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Ubiquitin-dependent degradation of Cdc25A is a major mechanism for damage-induced S-phase checkpoint.
Two ubiquitin ligases, the Skp1–cullin–�-TrCP (SCF�-TrCP) complex and the anaphase-promoting complex
(APCCdh1), are involved in Cdc25A degradation. Here we demonstrate that the transforming growth factor �
(TGF-�)-Smad3 pathway promotes SCF�-TrCP-mediated Cdc25A ubiquitination. Cells treated with TGF-�, as
well as cells transfected with Smad3 or a constitutively active type I TGF-� receptor, exhibit increased
ubiquitination and markedly shortened half-lives of Cdc25A. Furthermore, Cdc25A is stabilized in cells
transfected with Smad3 small interfering RNA (siRNA) and cells from Smad3-null mice. TGF-�-induced
ubiquitination is associated with Cdc25A phosphorylation at the �-TrCP docking site (DS82G motif) and
physical association of Cdc25A with Smad3 and �-TrCP. Cdc25A mutant proteins deficient in DS82G phos-
phorylation are resistant to TGF-�–Smad3-induced degradation, whereas a Cdc25A mutant protein defective
in APCCdh1 recognition undergoes efficient degradation. Smad3 siRNA inhibits �-TrCP–Cdc25A interaction
and Cdc25A degradation in response to TGF-�. �-TrCP2 siRNA also inhibits Smad3-induced Cdc25A degra-
dation. In contrast, Cdh1 siRNA had no effect on Cdc25A down-regulation by Smad3. These data suggest that
Smad3 plays a key role in the regulation of Cdc25A ubiquitination by SCF�-TrCP and that Cdc25A stabilization
observed in various cancers could be associated with defects in the TGF-�–Smad3 pathway.

Cdc25 phosphatases promote cell cycle progression by de-
phosphorylating and activating cyclin-dependent kinases (Cdks),
which form the major driving force of cell cycle progression
(16, 40). Cdc25A activates cyclin E (A)-Cdk2 during G1

through S and also seems to be involved in activation of Cdk1
at the G2/M boundary (4, 8, 20, 33, 55). The other members of
the Cdc25 family, Cdc25B and Cdc25C, collaborate for timely
activation of cyclin B-Cdk1 at the G2/M boundary. Ectopic
expression of Cdc25A shortens the passage of human breast
carcinoma MCF-7 cells and HeLa cells through G1 with Cdk2
activation (4, 45), whereas antisense Cdc25A oligonucleotides
reduce Cdk2 activity in MCF-7 cells and inhibit entry into the
S phase (7). The expression of Cdc25A is increased by estrogen
treatment in MCF-7 mammary carcinoma cells (17) and de-
creased during senescence-associated growth arrest of human
mammary epithelial cells (45). Overexpression of Cdc25A pro-
tein is frequently observed in various types of cancers, and
Cdc25A has been implied to be an oncogene (7, 21, 22, 53).
Promoting cell cycle progression via Cdk2 and Cdk1 activation
could be part of the mechanisms for the oncogenic action of
Cdc25A, while Cdc25A overexpression also can inhibit apo-
ptosis in some cellular contexts (18, 35, 36, 58).

In normal cells Cdc25A levels are controlled precisely by

multilayered mechanisms. While the transcription of the Cdc25A
gene is regulated in an E2F-dependent manner (50), the pro-
tein levels are controlled more dynamically by ubiquitin-de-
pendent proteasomal degradation. The significance of ubiquiti-
nation has been extensively investigated in a variety of
biological processes, including cell cycle control (43). Two
types of ubiquitin ligase (E3) complexes are known to mediate
ubiquitination of Cdc25A: the anaphase-promoting/cyclosome
complex (APC) and the Skp–cullin–F-box (SCF) complex (6,
14, 15, 32). The APCCdh1 complex mediates degradation of
Cdc25A from the exit of mitosis throughout the G1 phase of
the cell cycle. APCCdh1 recognizes specific KEN box sequences
of Cdc25A, and Cdc25A KEN mutants are resistant to APC-
mediated degradation. At the beginning of the S phase, Emi1
accumulates in an E2F-dependent manner and inhibits APC-
Cdh1 activity, which contributes to up-regulation of Cdc25A
during S phase (27, 44). Independently, the SCF�-TrCP complex
plays a critical role in Cdc25A degradation during proliferation
and also in response to DNA damage (6, 32). The F-box protein
�-TrCP binds to a DSG consensus sequence of Cdc25A in a
manner dependent on phosphorylation of Ser82 within the
motif (6, 32). Suppression of �-TrCP1 and �-TrCP2 by small
interfering RNA (siRNA) results in stabilization and accumu-
lation of Cdc25A during S and G2 phases and also eliminates
DNA damage-induced Cdc25A degradation. These data sug-
gest that SCF�-TrCP is competent to regulate Cdc25A in both
unperturbed S/G2 progression and damage-induced S-phase
checkpoint. Cdc25A phosphorylation at multiple serine resi-
dues surrounding the DS82G motif is required for recognition
by SCF�-TrCP. Ser76 phosphorylation is a prerequisite event for
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subsequent phosphorylation of Ser82, which is critical for
�-TrCP binding (1, 6, 13). While the checkpoint kinase Chk1
has been demonstrated to phosphorylate Ser76 (32), another
undefined kinase(s) appears to be involved in phosphorylation
of the “degron” sequence of Cdc25A. Thus, complex signaling
pathways seem to converge on the Cdc25A ubiquitination sys-
tem.

