate that the ability of CDC25A to inhibit
ASK1 is independent of its activity to dephosphorylate and
activate CDKs and imply that the physical interaction itself is
important for the inhibition. This is in sharp contrast with
previous observations that CDC25A can bind to and dephosphorylate Raf-1 in vitro, (17, 66). While Raf-1 appears to
activate CDC25A phosphatase in vitro (17), ASK1 did not signif-
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FIG. 2. Subcellular localization of CDC25A and ASK1. Human embryonic kidney 293 cells, transfected with pcDNA3 expression vectors for
CDC25A and HA-tagged ASK1, were stained with anti-CDC25A monoclonal antibody and anti-HA polyclonal antibody (upper panels). Human
ovarian carcinoma OVCAR-8 cells, without transfection, were stained with anti-CDC25A monoclonal antibody and anti-ASK1 polyclonal antibody
(lower panels). Signals were visualized by incubation with fluorescein-conjugated antimouse IgG antibody and Texas red-conjugated anti-rabbit
IgG antibody, followed by analysis with a confocal laser-scanning microscope. These results are representative of three independent sets of
experiments. Bar, 5 m.
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icantly affect the phosphatase activity of CDC25A (data not
shown). Thus, CDC25A interacts with and inhibits ASK1 in a
unique and specific manner.
CDC25A diminishes homo-oligomerization of ASK1. It has
been demonstrated that the mechanism of ASK1 activation
involves homo-oligomerization of this kinase (20, 37). ASK1
can form homo-oligomers in the cell, and coumermycin-dependent oligomerization of a gyrase B-ASK1 fusion protein results
in activation of the kinase (20). TRAF2, an activator of ASK1,
enhances oligomerization of ASK1 (37). To determine whether the inhibition of ASK1 by CDC25A involves an alteration
in ASK1 oligomerization, HA- and Flag-tagged ASK1 proteins were expressed in 293 cells. Western blotting of anti-Flag
immunoprecipitates with anti-HA antibody detected spontaneous oligomerization of ASK1 (Fig. 4). Coexpression of
CDC25A resulted in a 60% decrease in the oligomerization,
without affecting the levels of HA- and Flag-tagged ASK1
proteins. These observations suggest that physical association with CDC25A diminishes homo-oligomerization of ASK1,
which is consistent with the noncatalytic inhibitory action of
CDC25A.
The carboxyl terminus of CDC25A contains residues important for ASK1 interaction. We dissected further the region of CDC25A that interacts with ASK1. The aminoterminal portion of CDC25A, amino acid residues 1 to 336,
contains 14–3-3 binding sites (68), while the carboxyl terminus has the catalytic domain with a phosphatase loop motif
in residues 429 to 436 (14) (Fig. 5A). It is noteworthy that
ASK1 also can bind 14–3-3 proteins via the consensus motif
within residues 961 to 1020 (71), overlapping with the domain for association with CDC25A (Fig. 5A). Truncated
forms of CDC25A, residues 1 to 386, 1 to 168, and 336 to
523, were produced as GST-fusion proteins and tested for
their abilities to bind to ASK1 in vitro (Fig. 5B). Immunoprecipitation followed by immunoblotting demonstrated that
the carboxyl-terminus form, CDC25A(336–523) could bind to
ASK1, whereas neither CDC25A(1–168) nor CDC25A(1–386)
showed detectable binding with ASK1 (Fig. 5B) (data not
shown). In this assay, we also observed that CDC25A could
bind to kinase-inactive ASK1(K709R), as well as wild-type
ASK1. In vitro kinase assays showed that CDC25A(336–523)
could inhibit ASK1 (Fig. 5C, lower panel), although the concentrations of this mutant required for ASK1 inhibition were
higher than those of wild-type CDC25A. At the concentration
of 4 M, CDC25A(336–523) decreased the MKK6 kinase ac-

MKK6(KM). After incubation for 30 more min, phosphorylation of
the proteins was analyzed by SDS-PAGE and autoradiography.
