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ABSTRACT: Smad3 is phosphorylated by ERK MAP kinase upon EGF treatment. We have mapped the
ERK phosphorylation sites to Ser 207, Ser 203, and Thr 178 in Smad3. We show that, upon EGF treatment,
Smad3 is rapidly phosphorylated in these sites, peaking at∼15-30 min and that MEK1 inhibitors PD98059
and U0216 inhibit Smad3 phosphorylation induced by EGF. Ser 207 is the best ERK site in Smad3. Its
phosphorylation shows the highest EGF induction in Smad3. It is also a very sensitive site to EGF treatment,
significantly responding to low concentrations of EGF. These three sites are also phosphorylated by
recombinant ERK2 in vitro. We have compared the kinetic parameters of Smad3 with those of ELK1 and
MBP for ERK2. We further show that mutation of the ERK phosphorylation sites increases the ability of
Smad3 to stimulate a Smad target gene, suggesting that ERK phosphorylation inhibits Smad3 activity.

TGF-â1 family members regulate a wide variety of
biological responses (1). Smad proteins can transduce the
TGF-â signal at the cell surface into gene regulation in the
nucleus (2-7). The Smad family is divided into different
groups (2-7). One group includes the pathway-specific
Smads, also referred to as R-Smads, which are phosphory-
lated by receptor kinases. For example, Smad2 and Smad3
are phosphorylated by the TGF-â receptor kinase in the
C-terminal tail. The second group consists of the Co-Smads,
which are commonly used in various TGF-â family members
signaling pathways. Smad4 is the only member of this group
in vertebrates. Upon TGF-â treatment, Smad2 and Smad3
are phosphorylated by the TGF-â receptor, form complexes
with Smad4, and together accumulate in the nucleus. Often
in conjunction with DNA-binding factors, Smads regulate
transcription of responsive genes (2-7).

Smad activity is also regulated by phosphorylation through
nonreceptor kinases. Smads contain a proline-rich region,
termed the linker region, which connects the conserved

N-terminal and C-terminal domains. The linker region is
divergent in sequence and in length among Smads (2-7).
The linker regions of R-Smads contain demonstrated, as well
as suspected, phosphorylation sites for proline-directed
kinases, such as ERK MAP kinase, c-Jun N-terminal kinase,
p38 MAPK, cyclin-dependent kinases, as well as other
kinases, such as Ca2+-calmodulin-dependent kinase II
(8-25). For example, we have mapped the CDK phospho-
rylation sites to Thr 8, Thr 178, and Ser 212 in Smad3, and
we have shown that CDK phosphorylation of Smad3 inhibits
its transcriptional activity and antiproliferative function (23,
24). There have been a number of reports on ERK phos-
phorylation and regulation of Smads, some of which appear
to be in conflict with each other in the conclusions. The
underlying mechanisms remain to be elucidated. Identifica-
tion of the ERK phosphorylation sites in Smads is an
essential step toward this goal.

Smad3 contains a total of nine potential ERK phosphor-
ylation sites. Through mutational analysis, previous studies
have shown that the ERK phosphorylation occurs within the
four sites in the linker region. Mutation of these four sites
dramatically reduces phosphorylation by ERK both in vivo
and in vitro (9). The four potential ERK phosphorylation
sites in the Smad3 linker region are Thr 178 (T178), Ser
203 (S203), Ser 207 (S207), and Ser 212 (S212). We
previously briefly described that, in human HaCaT kerati-
nocytes, ERK phosphorylated S203 and S207 and that T178
is phosphorylated more by CDK than by ERK (23). In this
study, we characterized ERK phosphorylation of Smad3 in
epithelial cells, using Mv1Lu mink lung epithelial cells as a
model system. We show that EGF treatment induces a rapid
phosphorylation of S207, S203, and T178. Among the ERK
phosphorylation sites in Smad3, S207 is the best site. Its
phosphorylation is greatly induced by EGF treatment, and
it is the most sensitive site in Smad3, responding to low doses
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of EGF. We further show that mutation of the ERK
phosphorylation sites to nonphosphorylatable residues in-
creases Smad activity to stimulate a TGF-â/Smad responsive
gene, suggesting that ERK phosphorylation inhibits Smad3
activity.