The Smad family proteins mediate the intracellular signal
transduction elicited by the transforming growth factor �
(TGF-�), which plays a critical role in development and tumor
suppression (11, 46). Upon ligand association, the type II
TGF-� receptor, T�RII, transphosphorylates and activates in-
teracting type I receptor, T�RI. T�RI phosphorylates receptor
Smad (R-Smad) proteins, such as Smad2 and Smad3. Acti-
vated R-Smad heterodimerizes with a common shared partner,
Smad4, and then translocates into the nucleus, where the com-
plex participates in transcriptional regulation of target genes,
by recruitment of coactivator or corepressor proteins. In the
present study, we have demonstrated that TGF-� signals facil-
itate �-TrCP-mediated ubiquitination of Cdc25A and identi-
fied Smad3 as a rate-limiting factor for this process. Our data
suggest that SCF�-TrCP-dependent control of Cdc25A degra-
dation, as well as E2F-mediated repression of Cdc25A tran-
scription (29, 30), is an important target for TGF-� signaling
and a potential tumor-suppressive mechanism.

MATERIALS AND METHODS

Cell culture. Human osteosarcoma U2OS cells and mammary epithelial MCF-
10A cells were obtained from the American Type Culture Collection. Human
diploid fibroblasts (HDF) used for the study were previously described (9).
Mouse embryonic fibroblasts (MEFs) were isolated from day 12.5 mouse em-
bryos, as described previously (49). Smad3�/� MEFs were described previously
(54). U2OS cells were cultured in Dulbecco’s minimum essential medium sup-
plemented with 10% fetal bovine serum, and MCF-10A cells were cultured in
Dulbecco’s minimum essential medium–F-12 mixed (1:1) medium supplemented
with 5% horse serum. Cells were treated with 10 ng (400 pM) of human recom-
binant TGF-�1 (R&D Systems)/ml for 24 h unless otherwise indicated. For
complete inhibition of the action of residual TGF-� in culture medium, cells
were incubated with 20 �g of neutralizing anti-TGF-�1,2,3 monoclonal antibody
(1D11)/ml, obtained from R&D Systems. To inhibit proteasome-dependent deg-
radation of proteins, U2OS cells were treated with 1 �M MG132 for 15 h. To
inhibit translation and determine the stability of Cdc25A, cells were incubated
with 50 �g of cycloheximide/ml.

Plasmid construction and transfection. Site-directed mutagenesis of cDNAs
was performed using the QuikChange kit (Stratagene), followed by verification
of the altered sequence at the W. M. Keck Center of Biotechnologies, the
University of Illinois at Urbana-Champaign. Cells were transfected with plas-
mids, with the use of the Superfect lipofection reagent (Qiagen) according to the
manufacturer’s instructions.

siRNA. siRNAs were custom synthesized by Dharmacon. The sequence of
anti-Smad3 siRNA was 5�-AAUGGUGCGAGAAGGCGGUCAdTdT-3�. The
sequences of anti-�-TrCP1/�-TrCP2 and anti-Cdh1 siRNAs were described pre-
viously (15). Cells were transfected with 200 nM specific siRNAs or randomized
cocktails of double-stranded RNA (dsRNA) as a control, with the use of the
Oligofectamine reagent (Gibco/Life Technologies). At 24 h posttransfection,
cells were transfected again with the same RNA preparations to ensure efficient
silencing effects.

RT-PCR. Total RNA was isolated from cells with the Trizol reagent (Invitro-
gen). Total RNA (1 �g) was subjected to reverse transcriptase (RT) reaction
with the use of the SuperScript first-strand synthesis system (Invitrogen). After
the RT reaction, RNase H was added to remove the RNA template from the
reaction mixture. Subsequently, PCR was performed in a total volume of 50 �l
with 1 �l of the RT product or 1 �l of 10-fold-diluted product in the case of cells
with Cdc25A overexpression. To confirm that the amounts of target mRNAs
were within the semiquantitative linear range of the reaction, increasing amounts
of RNA samples were examined in pilot experiments. The primers used for

human Cdc25A mRNA were 5�-GGCAGACCGAGATGAATCCTCA-3� and
5�-CCGGTAGCTAGGGGGCTCACA-3� for amplification of a 570-bp product
(7). The primers used for coamplification (143 kb) of the control RPS14 ribo-
somal mRNA were 5�-GGCAGACCGAGATGAATCCTCA-3� and 5�-CAGG
TCCAGGGGTCTTGGTCC-3�. The reaction was performed in the PTC-200
Peltier thermal cycler (MJ Research), at 94°C for 2 min, followed by 23 cycles of
94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Amplified DNAs were
analyzed by agarose gel electrophoresis, and signals in ethidium bromide-stained
gels were quantified using the EDAS-290 imaging system (Kodak).

Antibodies, immunoblotting, and immunoprecipitation. Monoclonal anti-
Cdc25A antibodies, Ab-3 and F6, were obtained from Neomarkers and Santa
Cruz Biotechnology, respectively. Anti-phospho-S82/S88 polyclonal antibody was
generated and described previously (6). Antiubiquitin monoclonal antibody
(P4D1) and anti-�-TrCP (N-15) goat polyclonal antibody were from Santa Cruz
Biotechnology, and anti-Cdh1 (monoclonal, CC43) was from Calbiochem. An-
tihemagglutinin (12CA5) antibody was from Roche Applied Science, and an-
ti-V5 and anti-Myc monoclonal antibodies were from Invitrogen. Anti-Flag (M2)
and anti-�-actin (AC-15) monoclonal antibodies were purchased from Sigma.
Anti-Smad3 polyclonal antibody (LPC3) was from Zymed. Horseradish peroxi-
dase-conjugated anti-mouse and rabbit immunoglobulin secondary antibodies, as
well as recombinant protein A-agarose beads and the Supersignal West Pico
chemiluminescence reagent, were obtained from Pierce. To prepare cell lysates,
cells were scraped off and lysed by sonication in a 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 or-
thovanadate, �100-diluted protease inhibitor cocktail (P8340; Sigma), 10% glyc-
erol, and 0.1% NP-40. All the chemicals were purchased from Sigma. Immuno-
blotting and immunohistochemistry were performed as described previously (57,
58). The signals on films were quantified by densitometric scanning with the
GS-700 imaging system and Molecular Analyst software (Bio-Rad Laboratories).