Extracts of uninfected Sf9 cells were used as negative controls
(lanes 1 and 9). wt, wild type. (D) The CDC25A(D383N/C430S)
double mutant is phosphatase inactive. The activity of CDC25A was
assessed by its ability to activate cyclin E-CDK2 in vitro. Sf9 cells
were coinfected with baculoviruses for the expression of human
cyclin E and CDK2(R169L), a mutant CDK2 known to accumulate
inhibitory phosphorylation at Tyr 15. Cyclin E-CDK2 complexes
were immunoprecipitated with anti-CDK2 antibody and incubated
at 30°C for 30 min with GST-CDC25A(D383N/C430S) or wild-type
GST-CDC25A. CDK2 kinase activity then was measured with histone H1 as a substrate, and phosphorylation of histone H1 was
analyzed by SDS-PAGE and autoradiography.
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FIG. 3. CDC25A inhibits ASK1 in a manner independent of its
phosphatase activity. (A) Decreased ASK1-dependent MKK phosphorylation by cotransfection with CDC25A. COS-7 cells were transfected with pcDNA3 vectors encoding the proteins shown in the top
panel. Cell extracts were prepared at 48 h after transfection and analyzed by immunoblotting with antibodies for ASK1, CDC25A, MKK3,
and phosphorylated active MKK3/6. (B) CDC25A is both an inhibitor
and a substrate of ASK1. ASK1 was immunoprecipitated from Sf9 cells
infected with a human ASK1-encoding recombinant baculovirus and
incubated at 30°C for 30 min with purified GST (lane 1) or GSTCDC25A (lane 2) in the presence of [␥-32P]ATP and purified GSTMKK6 (kinase-inactive KM mutant form). Immunoprecipitates with
normal IgG were used as a negative control (lane 3). Phosphorylation
of the proteins was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography. (C) Inhibition of ASK1 by CDC25A
and CDC25A(D383N/C430S). Extracts of Sf9 cells infected with the
ASK1-encoding baculovirus were preincubated for 30 min at 30°C with
purified GST-CDC25A, GST-CDC25A(D383N/C430S), or GST at the
indicated concentration, before the addition of [␥-32P]ATP and GST-
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tivity of ASK1 by 61% ⫾ 12%, whereas wild-type CDC25A at
the same concentration demonstrated 88% ⫾ 9% inhibition
(mean ⫾ standard deviation; n ⫽ 3). These observations, as
well as the weaker binding of CDC25A(336–523) with ASK1
compared to that of full-length CDC25A (Fig. 5B), imply that
other unknown regions of CDC25A cooperate with the carboxyl terminus in the inhibitory interaction with ASK1. In
contrast, CDC25A(1–168) did not inhibit ASK1 (Fig. 5C, upper panel). CDC25A(1–386) also showed minimum effects on
ASK1 activity (data not shown). Interestingly, in these kinase
assays, both CDC25A(336–523) and CDC25A(1–168) were
phosphorylated by ASK1, suggesting that there are multiple
ASK1-dependent phosphorylation sites in CDC25A. The kinase-inactive ASK1(K709R) was unable to cause phosphorylation of wild-type CDC25A or these truncated mutants (data
not shown). These data suggest that the inhibitory interaction
of CDC25A with ASK1 depends on the carboxyl terminus of
CDC25A.