MATERIALS AND METHODS

pS207, pS203, pT178, and pS212 Phosphopeptide Anti-
bodies and Other Antibodies.Each of the phosphopeptide
antibodies was raised in rabbits, affinity-purified against the
phosphopeptide antigen, and cross-absorbed against the
unphosphorylated peptide of the same sequence. The speci-
ficities of each of these four phosphate-specific antibodies
have been demonstrated by several analyses. First, each of
the phosphopeptide antibodies recognizes only the wild-type
Smad3 but not the corresponding mutant Smad3 by
immunoblotting (Supplementary Figure 4a in ref23). Second,
each of the phosphopeptide antibodies can recognize over-
expressed wild-type Smad3 but not the corresponding mutant
form in an immunoprecipitation assay (Supplementary Figure
4b in ref23). Third, treatment of the phosphorylated Smad3
with a phosphatase leads to the disappearance of the
phosphorylated band (Supplementary Figure 4c in ref23).
Fourth, the band recognized by each of the phosphopeptide
antibodies is Smad3, as none of these antibodies can detect
a band that comigrates with Smad3 using cell extracts from
Smad3-/- mouse embryonic fibroblasts (Supplementary
Figure 4d in ref23). The antibodies against pERK, ATF3,
and PCNA were purchased from Santa Cruz Biotechnology,
Inc. The ERK antibody was from Signaling Solutions. The
Smad3 antibody was from Zymed laboratories. The GAPDH
antibody was from Ambion, Inc.

In Vitro Kinase Assay.Recombinant activated ERK2 MAP
kinase was purchased from Calbiochem. Myelin basic protein
was purchased from Sigma. The kinase reaction contains the
buffer (20 mM MOPS-Na, pH 7.4, 10 mM MgCl2, and 1
mM EGTA), 100µM ATP, 3 µCi [γ-32P]ATP, and appropri-
ate amount of substrate and kinase, in a volume of 30µL.
The kinase reaction was performed at 30°C for 30 or 20
min. The substrate titration experiments were performed
under a condition that phosphate incorporation was in a linear
range over the time. The reaction was terminated by addition
of SDS protein gel sample buffer. Phosphorylated proteins
were analyzed by SDS-PAGE followed by autoradiography.
Nonradioactive kinase reactions for immunoblot analysis by
phosphopeptide antibodies contained the buffer (20 mM
MOPS-Na, pH 7.4, 10 mM MgCl2, and 1 mM EGTA), 0.5
mM ATP, 0.3µM GST-Smad3, and 26 ng of activated ERK2
in 30 µL. The reactions were carried out at 30°C for 30
min.

Immunoblot Analysis.Immunoblot analyses were per-
formed essentially as previously described (23, 26). In brief,
cells were lysed in the TNE buffer (10 mM Tris-HCl, pH
7.8, 150 mM NaCl, and 1% NP-40) in the presence of
protease and phosphatase inhibitors. Cell lysates (30µg) were
then loaded on a gel and immunoblotted by appropriate
antibodies. pS207, pS203, and pT178 antibodies were used
at 0.15µg/mL. pS212 antibody was used at 0.6µg/mL.

Transfection and Reporter Gene Assay.HepG2 cells in
60 mm dishes were transfected by DEAE-dextran and
analyzed for luciferase activity as previously described (27).

Luciferase activities were normalized by the cotransfected
Renilla luciferase control driven by pRL-TK (Promega).
Results represent the mean and standard deviation of four
independent transfection experiments.

RetroViral Infection. Wild-type and each of the Smad3
phosphorylation mutants were cloned into the pLZRS∆-
IRES-GFP retroviral vector (28). The resulting retroviral
plasmids were transfected into the ecotropic phoenix packag-
ing cells to produce retroviruses as described previously (29).
Mouse C2C12 myoblasts were infected with greater than
95% efficiency. At 72 h postinfection, cells were split into
fresh medium. Cells were then harvested and analyzed 24 h
later.