RESULTS

TGF-� signals enhance ubiquitin-dependent degradation of
Cdc25A. We first examined effects of TGF-� signals on
Cdc25A protein levels in MCF-10A mammary epithelial cells,
U2OS osteosarcoma cells, and primary HDF. Treatment with
TGF-�1 significantly decreased Cdc25A levels in all cells
tested (Fig. 1A). In contrast, treatment with a neutralizing
anti-TGF-�1,2,3 antibody increased Cdc25A levels. This effect
is probably attributed to the basal signaling activity of TGF-�
contained in the sera for culture. To determine whether pro-
teasomal degradation is involved in TGF-� regulation of
Cdc25A, cells were treated with TGF-� in the presence of the
proteasome inhibitor MG132. MG132 increased Cdc25A lev-
els in both TGF-�-treated and untreated cells (Fig. 1B).
TGF-� down-regulated Cdc25A by 80% in the absence of
MG132. However, in the presence of MG132, TGF-� de-
creased Cdc25A levels in U2OS cells by only 20 to 30% and
minimally affected those in HDF. Similar results were obtained
in MCF-10A cells (data not shown). It has been demonstrated
that TGF-� signals repress the transcription of the Cdc25A
gene in an E2F-dependent manner (29, 30). We determined
cellular levels of Cdc25A mRNA in TGF-�-treated MCF10A
and U2OS cells (Fig. 1C). TGF-� treatment for 24 h decreased
Cdc25A mRNA by 30% in MCF10A cells, while it minimally
(�10%) decreased Cdc25A mRNA in U2OS cells. MG132 did
not significantly alter Cdc25A mRNA levels. These data sug-
gest that TGF-�-mediated Cdc25A down-regulation is attrib-
utable largely to proteasome-dependent degradation. We fur-
ther showed that TGF-� treatment increases ubiquitin-
associated forms of Cdc25A in U2OS cells (Fig. 1D),
suggesting that TGF-� signals promote ubiquitination with
Cdc25A, which should facilitate proteasomal degradation. Co-
transfection of a dominant-negative mutant of the TGF-� type
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II receptor [T�RII(KR)] and Cdc25A resulted in significant
increase in Cdc25A protein levels (Fig. 1E). These data sup-
port the idea that TGF-� signals control Cdc25A mainly at the
posttranscriptional level, since Cdc25A is expressed from the
exogenous plasmid carrying the constitutive cytomegalovirus
(CMV) promoter in this experiment.

Smad3 is rate limiting for Cdc25A degradation. Next, we
examined possible involvement of Smad proteins in Cdc25A
degradation. We found that a small amount of endogenous
Cdc25A coimmunoprecipitated with endogenous Smad3 in
nontransfected MG132-treated U2OS cells (Fig. 2A, left pan-
els). TGF-� treatment significantly increased Smad3 proteins
in complex with Cdc25A. We also observed that overexpres-
sion of Smad3 by transfection markedly increased the amount
of Smad3-Cdc25A complexes even without TGF-� (Fig. 2A,
right panels). These data suggest that Cdc25A binds to Smad3
prior to proteasomal degradation. Consistent with this notion,
cotransfection of the Cdc25A plasmid with increasing amounts
of a Smad3 expression plasmid resulted in decreasing levels of
Cdc25A protein, and this down-regulation was eliminated by
MG132 (Fig. 2B). Smad3 overexpression did not affect Cdc25A
mRNA levels in either nontransfected cells or cells transfected
with Cdc25A (Fig. 2C), confirming that Cdc25A down-regula-
tion by Smad3 is not at the transcription level. In contrast to
Smad3, Smad2 showed minimum effects on Cdc25A levels
(data not shown). Analyses with flow cytometry showed that
Smad3 overexpression did not significantly alter cell cycle dis-
tributions at 24 h posttransfection (data not shown). Ubiquiti-
nation of exogenously expressed Cdc25A was enhanced by
coexpression of Smad3 (Fig. 2D), similarly to the TGF-� effect
on endogenous Cdc25A (Fig. 1C). Coexpression experiments
with Cdc25A and deletion mutants of Smad3 (Fig. 2E) showed
that the C-terminal MH2 domain of Smad3, which is involved
in receptor-mediated phosphorylation, oligomerization with
Smad4, and transactivation (26), is sufficient to down-regulate
Cdc25A. In contrast, the N-terminal MH1 domain cannot af-
fect Cdc25A levels. It is known that T�RI directly phosphor-
ylates Smad3 at the carboxyl-terminal SSVS motif (46). Inter-
estingly, we found that a Smad3 mutant defective in SSVS
phosphorylation (Smad3-SA) was as effective as the wild type
in down-regulating Cdc25A (Fig. 2E). Smad3 has been re-
ported to enhance degradation of HEF1 (human enhancer of
filamentation 1) similarly in a manner independent of SSVS
phosphorylation (37).