Increased expression of CDC25A suppresses oxidant-induced activation of ASK1 and downstream kinases. Our
finding that CDC25A inhibits ASK1 prompted us to test
whether increased expression of CDC25A interferes with
stress-responsive pathways that involve ASK1 activation. To
examine the effect of increased CDC25A expression on
acute stress responses, we established clones of 293 cells
with inducible expression of CDC25A, by using the tetracycline (tet)-regulatory system (69). Treatment of the clones
with 10 ng of doxycycline per ml for 4 h increased CDC25A
expression by five- to eightfold over the basal levels of endogenous CDC25A expression (Fig. 6A). We examined the
effects of elevated CDC25A expression on stress kinase cascades by treating these tet-CDC25A-293 cells with H2O2
(Fig. 6B). The activities of JNK and p38, as well as that of
ASK1, were increased within 20 min after treatment with 2
mM H2O2, indicating that these stress-responsive kinase
cascades were rapidly activated by the oxidant, as previously
reported (20). When cellular CDC25A expression was ele-
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vated by prior induction with doxycycline, the levels of activation of ASK1, JNK1, and p38 upon H2O2 treatment were
diminished significantly. Activation of phosphorylation of
MKK3/6 also was blocked by CDC25A upregulation. The
oxidant treatment did not affect the expression of ASK1,
MKK3, JNK1, or p38. We obtained similar results by using
three independent tet-CDC25A-293 cell clones (data not
shown). The induction of CDC25A over 4 h had no detectable effect on cell cycle progression according to flow cytometric analyses of cellular DNA content and incorporation of bromodeoxyuridine (data not shown). To further
confirm that the diminished activation of the stress-responsive kinases is independent of the phosphatase activity of
CDC25A, we created 293 cells with tet-inducible expression of
phosphatase-inactive CDC25A(C430S) (Fig. 7A). Treatment of
these cells with H2O2 demonstrated that induced expression of
CDC25A(C430S) resulted in diminished activation of ASK1,
MKK3/6, JNK1, and p38 in a similar fashion to the expression
of wild-type CDC25A (Fig. 7B). These data indicate that elevated expression of CDC25A suppresses oxidative stress-dependent activation of the JNK and p38 kinase cascades and are
consistent with the upstream inhibitory effect of CDC25A on
ASK1.
Increased expression of CDC25A reduces the sensitivity
of cells to oxidative stress-induced apoptosis. We examined
whether CDC25A-mediated inhibition of oxidant-dependent stress kinase cascades altered the death response of
cells subjected to oxidative stress. tet-CDC25A-293 cells underwent a rapid apoptotic response when treated with H2O2.
Within 3 h of treatment with 2 mM H2O2, approximately
30% of cells already exhibited manifestations of apoptosis,
including chromatin condensation, loss of mitochondrial
membrane potential, membrane phosphatidylserine externalization, and alterations of cellular morphology and light
scatter properties (Fig. 8A and data not shown). Preinduction of CDC25A in these cells by a 3-h preincubation with
doxycycline consistently exerted a modest and significant
reduction in this death response. This is evident qualitatively as a reduction in the extent of cellular condensation
and loss of adhesion triggered by H2O2 (Fig. 8A, compare
right and center panels) and quantitatively as the reduced
percentages of cells that demonstrated the loss of mitochondrial membrane potential and diminution of cell size (Fig.
8B). The responses of these cells to other death stimuli, such
as actinomycin D, staurosporine, and cycloheximide, were
not altered by CDC25A upregulation (Fig. 8B). The data in
Fig. 8C quantify the inhibitory effect of elevated CDC25A
expression on this death response across a range of H2O2
concentrations. Cells with induced expression of phosphatase-inactive CDC25A(C430S) exhibited similar reductions
in the death response to H2O2 (Fig. 8D), which is consistent
with the inhibitory effects of this catalytically inactive
CDC25A mutant on the stress kinase cascades shown in Fig.
7B. These observations suggest that the inhibitory effect of
CDC25A expression on the initiation of oxidative stressinduced kinase cascades, which is independent of the phosphatase activity, is manifest as well by its suppression of
oxidant-induced cell death.
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FIG. 4. Increased expression of CDC25A diminishes homo-oligomerization of ASK1. 293 cells were cotransfected with pcDNA3
expression vectors encoding the proteins shown in the panel. After
36 h, cell lysates were prepared and subjected to Western blotting
(WB) or immunoprecipitation (IP) followed by Western blotting, with
antibodies against the epitopes shown in the panel. To confirm the
specificity of immunoprecipitation, normal mouse IgG-conjugated
protein A-Sepharose was used in lane 1, instead of Sepharose conjugated with anti-Flag monoclonal antibody (lanes 2 and 3).