RESULTS

S207, S203, and T178 in Smad3 Are Phosphorylated by
MAP Kinase in Response to EGF Treatment.Previous studies
have shown that MAP kinase phosphorylation of Smad3
occurs in the linker region, within the four sites: T178, S203,
S207, and S212 (9). We have generated phosphopeptide
antibodies against each of these four sites (23). The specifici-
ties of each of these four phosphate-specific antibodies have
been demonstrated by several analyses, including immuno-
blot, immunoprecipitation, phosphatase treatment, and con-
firming that the recognized band is Smad3 by comparing
wild-type cells with Smad3 deficient cells (Supplementary
Figure 4 in ref23).

To determine which of the four sites is phosphorylated
by MAP kinase in epithelial cells, Mv1Lu mink lung
epithelial cells were serum-starved overnight, treated with
EGF (50 ng/mL) for 30 min, and then analyzed for Smad3
phosphorylation at these sites. As shown in Figure 1A, EGF
treatment led to a rapid phosphorylation of S207, S203, and
T178. We have previously shown that CDK4 and CDK2
phosphorylate T8, T178, and S212 but not S203 or S207 in
vivo (23). Since the EGF treatment is only for 30 min, the
EGF-induced phosphorylation of T178 is not due to the
activation of CDK.

S207, S203, and T178 can also be phosphorylated by MAP
kinase in vitro (Figure 1B). Although the S212 site can also
be phosphorylated by MAP kinase in vitro (Figure 1B), we
detected very little or no EGF-induced phosphorylation of
endogenous S212 in vivo in either Mv1Lu epithelial cells
(Figure 1B) or in HaCaT cells (23).

S207 Is the Best MAP Kinase Phosphorylation Site in
Smad3.While S207, S203, and T178 were all phosphorylated
by MAP kinase in response to EGF treatment (Figure 1A),
we noticed that S207 showed the highest induction of
phosphorylation by EGF in all the experiments. In addition,
S207 is the only site in Smad3 that is recognized to be a
MAP kinase phosphorylation site by the Scansite software
program under high-stringency condition (data not shown),
which recognizes a wide variety of kinase phosphorylation
sites and other signature motifs. The EGF dose curve and
time course experiments also confirmed this notion. As
shown in Figure 1C, S207 phosphorylation was significantly
induced by EGF even at a dose of 1 ng/mL. In the EGF
time course experiment in Figure 1D, S207 phosphorylation
was markedly increased after treatment with EGF for only
5 min, whereas significant increase in phosphorylation on
the S203 or T178 occurred only after treatment for 15 min.
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Taken together, these observations indicate that S207 is the
most sensitive site in Smad3 for MAP kinase phosphoryl-
ation.

MEK Inhibitors Suppress EGF-Induced Phosphorylation
of S207, S203, and T178 in Smad3.To provide further
evidence that MAP kinase phosphorylates S207, S203, and
T178 in response to EGF, we asked whether EGF-induced
phosphorylation at these sites can be inhibited by MEK1

inhibitors. Mv1Lu cells were pretreated with MEK1 inhibitor
PD98059 at 50µM or U0126 at 3µM for 1 h before addition
of EGF. As shown in a representative experiment in Figure
2, PD 98059 and U0126 inhibited EGF-induced phosphor-
ylation of S207, S203, and T178, confirming MAP kinase
phosphorylation of these sites. The average of four experi-
ments is plotted and presented in the lower panels of Figure
2.