To further address the significance of Smad3 regulation in
Cdc25A stability, Smad3 expression is suppressed in U2OS

FIG. 1. TGF-�1 promotes Cdc25A ubiquitination and degradation.
(A) Exponentially proliferating MCF-10A and U2OS cells and HDF
were either left untreated (�) or treated (�) with either TGF-�1 (10
ng/ml or 400 pM for 24 h) or anti-TGF-�1,2,3 neutralizing antibody
(N-Ab; 20 �g/ml for 48 h). Cdc25A steady-state levels were deter-
mined by immunoblotting. (B) The decrease in Cdc25A protein levels
upon TGF-�1 (10 ng/ml) treatment was significantly abolished by
cotreatment with MG132 (1 �M for 15 h). (C) TGF-�1 treatment (10
ng/ml for 24 h) modestly down-regulated Cdc25A mRNA in MCF-10A

cells, but not in U2OS cells, while N-Ab minimally affected Cdc25A
mRNA. mRNA levels were determined by RT-PCR. RPS14, rRNA for
internal control. (D) Ubiquitination of Cdc25A was induced by
TGF-�1 treatment (10 ng/ml). U2OS cells were treated either with 1
�M MG132 for 15 h or with TGF-�1 (for 24 h) plus 1 �M MG132 (for
15 h prior to lysis). Lysates were subjected to anti-Cdc25A immuno-
precipitation followed by immunoblotting with anti-Ub antibody.
Polyubiquitinated species of Cdc25A are indicated as CDC25A-(Ub)n.
(E) Cotransfection of dominant-negative T�RII-KR-HA significantly
increased the steady-state level of exogenously expressed Cdc25A.
U2OS cells were transfected with the indicated expression vectors. Cell
lysates were prepared 24 h posttransfection, and Cdc25A level was
detected by immunoblotting.
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cells by siRNA transfection (Fig. 3A). Cycloheximide treat-
ment demonstrated that siRNA-mediated depletion of Smad3
resulted in increased stability of Cdc25A protein in cells cul-
tured with TGF-�. Moreover, Smad3 siRNA significantly sta-
bilized Cdc25A protein in cells without TGF-� treatment (data
not shown), suggesting that Smad3 controls Cdc25A during
unperturbed proliferation. Consistently, we observed increased
stability of Cdc25A protein in TGF-�-treated Smad3�/� MEFs
from Smad3-knockout mice (54), compared with that in wild-
type MEFs (Fig. 3B). We observed similar stabilization of
Cdc25A in MEFs from another strain of Smad3-null mice (10)
(data not shown). These data suggest that Smad3 expression is
a rate-limiting factor for ubiquitination of Cdc25A.

Cdc25A phosphorylation is critical for TGF-�–Smad3-in-
duced ubiquitination. With the finding that Smad3 association
facilitates ubiquitination of Cdc25A, we examined possible in-
volvement of Cdc25A phosphorylation. Ser76 phosphorylation
is involved in Chk1-mediated Cdc25A degradation, which ap-
pears to be a “priming” event for Ser82 phosphorylation (14).
Ser82 is located at the center of the DS82G motif, which is
critical for �-TrCP association (13). Phosphorylation of the
Ser73 residue of Xenopus laevis Cdc25A, the counterpart of
Ser76 of human Cdc25A, is critical for Cdc25A degradation at
midblastula transition during development (47). Expression of
a nonphosphorylatable S73A mutant of Cdc25A results in em-
bryonic lethality in Xenopus. Thus, we speculated that devel-
opmental signals, such as TGF-� and activin, might regulate
Ser76 phosphorylation of Cdc25A in mammals. Indeed, the
Cdc25A(S76A) mutant was relatively refractory to down-reg-
ulation induced by TGF-� treatment (Fig. 4A) or Smad3 over-
expression (Fig. 4B). The Cdc25A(S82A/S88A) mutant defec-
tive in �-TrCP association also exhibited resistance to TGF-�-
or Smad3-induced down-regulation, which was more promi-
nent with a triple mutant, Cdc25A(S76A/S82A/S88A). In con-
trast, the K2m mutant defective in APC-mediated ubiquitina-
tion (15) was degraded quite efficiently by TGF-� treatment
(Fig. 4A) or Smad3 overexpression (Fig. 4B). These observa-
tions suggest that APC does not play a major role in TGF-�–
Smad3-mediated Cdc25A ubiquitination, unlike its function in
G1-specific ubiquitination of the phosphatase (15). Treatment
with cycloheximide demonstrated that Smad3 expression
markedly decreased the stability of wild-type Cdc25A but
poorly affected that of Cdc25A(S76A) (Fig. 4C). Cdc25A

FIG. 2. Smad3 regulates Cdc25A degradation in a ubiquitination-
dependent manner. (A) TGF-�1 treatment enhances physical interac-
tion of Cdc25A and Smad3. U2OS cells without transfection were
treated for 15 h with either 1 �M MG132 or 10 ng of TGF-�1/ml for
24 h plus 1 �M MG132 for the last 15 h (left panels). U2OS cells were
also cotransfected with Cdc25A and Smad3 and then treated with
MG132 between 9 and 24 h posttransfection (right panels). Cell lysates
were subjected to immunoprecipitation by Smad3 antibody or normal
control immunoglobulin G (NC), followed by immunoblotting with
Cdc25A antibody. Asterisk, immunoglobulin heavy chain. (B) Smad3
can trigger proteasomal degradation of Cdc25A in a dose-dependent
manner. U2OS cells were transfected with a constant amount of a
Cdc25A plasmid with the CMV promoter and increasing amounts of a
Smad3 plasmid with the CMV promoter. The amounts of each plasmid
are shown as micrograms. Cells were treated with or without 1 �M