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DISCUSSION

FIG. 5. The carboxyl terminus of CDC25A is sufficient to bind and
inhibit ASK1 in vitro. (A) Domain structures of ASK1 and CDC25A.
The numbers shown represent amino acid residues. Names of proteins that bind to these proteins are listed below the putative binding
domains. (B) The carboxyl terminus of CDC25A binds to ASK1 in
vitro. The full-length and truncated fragments of CDC25A were purified from bacteria and analyzed by Western blotting (WB) with antiGST antibody (upper panel). The asterisk indicates full-length GSTCDC25A(1–523), and other bands in the lane are degraded products in

the preparation. ASK1 was immunoprecipitated (IP) from Sf9 cells
infected with an ASK1-encoding baculovirus and then incubated at
30°C for 45 min with the GST-CDC25A fusion proteins. After extensive wash of the protein A-Sepharose beads, complexes were analyzed
by Western blotting with anti-GST antibody (lower panel). (C) The
carboxyl terminus of CDC25A can inhibit ASK1 in vitro. Extracts of
Sf9 cells infected with the ASK1 baculovirus were incubated at 30°C
for 30 min with purified GST or GST-tagged truncated CDC25A
mutants at the indicated concentrations, before the addition of [␥-32P]
ATP and GST-MKK6(KM). After incubation for 30 more min, phosphorylation of the proteins was analyzed by SDS-polyacrylamide gel
electrophoresis and autoradiography. Extracts of uninfected Sf9 cells
were used as negative controls (lanes 1 and 9).
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Reactive oxygen species (ROS), including peroxide, superoxide, singlet O2, and the highly reactive hydroxyl radical,
cause oxidative damage and cellular stress. The balance between cellular life and death is, in part, a function of the ability
of a cell to control oxidant insult (3). Cellular antioxidants and
stress responses defend against the modification of macromolecular targets exerted by ROS (32). Accumulation of oxidative
damage also has been implicated in the degenerative pathologies associated with organismal aging (41) and in the development of diseases such as atherosclerosis and cancer (reviewed in reference 21). The role of ROS as a trigger for
apoptosis, in particular, has been suggested by a large body of
work (reviewed in reference 29). Cytotoxic stresses often are
accompanied by increases in intracellular ROS levels, and the
generation of ROS within the cell may serve as a second
messenger in the initiation of death responses triggered by
other stimuli. Many antioxidants delay apoptotic responses
triggered, for example, by anticancer drugs and gamma irradiation.
Activation of ASK1 is a critical cellular response to ROS,
affecting the balance of death and survival (1). Our finding
that CDC25A inhibits ASK1 suggests that CDC25A may
play an important role in the cross talk between the cell
cycle machinery and oxidative stress responsive pathways.
That the inhibitory effect of CDC25A is manifest with respect to oxidant-triggered cell death, but not all death responses, is consistent with a specific role in the signaling
phase (as distinct from the effector phase) of cell death.
Significantly, this role of CDC25A is independent of its
function as a CDK2 phosphatase in promoting cell cycle
progression, suggesting that the physical association, but not
the catalytic action, of CDC25A is important for the inhibition of ASK1. We have shown that overexpression of
CDC25A diminishes homo-oligomerization of ASK1. The
binding of CDC25A to ASK1 at the region adjacent to the
kinase domain could inhibit oligomerization of ASK1.
Homo-oligomerization is an important process for ASK1 activation (20, 37). ASK1 interacts physically with the reduced
form of thioredoxin, a redox-sensitive protein, and is sequestered in an inactive form (53). Oxidation of thioredoxin by
intracellular ROS results in the activation of ASK1, involving
homo-oligomerization of ASK1 and its association with death
receptor-associated proteins such as TRAF2 (20, 23, 37, 45).
Thus, physical association of CDC25A is inhibitory to this
series of events leading to full activation of ASK1.