FIGURE 1: S207, S203, and T178 in Smad3 are phosphorylated by ERK in vivo and in vitro. (A) S207, S203, and T178 in Smad3 are
phosphorylated in response to EGF treatment. Mv1Lu cells were serum-starved overnight and then treated with EGF (50 ng/mL) for 30
min. Cell lysates were then analyzed for the phosphorylation of S207, S203, T178, and S212 by the phosphopeptide antibodies against each
of these sites in immunoblots. Smad3 expression levels, ERK activities, and ERK levels were also analyzed in immunoblots. (B) S207,
S203, T178, and S212 in Smad3 can be phosphorylated by ERK2 in vitro. Twenty-six nanograms of recombinant activated ERK2 was used
to phosphorylate 0.3µM GST-Smad3 in 30µL. The reaction products were analyzed by immunoblotting with each of the pS207, pS203,
pT178, and pS212 antibodies. (C) EGF dose curve on S207, S203, and T178 phosphorylation in Smad3. Mv1Lu cells were treated with
increasing concentrations of EGF as indicated for 30 min. Cell lysates were then analyzed using each of the antibodies against pS207,
pS203, pT178, Smad3, pERK, and ERK. (D) EGF time course of S207, S203, and T178 phosphorylation in Smad3. Mv1Lu cells were
treated with 50 ng/mL EGF for the indicated period of time. Cell lysates were then analyzed with each of the antibodies against pS207,
pS203, pT178, Smad3, pERK, and ERK.
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Comparison of ERK2 Phosphorylation of Smad3, MBP,
and Elk1 in Vitro.To determine whether Smad3 is a good
substrate for ERK MAP kinase phosphorylation in vitro, we
performed an in vitro kinase assay using recombinant ERK2
and GST-Smad3 as a substrate. For comparison, we also
included myelin basic protein (MBP) and GST-Elk1 (307-
428) as substrates in the same assay. Previous studies have
shown that Elk1 is one of the best-characterized physiological
substrates of ERK MAP kinase (30, 31), and MBP is also
frequently used as a substrate to monitor ERK MAP kinase
activity. Elk1 contains nine potential MAP kinase phosphor-
ylation sites in its C-terminal domain (30, 31). Phosphory-
lation of a major site, Ser 383, is critical for Elk1 transcrip-
tional activity (30, 31). Elk1 (371-428), the C-terminal
domain of Elk-1, contains all the nine potential sites. Previous
studies have also shown that Elk1 is a much better substrate
than MBP with more than 5-fold difference in an in vitro
kinase assay (32).

We performed an in vitro kinase assay using 1µM
substrates and increasing amount of the recombinant ERK2
(3.75, 7.5, 15, and 30 ng) at 30°C for 30 min. Figure 3
shows both the32P gel (upper panel) and the Coomassie blue-
stained gel (lower panel). As seen from the Coomassie gel,

Smad3 and MBP phosphorylation are in the linear range of
all concentration of ERK2. The GST-Elk1 (307-428)
phosphorylation led to a significant shift in migration when
7.5 ng of ERK2 was used.

To determine the kinetic parameters of ERK2 for GST-
Smad3, MBP, and GST-Elk1 (307-428), we performed
substrate titration experiments using 3 ng of ERK2 and an
increasing amount of substrates (0.1, 0.2, 0.4, 0.8, 1.6, and
3.2µM) at 30°C for 20 min. Under this condition, phosphate
incorporation was in a linear range over the time (data not
shown). A representative32P gel is shown in Figure 4A. The
phosphorylated bands were excised and counted for radio-
activity, and the phosphate incorporation was plotted against
substrate concentration and shown in Figure 4B. Phosphor-
ylation of all three substrates by ERK2 follows the classic
Michaelis-Menten kinetics, consistent with the previous
conclusion that ERK2 phosphorylation of GST-Elk1 (307-
428) and MBP obeys Michaelis-Menten kinetics (32). The
kinetic parameters of ERK2 for GST-Smad3, MBP, and
GST-Elk1 (307-428) based on three experiments are shown
in Table 1. TheKm values for GST-Elk1 (307-428) and
MBP are similar to those in a previous study (32). The ratio
of Vmax divided by Km is a good indicator for comparing
substrates. This ratio for GST-Elk1 (307-428) is signifi-
cantly higher than those of MBP and Smad3. The ratio of

FIGURE 2: PD98059 and U0126 inhibit ERK phosphorylation of
S207, S203, and T178 in Smad3. Mv1Lu cells were pretreated with
50 µM PD98059 or 3µM U0126 for 1 h prior to the addition of
EGF. Cell lysates were then analyzed for S207, S203, and T178
phosphorylation by the corresponding phosphopeptide antibodies.
Smad3 level, ERK activities, and ERK levels were also analyzed
as controls. One representative experiment is shown. The averages
of four experiments were plotted.