MG132 between 9 and 24 h posttransfection, and cell lysates were
prepared and immunoblotted for Cdc25A. (C) Smad3 overexpression
does not affect Cdc25A mRNA levels. Cells at 24 h posttransfection
were analyzed by RT-PCR. cDNA samples from cells with Cdc25A
transfection (lanes 4 and 5) were diluted 1:10 for PCR amplification, to
ensure semiquantitative analyses. RPS14, rRNA for internal control.
(D) Overexpression of Smad3 increases ubiquitination of Cdc25A.
U2OS cells were transfected as indicated and were treated with 1 �M
MG132 between 9 and 24 h posttransfection. Cdc25A was immuno-
precipitated and then immunoblotted with anti-His or anti-Ub anti-
body to detect ubiquitinated forms [Cdc25A-(Ub)n]. The expression
level of transfected Cdc25A was examined by immunoblotting (bottom
panel). (E) The MH2 domain of Smad3 is sufficient to trigger Cdc25A
degradation. U2OS cells were either transfected with Cdc25A alone or
cotransfected with either wt (wild type), SA (SSVS-�AAVA mutant),
or MH1- or MH2-domain-only Smad3 mutants. Levels of transfected
proteins were determined by immunoblotting.
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(S76A), Cdc25A(S82A/S88A), and Cdc25A(S76A/S82A/S88A)
were also refractory to down-regulation by a constitutively
active TGF-� type I receptor (T�RI), while Cdc25A(K2m) was
rapidly down-regulated (data not shown). Treatment with
MG132 eliminated TGF-�-induced down-regulation of all
these mutants, as expected (Fig. 4D, lower panel). Ubiquitina-
tion of Cdc25A(S76A) in the presence of TGF-� and MG132
was decreased compared with that of wild-type Cdc25A and
Cdc25A(K2m) (Fig. 4D, upper panel). Ubiquitination of Cdc25A
(S82A/S88A) was further diminished, and that of Cdc25A
(S76A/S82A/S88A) was almost insensitive to TGF-� treatment
(Fig. 4D). Thus, ubiquitination of the Cdc25A mutants corre-
lates with TGF-�-induced down-regulation of the proteins.
Similar results were obtained in cells cotransfected with Smad3
(data not shown). We then examined phosphorylation at the
DS82G motif for �-TrCP docking, using the antibody specific
for Cdc25A phosphorylated at Ser82/Ser88 (anti-phospho-S82/
S88) (6). TGF-� treatment in the presence of MG132 signifi-
cantly stimulated phosphorylation at the DSG site of wild-type
Cdc25A and Cdc25A(K2m), but such stimulation was not de-
tectable with the S76A, S82A/S88A, or S76A/S82A/S88A mu-
tant (Fig. 5A). To examine whether altered expression of
Smad3 affects phosphorylation of the DS82G site, U2OS cells
were transfected with Smad3 siRNA or nonspecific (NS)
dsRNA, followed by treatment with MG132 and TGF-� (Fig.
5B). Smad3 siRNA down-regulated Smad3 protein to barely
detectable levels but did not significantly affect TGF-�-induced
increases in S82/S88 phosphorylation, despite the prolonged
half-life of the Cdc25A protein (Fig. 3A). We also examined
effects of Smad3 overexpression on S82/S88 phosphorylation.
Cotransfection of Smad3 did not alter S82/S88 phosphoryla-

FIG. 3. Smad3 expression levels determine Cdc25A stability in
TGF-� treated cells. (A) Smad3 knockdown by siRNA increases the
stability of Cdc25A in TGF-�-treated cells. U2OS cells were trans-
fected twice with Smad3 siRNA, with a 24-h interval. At 24 h after
second transfection, cells were treated with 10 ng of TGF-�1/ml for
22 h, followed by incubation with 50 �g of cycloheximide/ml for the
times indicated. The levels of the listed proteins were examined by
immunoblotting. (B) Cdc25A is stabilized in Smad3-null MEFs. MEFs
from wild-type (WT) and Smad3�/� mice were treated with 10 ng of
TGF-�1/ml for 22 h, followed by incubation with 50 �g of cyclohexi-
mide/ml for the times indicated in minutes, and analyzed by immuno-
blotting for the proteins indicated.

FIG. 4. Phosphorylation around the DSG motif is involved in TGF-
�–Smad3-mediated Cdc25A degradation. (A) Cdc25A mutants defec-
tive in phosphorylation around the DSG motif are refractory to TGF-
�-mediated degradation. U2OS cells were transfected with wild type
(WT) or the mutants of Cdc25A indicated in the panel and then
treated with 10 ng of TGF-�1/ml between 9 and 24 h posttransfection.
K2m, a K141A/E142A/N143A mutant defective in APC recognition.
Cell lysates were analyzed by immunoblotting for the proteins indi-
cated. (B) The DSG phosphorylation mutants of Cdc25A are refrac-
tory to Smad3-mediated degradation. U2OS cells were cotransfected
with Smad3 and either wild type or the mutants of Cdc25A. Cell lysates
at 24 h posttransfection were analyzed by immunoblotting. (C) Smad3
overexpression decreases stability of wild-type (wt) Cdc25A, whereas it
affects the half-life of Cdc25A (S76A) only modestly. At 22 h post-
transfection, cycloheximide (50 �g/ml) was added to the culture me-
dium, and cells were further incubated for indicated times, followed by
immunoblotting. (D) Phosphorylation around the DSG motif is critical
for TGF-�1-mediated ubiquitination. U2OS cells were cotransfected
with the indicated expression vectors and treated with or without
TGF-�1 for 24 h in the presence of 1 �M MG132 between 9 and 24 h.
Ubiquitinated Cdc25A [Cdc25A-(ub)n] was detected by immunopre-
cipitation (IP) followed by immunoblotting (WB).
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tion in the presence of MG132; however, addition of the dom-
inant-negative T�RII to transfection clearly diminished S82/
S88 phosphorylation (Fig. 5C, upper panels). In the absence of
MG132, cotransfection of T�RII completely eliminated Smad3-
induced Cdc25A down-regulation (Fig. 5C, lower panels). We
also observed that cellular treatment of the neutralizing
TGF-� antibody or SB431542, a chemical inhibitor of T�RI
kinase, diminished S82/S88 phosphorylation and restored
Cdc25A levels in cells transfected with Smad3 (data not shown).
We further examined whether Chk1 plays a role in TGF-�-
induced Cdc25A degradation (Fig. 5D). U2OS cells were
transfected with Chk1 siRNA or NS dsRNA, followed by co-
transfection with Smad3 and Cdc25A. Although Chk1 protein
levels were suppressed over 90%, Smad3 down-regulated
Cdc25A as effectively, suggesting that Chk1 does not play a
major role in Smad3-mediated Cdc25A degradation. Taken
together, these data suggest that signals from TGF-� receptors
play a key role in Cdc25A phosphorylation at the DS82G site,
while cellular levels of Smad3 may play another role in Cdc25A
ubiquitination.