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FIG. 6. Increased expression of CDC25A suppresses activation of
the stress kinase cascades upon oxidative stress. (A) CDC25A expression after a 4-h induction with doxycycline (Dox; 10 ng/ml) in 293 cells
carrying a tetracycline-inducible CDC25A transgene. Expression of
CDC25A was measured by immunoblotting. (B) Induced CDC25A
expression diminishes the activation of ASK1, JNK1, and p38 by H2O2
treatment. Cells were treated with doxycycline for 4 h, and then exposed to H2O2 (2 mM) for 20 min. For the activities of the stressresponsive kinases, cell extracts were immunoprecipitated with antibodies against ASK1, JNK1, or p38, and the activities were assayed as
described in Materials and Methods. Phosphorylation of MKK3/6 was
examined by Western blotting with an antibody specific for phosphorylated active forms. Total expression of MKK3, JNK1, and p38 was
determined by Western blotting.

Our data also imply that CDC25A is involved in the control of oxidative stress responses by mitogenic and oncogenic signals. The expression of CDC25A is regulated by
mitogenic signals via the E2F transcription factors (61). A
number of cancers, including breast and head or neck cancers, display overexpression of CDC25A (6, 18, 19, 47, 63).
Increased expression of CDC25A under these mitogenic or
oncogenic conditions may be related to reduced responsiveness of immortalized or transformed cells to oxidative stress
(21, 60). Ectopic expression of CDC25A has been reported
to trigger cell death under conditions of growth factor deprivation (16). However, our data, together with those from
another work (34), suggest that CDC25A may not be involved in the induction of apoptosis generally. The transforming ability of CDC25A in rodent fibroblasts (18) rather
implies that overexpression of CDC25A, together with that
of Ras, facilitates survival of cells with unrestricted cell cycle
progression. During oncogenic transformation, cells are

FIG. 7. Ectopic expression of phosphatase-inactive CDC25A(C430S)
suppresses activation of the stress kinase cascades upon oxidative
stress. (A) The expression of CDC25A(C430S) after a 4-h induction
with doxycycline (Dox; 10 ng/ml) in 293 cells carrying a tetracyclineinducible transgene. The sum of expression of CDC25A(C430S) and
endogenous CDC25A was measured by immunoblotting. (B) Ectopic
CDC25A(C430S) expression diminishes the activation of ASK1, JNK1
and p38 by H2O2 treatment. Cells were treated with doxycycline for 4 h
and then exposed to H2O2 (2 mM) for 20 min. For the activities of the
stress-responsive kinases, cell extracts were immunoprecipitated with
antibodies against ASK1, JNK1, or p38, and the activities were assayed
as described in Materials and Methods. Phosphorylation of MKK3/6
was examined by Western blotting with an antibody specific for phosphorylated active forms. Total expression of MKK3, JNK1, and p38
was determined by Western blotting.
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thought to undergo various stresses. CDC25A could function simultaneously to inhibit stress-responsive pathways
that normally lead to apoptosis, while it promotes cell cycle
progression in mitogenically stimulated cells. The modest
reduction in cellular susceptibility to oxidant-induced death
afforded by upregulation of CDC25A may serve, under conditions of oncogenic transformation, to enhance the frequency of productively transformed cells that escape apoptosis. The expression of CDC25A also could affect the
responsiveness of cancer cells to oxidative and/or genotoxic
stresses caused by cancer therapies. In a recent study (6),
overexpression of CDC25A was found in 47% of patients
with small (⬍1 cm) breast carcinoma and was associated
with poor prognosis. In addition, we have recently observed
that ovarian cancer cell lines expressing high levels of
CDC25A tend to display diminished activation of JNK1 and
p38 in response to oxidative stress, compared with those
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FIG. 8. Ectopic expression of wild-type or phosphatase-inactive
CDC25A reduces the sensitivity of cells to oxidant-induced death specifically. (A) The morphology of cells after a 3-h exposure to H2O2 (2
mM) in 293 cells carrying a tetracycline-inducible CDC25A transgene
(tet-CDC25A-293 cells). The Dox group was preincubated for 3 h with
doxycycline (10 ng/ml) to increase cellular expression of CDC25A (Fig.