FIGURE 3: ERK2 titration for phosphorylation of Smad3, MBP,
and Elk1 in vitro. One micromolar of GST-Smad3, MBP, or GST-
Elk1 (307-428) was incubated with an increasing amount of
recombinant activated ERK2 (3.75, 7.5, 15, and 30 ng) in the
presence ofγ-32P-ATP at 30°C for 30 min. The upper panel is the
autoradiogram of the kinase reaction. The lower panel is the same
gel stained by Coomassie blue.
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Vmax over Km for Smad3 is approximately 4-fold less than
that of MBP.

Analysis of the Effect of MAP Kinase Phosphorylation on
Smad3 Subcellular Localization.To determine whether MAP
kinase phosphorylation affects Smad3 subcellular localiza-
tion, Mv1Lu cells were serum-starved overnight and then
treated with EGF. Cells were harvested and fractionated into
cytoplasmic and nuclear fractions. As shown in Figure 5,
EGF treatment resulted in increased levels of phosphorylated
S207, S203, and T178 in both the cytoplasmic and nuclear
fractions. The Smad3 protein levels in the cytoplasmic
fraction and the nuclear fraction remained unchanged. ERK
protein levels and pERK levels were also analyzed (Figure

5), consistent with previous observations that a small
proportion of activated ERK moves into the nucleus (33).
The GAPDH (glyceraldehydes-3-phosphate dehydrogenase)
served as a marker for cytoplasmic localization, whereas the
PCNA (proliferating cell nuclear antigen) served as a marker
for nuclear localization. The results in Figure 5 were from
treatment of Mv1Lu cells with EGF for 15 min, which
resulted in the highest phosphorylation of Smad3 based on
the time course in Figure 1D. We also analyzed and found
that treatment with EGF for 30 min or 1 h did not change
the amount of Smad3 in the cytoplasmic fraction and the
nuclear fraction (data not shown). These observations suggest
that MAP kinase phosphorylation does not affect Smad3
localization under our experimental conditions.

Mutation of the MAP Kinase Phosphorylation Sites in
Smad3 Increases Its Ability To ActiVate a Smad Target Gene.
To determine the potential link between ERK MAP kinase
phosphorylation and Smad3 activity, we mutated each of the
three sites (T178, S203, and S207) to nonphosphorylatable
residues, either individually or in combination. We then
analyzed their ability to activate the A3-luciferase reporter
gene, a well-characterized Smad target gene. The A3 reporter
gene contains in its promoter region DNA-binding sites for
Smads and for FAST-1, a winged-helix transcription factor.
Smads, together with FAST-1, activate the A3 reporter gene
(5). HepG2 cells were cotransfected with the A3-Luc reporter
gene, FAST-1, and either wild-type or a phosphorylation

FIGURE 4: Comparison of ERK2 phosphorylation of Smad3, MBP,
and Elk1 in vitro. (A) Three nanograms of ERK2 was used to
phosphorylate increasing amounts of GST-Smad3, MBP, or GST-
Elk1 (307-428) (0.1, 0.2, 0.4, 0.8, 1.6, and 3.2µM) in the presence
of γ-32P-ATP at 30°C for 20 min. A representative experiment is
shown. (B) Phosphorylated GST-Smad3, MBP, and GST-ELK1 in
panel A were excised and counted for radioactivity. The phosphate
incorporation is plotted against substrate concentration.