Physical association of �-TrCP with Cdc25A and Smad3.
The importance of DS82G phosphorylation in TGF-�-induced
Cdc25A ubiquitination prompted us to directly examine the
involvement of SCF�-TrCP. We observed that Cdc25A is phys-
ically associated with �-TrCP1 and �-TrCP2 when cotrans-
fected in U2OS cells (Fig. 6A), and TGF-� treatment in-
creased Cdc25A–�-TrCP complexes (Fig. 6B). Recent reports
(19, 51) demonstrated that Smad3 can associate with
SCF�-TrCP. Thus, we examined Smad3 interaction with �-TrCP
and cullin-1 in MG132-treated U2OS cells after cotransfection.
It was readily observed that Smad3 coimmunoprecipitated with
�-TrCP1 or �-TrCP2 (Fig. 6C) and with cullin-1 (Fig. 6D).
Smad3 appeared to bind more efficiently to �-TrCP2 than to
�-TrCP1. In these experiments Smad3-Cdc25A association
was also detected, as expected. Next, we examined effects of
Smad3 knockdown upon Cdc25A–�-TrCP interaction. Trans-
fection with Smad3 siRNA almost eliminated Cdc25A–�-TrCP
interaction in coimmunoprecipitation assays (Fig. 7A), indicat-
ing that Smad3 is required for �-TrCP docking to Cdc25A. To
further assess the significance of �-TrCP in Smad3-induced
Cdc25A degradation, U2OS cells were transfected with NS
dsRNA or �-TrCP1, �-TrCP2, or Cdh1 siRNA, followed by
cotransfection with Cdc25A and Smad3 (Fig. 7B). Each of the
specific siRNAs significantly down-regulated the target pro-
tein. The �-TrCP2 siRNA significantly prevented Cdc25A
from undergoing Smad3-induced down-regulation, and the

FIG. 5. Cdc25A phosphorylation at the DSG motif is regulated by
TGF-� signals independently of Smad3 levels. (A) TGF-� up-regulates
phosphorylation at the DSG motif. U2OS cells were transfected with
wild type (WT) and the mutants of Cdc25A and then treated with 10
ng of TGF-�1/ml for 24 h and with 1 �M MG132 between 9 and 24 h
posttransfection, followed by immunoblotting with a polyclonal anti-
body specifically for Cdc25A phosphorylated at Ser82/Ser88.
(B) Smad3 knockdown does not affect TGF-�-induced DSG phosphor-

ylation. U2OS cells were transfected with Smad3 siRNA or NS dsRNA
(NS), followed by transfection with Cdc25A and treatment with TGF-�
and MG132 at 9 to 24 h posttransfection. Cells were then analyzed by
immunoblotting with the indicated antibodies. (C) TGF-� receptor
signaling is critical for DSG phosphorylation. (Upper panels) U2OS
cells were transfected with indicated plasmids, followed by treatment
with MG132 at 9 to 24 h posttransfection. T�RII(KR), a dominant-
negative type II TGF-� receptor mutant. (Lower panels) The above
experiment was performed in the absence of MG132. (D) Chk1 kinase
is not critical for Smad3-induced Cdc25A degradation. U2OS cells
were transfected with Chk1 siRNA or NS dsRNA, followed by trans-
fection of Cdc25A in the presence or absence of Smad3. After 24 h,
cells were subjected to immunoblotting for the indicated proteins.
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�-TrCP1 siRNA showed a similar tendency to a lesser extent
(data not shown). In contrast, Cdh1 siRNA did not affect
Cdc25A down-regulation. These results suggest that Smad3, in
collaboration with T�R signals, facilitates Cdc25A interaction
with SCF�-TrCP and subsequent ubiquitination and proteaso-
mal degradation.

DISCUSSION

Proteasomal degradation of Cdc25A is regulated by at least
two different ubiquitin ligases, APCCdh1 and SCF�-TrCP (6, 15,

FIG. 6. Association of �-TrCP with Cdc25A and Smad3.
(A) Cdc25A physically associates with the F-box proteins �-TrCP1 and
�-TrCP2 in cotransfected U2OS cells. Cells were transfected with
Cdc25A and Flag-tagged �-TrCP1 or �-TrCP2 and treated with 2 �M
MG132 at 16 to 24 h posttransfection. Lysates were immunoprecipi-
tated (IP) with an anti-Flag monoclonal antibody, followed by immu-
noblotting (WB) for Cdc25A. Asterisk, immunoglobulin heavy chain.
The lower panel shows direct WB. (B) TGF-� up-regulates Cdc25A
association with �-TrCP. Cells were transfected as described for panel
A, followed by treatment with 10 ng of TGF-�/ml1 for 24 h. MG132 (1
�M) was added for the last 15 h of incubation. Asterisk, immunoglob-
ulin heavy chain. The lower panel shows direct WB. (C) Smad3 phys-
ically associates with �-TrCP. Cells were transfected with the indicated
plasmids, followed by treatment with 2 �M MG132 at 16 to 24 h
posttransfection. Asterisks, immunoglobulin heavy chain. The lower
three panels show direct WB. (D) Smad3 interacts with cullin-1 (Cul1).
Cells were transfected with Cdc25A, Smad3, and Cul1-V5 as indicated,
followed by the treatment with 2 �M MG132 at 16 to 24 h posttrans-
fection. Lysates were immunoprecipitated with anti-Smad3 antibody
followed by immunoblotting with V5 antibody for cullin-1. Asterisk,
immunoglobulin heavy chain.