6A). Cells undergoing apoptosis exhibit round and condensed bodies
with decreased adherence to the culture dish. (B) The extent of cell
death was evaluated in cultures of tet-CDC25A-293 cells after treatment for 9 h with actinomycin (100 ng/ml), staurosporine (500 nM),
cycloheximide (3 g/ml), and H2O2 (1 mM). Death was assessed as the
loss of mitochondrial membrane potential (diminished TMRE staining) as well as diminution of cell size (forward-angle light scatter). The
open and solid columns represent cultures with and without a 3-h

preincubation with doxycycline. Data from three independent experiments are presented as means ⫾ standard errors. (C) Percentages of
dead nonadherent cells in cultures of tet-CDC25A-293 cells after a
12-h exposure to H2O2 at the concentrations shown. The Dox group
was preincubated for 3 h with doxycycline (10 ng/ml). Data from three
independent experiments are shown as means ⫾ standard errors. (D)
Percentages of dead nonadherent cells in cultures of tet-CDC25A
(C430S)-293 cells after a 12-h exposure to H2O2 at the concentrations
shown. The Dox group was preincubated for 3 h with doxycycline (10
ng/ml). See Fig. 7A for induced expression of the phosphatase-inactive
CDC25A(C430S). Data from three independent experiments are
shown as means ⫾ standard errors.
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lines expressing low levels of CDC25A (X. Zou and H.
Kiyokawa, unpublished observations).
Persistent accumulation of intracellular ROS could result in
DNA damage, which triggers checkpoint signals to inhibit cell
cycle progression. The G1 checkpoint largely relies on the
p53-mediated transcription of the CDK inhibitor p21 (5, 33),
but also involves degradation of CDC25A protein triggered by
the checkpoint kinase Chk1 (39, 48). When ROS accumulation
causes DNA damage, activated Chk1 facilitates degradation of
CDC25A, and ASK1 could activate the downstream stress
kinases without the inhibitory interference from CDC25A.
This presents a feedback loop from the cell cycle checkpoint to
the stress-responsive pathways. Chk1 has been demonstrated
to phosphorylate G2/M-regulatory CDC25C, facilitating cytoplasmic sequestration of CDC25C by some of the 14–3-3 proteins (38, 48, 55). Thus, CDC25 phosphatases are critical components of both G1 and G2 checkpoints. In this study, we have
observed that CDC25A and ASK1 colocalize primarily in the
cytoplasm, while CDC25A exists as well within the nucleus.
Nuclear CDC25A presumably functions as a CDK activator.
At present, it is unclear whether the subcellular localization of
CDC25A is regulated by some kind of checkpoint mechanisms
under various cellular conditions. We have observed no gross
change in the localization of CDC25A and ASK1 in H2O2treated OVCAR-8 cells or tet-CDC25A-293 cells (unpublished
observations). It remains to be clarified whether other stressful
conditions alter the subcellular localization of these two proteins.
An increase in CDC25A expression, associated with oncogenic transformation, could have diverse effects on the finetuned network of the cell cycle checkpoint and stress responses.
Increased expression of CDC25A diminishes activation of the
stress kinase cascades upon oxidative stress and suppresses the
acute death response, as shown in this study. Disruption of the
G1 checkpoint by transient overexpression of CDC25A has
been shown to increase the amount of DNA breaks after UV
irradiation (39). Many factors, including the extracellular environment, intracellular redox state, and expression of various
genes, contribute to the determination of cell fate (i.e., cell
death, survival with restored function, and transformation).
We propose that the expression of CDC25A is one important
factor that pertains particularly to the interplay of oxidative
stresses, apoptotic stimuli, and mitogenic signaling. The detailed mechanism of the role of CDC25A at this interface
awaits further investigation.
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