Table 1: Kinetic Parameters of Smad3, MBP, and Elk1 for ERK2a

substrate Km
b (µM) Vmax

c (pmol/min) Vmax/Km

GST-Elk1 (307-428) 1.8( 0.3 2.73( 0.60 2.27
myelin basic protein 5.1( 1.0 1.95( 0.30 0.38
GST-Smad3 11.8( 2.3 1.14( 0.19 0.10

a Average values from three experiments.b Apparent value.
c Velocity obtained from 3 ng of recombinant ERK2.

FIGURE 5: EGF treatment does not affect Smad3 subcellular
localization. Mv1Lu cells were serum-starved overnight and then
treated with EGF (50 ng/mL) for 15 min. Cells were then harvested
and fractionated into the cytoplasmic and nuclear fractions. Ap-
proximately the same amount of total proteins were present in the
cytoplasmic fraction versus the nuclear fraction. The same amount
of proteins from the cytoplasmic fraction and the nuclear fraction
was loaded onto SDS gels and analyzed by immunoblot for pS207,
pS203, pT178, Smad3, pERK, and ERK levels. GAPDH and PCNA
serve as cytoplasmic and nuclear markers, respectively.
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mutant form of Smad3. Cells were then analyzed for
luciferase activity. As shown in Figure 6 (upper panel), these
mutations increased the Smad3 capacity to stimulate the
activity of the A3-Luc. The S207A is more active than
S203A or T178V, consistent with S207 being the best MAP
kinase site in Smad3. The triple mutant (T178V/S203A/
S207A) and the double mutant (S203A/S207A) are more
active than the single mutants in this assay. Examination of
the protein levels indicated that these phosphorylation
mutants were expressed at similar levels as the wild-type
Smad3 as shown in Figure 6 (lower panel).

To analyze whether the phosphorylation mutants have
higher activities than the wild-type Smad3 to stimulate an
endogenous Smad target gene, we generated retroviruses to
express the wild-type and phosphorylation mutant forms of
Smad3. The retroviruses were used to infect mouse C2C12
myoblasts, which contain very low levels of endogenous
Smad3. Previous studies have shown that Smad3 plays an
important role to activate the expression of ATF3 as part of

the TGF-â/Smad antiproliferative responses (34). As shown
in Figure 7, wild-type Smad3 activated ATF3 expression.
Moreover, the phosphorylation mutant forms of Smad3 were
more effective than the wild-type Smad3 at activating ATF3
expression. Taken together, these observations suggest that
ERK MAP kinase phosphorylation of Smad3 inhibits its
activity.

DISCUSSION

We have shown in this report that Smad3 is phosphory-
lated by ERK on S207, S203, and T178 in response to EGF
treatment. S207 is the best ERK phosphorylation site in
Smad3. Accordingly, S207 is the only site that is recognized
as an ERK MAPK phosphorylation site by the Scansite
program under high-stringency condition. MEK1 inhibitors
PD58059 and U0126 efficiently inhibited the phosphoryla-
tion, confirming that ERK MAP kinases phosphorylate these
sites in vivo. We have also compared Smad3, Elk-1, and
MBP phosphorylation by recombinant activated ERK2 in
vitro, and determined their kinetic parameters. Mutation of
the ERK phosphorylation sites in Smad3 increases its ability
to activate a Smad target gene, suggesting that ERK
phosphorylation of Smad3 inhibits its activity. We have
recently shown that the Smad3 linker region contains a
transcriptional activation domain (27). Previous studies have
reported that the interactions between the MAP kinase
superfamily and Smad could alter signaling and transcrip-
tional responses in either a positive or a negative manner
(8-22, 35-44). Future studies are warranted to determine
how phosphorylation by ERK and other kinases regulate
Smad3 activity in a context-dependent manner, leading to
distinct biological responses.