FIG. 7. �-TrCP mediates Smad3-induced Cdc25A ubiquitination.
(A) Smad3 knockdown diminishes Cdc25A interaction with �-TrCP.
U2OS cells were transfected with Smad3 siRNA or NS dsRNA, fol-
lowed by transfection with Flag-tagged �-TrCP2 and/or Cdc25A. Cells
were treated with 2 �M MG132 at 16 to 24 h posttransfection and
subjected to immunoprecipitation (IP) followed by immunoblotting
(WB), as indicated. Direct WB data are shown in lower panels. Aster-
isks, immunoglobulin heavy chain. (B) siRNA-mediated down-regula-
tion of �-TrCP protects Cdc25A from Smad3-mediated degradation.
U2OS cells were transfected twice with NS, Smad3, �-TrCP2, or Cdh1
siRNA. At 24 h posttransfection, cells were further transfected with
either Cdc25A alone or Cdc25A and Smad3, and 24 h later, protein
levels were determined by immunoblotting.
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32). Previous studies showed that APCCdh1 actively ubiquiti-
nates Cdc25A at the end of mitosis through G1 (15), which is
counteracted by the S-phase-specific induction of the APC
inhibitor Emi1 (23, 44). During S and G2 phases of unper-
turbed cell cycle progression, SCF�-TrCP is involved in the
control of Cdc25A stability (6). Moreover, SCF�-TrCP plays a
critical role in active Cdc25A degradation in response to DNA
damage, which has been defined as a Chk1-dependent S-phase
checkpoint (6, 32). The present study demonstrated that the
TGF-� signaling regulates the SCF�-TrCP-mediated ubiquitina-
tion of Cdc25A, in a Smad3-dependent fashion. This regula-
tion is quite specific and efficient for Cdc25A but not for
Cdc25B and Cdc25C (data not shown). TGF-� treatment
markedly decreases the stability of both endogenous and ex-
ogenously expressed Cdc25A. TGF-� signals up-regulate
Cdc25A phosphorylation at the DS82G motif, which is critical
for �-TrCP docking (13). Consistently, Cdc25A mutants de-
fective in DS82G phosphorylation are refractory to TGF-�- or
Smad3-induced ubiquitination and degradation. Furthermore,
siRNA-mediated knockdown of �-TrCP2, but not that of
Cdh1, inhibits Smad3-induced Cdc25A degradation. These
data indicate that Cdc25A phosphorylation at the DS82G motif
is a previously undefined target of TGF-� signaling.

It has been shown that Ser76 phosphorylation is a step req-
uisite for Ser82 phosphorylation (6, 32). The exact mechanism
of the hierarchical order of phosphorylation is unknown. It also
remains elusive what kinases are responsible for Ser76 and
Ser82 phosphorylation. Although a previous study showed that
purified Chk1 can efficiently phosphorylate Ser76 in vitro (25,
32), some other kinases may phosphorylate the site in concert
with TGF-� signaling. In addition, Chk1 cannot phosphorylate
Ser82 in vitro. The present study has shown that Chk1 siRNA
does not affect Smad3-induced down-regulation of Cdc25A,
suggesting that Chk1 does not play a major role in the TGF-
�–Smad3 regulation of Cdc25A. A previous study of Xenopus
Cdc25A suggested that an unidentified kinase phosphorylates
Ser73, the Xenopus counterpart of Ser76, at the midblastula
transition during development (47). Xenopus Chk1 cannot
phosphorylate Ser73 in this system. It is well known that
TGF-� and activin signals are important during embryogene-
sis, especially the midblastula transition stage. Mammalian
non-Chk1 protein kinases responsible for TGF-�-induced
Ser76 and Ser82 phosphorylation remain to be identified.

Smad3 is obviously required for Cdc25A ubiquitination in-
duced by TGF-� signals. Cdc25A is stabilized in cells trans-
fected with Smad3 siRNA or in cells from Smad3-knockout
mice. It is noteworthy that Cdc25A is more stable in those cells
with reduced Smad3 expression, even in culture medium with-
out TGF-� addition (data not shown). Also, Smad3 overex-
pression destabilizes Cdc25A quite effectively without exoge-
nous TGF-�. The dominant-negative type II TGF-� receptor,
neutralizing TGF-� antibodies, or the type I receptor inhibitor
SB431542 can eliminate Smad3-induced Cdc25A degradation,
suggesting that Smad3 overexpression is not sufficient for ex-
ecution of Cdc25A ubiquitination and that receptor signals are
still required. In cells cultured without exogenous TGF-�,
basal signaling activities from TGF-� receptors, probably in-
duced by TGF-� in fetal bovine serum, may cooperate with
altered Smad3 levels to determine the rate of Cdc25A ubiq-
uitination. The exact mechanism of the rate-limiting role for

Smad3 remains to be determined. Association of �-TrCP with
Cdc25A is almost eliminated by siRNA-mediated knockdown
of Smad3. However, neither Smad3 knockdown nor overex-
pression significantly alters Ser82-Ser88 phosphorylation. One
of the possible explanations for these observations is that
Smad3-dependent signals activate a kinase responsible for
Cdc25A phosphorylation at another site(s) that is more critical
for �-TrCP association. Another possibility is that Smad3 may
facilitate �-TrCP association with Cdc25A more directly, form-
ing a regulatory layer downstream of DS82G phosphorylation.
We have demonstrated that Smad3 can bind to Cdc25A,
�-TrCP, and cullin-1. Fukuchi et al. previously showed that the
C-terminal MH2 domain of Smad3 physically binds to ROC1
(also termed Rbx1 or Hrt1) in yeast two-hybrid assays and
Smad3 associates with SCF�-TrCP complex in mammalian cells
(19). ROC1 functions as a linker between cullin and an E2
enzyme. They showed that Smad2 does not bind to SCF�-TrCP,
which is consistent with our observation that Smad2 expression
does not down-regulate Cdc25A. Another report showed that
�-TrCP1 binds weakly to Smad3 and strongly to Smad4 in
cotransfected mammalian cells (51), which may be relevant to
our data showing that �-TrCP2 binds to Smad3 more efficiently
than �-TrCP1. Thus, Smad3 might participate in SCF�-TrCP

complexes, via interaction with ROC1, and help assembly with
Cdc25A phosphorylated at the DS82G site. Interestingly, we
also found that Cdc25A mutants defective in DS82G phosphor-
ylation cannot bind to Smad3 in cotransfected U2OS cells
(data not shown). Smad3 also has been shown to recruit the
APCCdh1 complex to SnoN, a negative regulator of the TGF-�
signaling (48), and the human enhancer of filamentation 1
(HEF1), a Cas family cytoplasmic docking protein (37, 42). In
both cases, Smad3 seems to facilitate ubiquitination by physical
association with the substrate and APC components. However,
Cdh1 siRNA does not protect Cdc25A from Smad3-induced
down-regulation, indicating that the APCCdh1 complex is not
involved in the Smad3-mediated ubiquitination of Cdc25A.
Consistently, a dominant-negative mutant of cullin-1 effec-
tively eliminates Smad3-induced Cdc25A degradation, while
Emi1, a specific inhibitor of APC, has minimum effects (D. Ray
and H. Kiyokawa, unpublished observations). Further studies
are necessary to clarify how Smad3 controls ubiquitination of
multiple substrates by SCF�-TrCP and APC.

Previous reports demonstrated that TGF-� down-regulates
Cdc25A at the level of transcription (29, 30). TGF-� signals
result in recruitment of the E2F4-p130 repressor complex onto
an E2F binding site of the Cdc25A promoter. Cdc25A down-
regulation seems to collaborate with transactivation of the Cdk
inhibitor p15INK4b and p21Cip1/Waf1 and repression of c-myc, in
inducing G1 cell cycle arrest in response to TGF-� (46). In
addition, Cdc25A phosphatase activity is also a target of
TGF-� signals. TGF-� activates p160ROCK in a RhoA-depen-
dent manner, and p160ROCK diminishes Cdc25A phosphatase
activity by phosphorylation (3). Thus, the TGF-� signaling
pathway controls Cdc25A at multiple levels, i.e., transcrip-
tional repression, proteasomal degradation, and enzymatic in-
hibition, suggesting the importance of Cdc25A as a target of
developmental and tumor-suppressive functions of the TGF-�
signaling pathway. Accumulating evidence suggests that Smad3
is a tumor suppressor gene. Most intriguingly, Smad3�/� mice
develop metastatic colorectal carcinoma (56). Furthermore, a
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recent study showed that Smad3 protein was undetectable in
all of 10 T-cell acute lymphocytic leukemia samples examined,
despite intact expression of Smad3 mRNA without mutations
(52). Smad3�/� p27Kip1�/� mice exhibit lymphocytic infiltra-
tion in multiple organs, and 10% of those animals develop
T-cell leukemia (52). Loss of Smad3 protein expression is also
observed in a fraction of gastric cancer tissues (24). Smad3
could play an important role in tumor suppression by control-
ling transcription of TGF-� target genes. Another critical role
for Smad3 is to regulate ubiquitination of various proteins,
such as SnoN, HEF1, and Cdc25A. Our studies with Smad3
overexpression, Smad3 siRNA, and Smad3-null cells clearly
indicate that the expression level of Smad3 is a determining
factor for stability and steady-state levels of Cdc25A. Cdc25A
protein is overexpressed in various types of malignancies, in-
cluding colon, esophagus, breast, and ovarian cancers and lym-
phoma (5, 7, 12, 31, 41). Increased Cdc25A levels may lead to
not only unrestricted proliferation by Cdk activation but also
suppressed apoptosis (58), either of which can contribute to
tumor initiation and progression. Recently it was shown that
Cdc25A overexpression in several breast cancer cell lines re-
sults from impaired protein degradation (38). We observed
that breast cancer cells without detectable Smad3 expression,
e.g., MCF-7 cells, display stable Cdc25A protein, whereas can-
cer cells with high-level Smad3 expression, such as MDA-
MB231 cells, exhibit active degradation of Cdc25A at the basal
state (D. Ray and H. Kiyokawa, unpublished observations).
Moreover, Cdc25A degradation is also enhanced when murine
leukemia M1 cells undergo interleukin-6-induced differentia-
tion (2). It is known that TGF-�–Smad3 signaling plays a role
in myeloid differentiation (28, 34). These observations are con-
sistent with the reciprocal relationship between Smad3 and
Cdc25A established in the present study. Smad3 deficiency or
other defects in the pathway regulating SCF�-TrCP-mediated
ubiquitination should lead to Cdc25A stabilization. As a con-
sequence, Cdks will become hyperactivated and promote cell
cycle progression, while Cdk4 and Cdk2 will in turn phosphor-
ylate Smad3 and down-regulate its activity (39), creating a
feedback loop of regulation. The significance of Smad3-depen-
dent Cdc25A regulation in development and carcinogenesis
awaits further investigations.
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