We have also examined whether EGF treatment affects
Smad3 subcellular localization. The experiments were per-
formed in Mv1Lu cells. Because we have not found the right
conditions for the phosphopeptide antibodies against pS207,
pS203, or pT178 in immunofluorescence studies, we carried
out the analysis via cell fractionation. Mv1Lu cells were

FIGURE 6: Mutation of the ERK phosphorylation sites in Smad3
increases its ability to activate a Smad reporter gene. HepG2 cells
were cotransfected with the A3-Luciferase reporter gene, FAST1,
and the vector control, wild-type Smad3, or a phosphorylation
mutant as indicated. Luciferase activity from the average of four
independent transfection experiments is shown in the upper panel.
One of the transfection experiments was also analyzed for Smad3
protein expression levels as shown in the lower panel. At-test was
used to calculate theP values between wild-type Smad3 versus
each of the phosphorylation mutants. The results are listed here:
T178V versus wild-type Smad3,P < 0.001; S203A versus wild-
type Smad3,P < 0.01; S207A versus wild-type Smad3,P < 0.001;
S203A/S207A versus wild-type Smad3,P < 0.001; T178V/S203A/
S207A versus wild-type Smad3,P < 0.001.

FIGURE 7: Smad3 phosphorylation mutants have increased abilities
to upregulate ATF3. C2C12 cells were infected by retroviruses
encoding wild-type or a phosphorylation mutant Smad3 and then
analyzed by immunoblot for ATF3 levels. The expression levels
of Smad3 and the GAPDH were also analyzed by immunoblot as
controls.
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treated with EGF, and cell lysates were harvested and
fractionated into cytoplasmic and nuclear fractions. We found
that, upon EGF treatment, phosphorylated S207, S203, and
T178 were increased in both the cytoplasmic and nuclear
fractions, consistent with the notion that activated ERK MAP
kinases are present in both the cytoplasm and the nucleus.
The Smad3 protein level in the cytoplasmic fraction and the
nuclear fraction remained unchanged (Figure 5). These
observations suggest that ERK phosphorylation does not
affect Smad3 localization under our experimental conditions.
A previous study showed that the Ras-ERK pathway inhibits
Smad3 nuclear accumulation (9). Although we could not
detect appreciable changes in Smad3 subcellular localization
triggered by EGF treatment in Mv1Lu cells, it remains
possible that ERK phosphorylation of Smad3 can affect its
subcellular localization under other conditions. The role of
ERK phosphorylation on Smads subcellular localization is
a complex issue. Previous studies have shown that ERK
phosphorylation of Smads can inhibit, promote, or have no
effect on their subcellular localization, respectively (8-12,
35, 36, 45). It is possible that ERK phosphorylation of a
Smad can have a different effect on its subcellular localiza-
tion in a cell context-dependent manner. Future studies are
necessary to identify the underlying mechanisms.

EGF can also inhibit TGF-â antiproliferative effects in a
manner independent of Smad phosphorylation. For example,
it has recently been shown that EGF inhibits TGF-â
upregulation of p15 in primary human ovarian cancer cells
and this effect is independent of phosphorylation of Smad
(45). The mechanisms remain to be elucidated. It is
speculated that TGIF, a Smad corepressor, may mediate this
effect (45). Previous studies have shown that ERK, activated
by EGF treatment, phosphorylates TGIF and stabilize it, thus,
favoring the interaction between TGIF and Smad2 (46). The
increased interaction of TGIF with Smad2 and Smad3 may
contribute to the inhibition of the p15 promoter.

ERK and CDK may synergize for inhibition of Smad3
activity in a variety of biological processes as well as during
tumorigenesis. We have previously shown that CDK phos-
phorylation inhibits Smad3 activity (23). CDK and ERK have
distinct, as well as overlapping, phosphorylation sites. CDK
phosphorylates T8, T178, and S212 (23), whereas ERK
phosphorylates S207, S203, and T178. Their phosphorylation
converges on the T178. Cancer cells often contain higher
levels of ERK and CDK activities (47, 48). Full inhibition
of Smad3 activity by ERK and CDK together may provide
an important mechanism for tumorigenesis.
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