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The present study demonstrated that murine protein serine/
threonine kinase 38 (MPK38) coimmunoprecipitateswith Smad
proteins (Smad2, -3, -4, and -7) and that this association ismedi-
ated by the catalytic kinase domain of MPK38. The association
between MPK38 and Smad2, -3, and -4 was significantly in-
creased by TGF-� or ASK1 signals, whereas these signals de-
creased association of MPK38 with Smad7. MPK38 stimulated
TGF-�-induced transcription required for TGF-�-mediated
biological functions, such as apoptosis and cell growth arrest, in
a kinase-dependent manner. Knockdown of endogenous
MPK38 showed an opposite effect, inhibiting TGF-� signaling.
MPK38-mediated phosphorylation of Smad proteins (Ser245 of
Smad2, Ser204 of Smad3, Ser343 of Smad4, and Thr96 of Smad7)
was also found to be crucial to the positive regulation of TGF-�
signaling induced by MPK38. In addition, MPK38 enhanced
nuclear translocation of Smad3, as well as redistribution of
Smad7 from thenucleus to the cytoplasm, in response toTGF-�.
Together, these results indicate thatMPK38 functions as a stim-
ulator of TGF-� signaling through direct interaction with and
phosphorylation of Smad proteins.

Type I transforming growth factor-� (TGF-�) receptor
kinases are serine/threonine kinases with roles in a wide array
of cellular processes. Phosphorylation of the C-terminal SXS
motif in receptor-regulated Smads (R-Smads) by these kinases
is a crucial step in TGF-� family signaling (1–3). R-Smad phos-
phorylation results in the formation of heterodimeric com-
plexes with the common Smad, Smad4. In addition, the phos-
phorylation of serine or threonine residues in theN-terminal or
linker region has been observed in endogenous R-Smads (4).
Several lines of evidence have demonstrated the existence of
kinases responsible for N-terminal or linker region phosphory-
lation events, including mitogen-activated protein kinases
(MAPKs), Ca2� and calmodulin-dependent kinase II, cyclin-

dependent kinase (CDK),3 protein kinase C (PKC), and G pro-
tein-coupled receptor kinase 2 (5). Common Smad, Smad4, is
constitutively phosphorylated in cells, although not all of the
phosphorylation sites are known. Extracellular signal-regulated
kinase (ERK) has been shown to phosphorylate Smad4 at
Thr277, resulting in the prevention of nuclear translocation of
Smad4 (6). The inhibitory Smads (I-Smads), Smad6 and Smad7,
are phosphorylated by uncharacterized kinases (7, 8). This pro-
vides a mechanism for integration of the Smad pathway with
other signaling pathways, in which kinases act as essential
mediators, which modulate Smad-mediated signaling. Thus,
the identification and characterization of additional cellular
kinases responsible for Smad phosphorylation could lead to a
better understanding of the regulatory role of Smad phosphor-
ylations, especially in the N-terminal and linker region, in
TGF-� signaling.
Murine protein serine/threonine kinase 38 (MPK38), also

known as pEg3 kinase and maternal embryonic leucine zipper
kinase (Melk), is amember of theAMP-activated protein kinase
family of serine-threonine kinases (9, 10). The expression pat-
terns of MPK38 during maturation of oocytes and pre-implan-
tation development were found to be typical of that described
for maternally expressed genes, including �-actin and E-cad-
herin (11, 12). This suggested that MPK38 may play a role in
transducing signals in embryonic cells during pre-implanta-
tion, although its exact roles in development were not revealed.
Additionally, MPK38 is also expressed in several other tissues,
including embryonic stem cells (13), adult germ cells (14),
hematopoietic stemcells (15), adult hematopoietic cells (9), and
neural stem cells (13). At the functional level, MPK38 has been
implicated to be involved in several cellular functions, including
cell cycle, spliceosome assembly, gene expression, cell prolifer-
ation, carcinogenesis, and apoptosis (15–19). However, the
exact biological function of MPK38 remains unclear.
In this study, we show that there are direct physical and func-

tional interactions between MPK38 and Smad proteins
(Smad2, -3, -4, and -7), and that these interactions may play an
important role in the regulation of Smad activities involved in
TGF-� signaling.
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MATERIALS AND METHODS

Cell Culture, Transfection, and in Vitro Interaction—
HEK293, HepG2, Hep3B, and HaCaT cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (Invitrogen). Transfection using WelFect-
ExTMPlus has been previously described (17, 20). To determine
the in vitro interaction between MPK38 and Smad proteins,
purified recombinant MPK38 was autophosphorylated as
described previously (17). Autophosphorylated MPK38 (�3
�g) was incubated with unlabeled recombinant GST or GST-
Smad proteins (each �5 �g) at room temperature for 1 h, and
then analyzed using native PAGE.
Plasmids, Antibodies, and the Inducible MPK38 shRNA Cell

Line—Thewild-type and kinase-dead (K40R)MPK38plasmids,
p3TP-Lux and p21-Luc reporter plasmids, FLAG-tagged
Smad2, -3, -4, and -7, and four Smad3 deletion constructs
(MH1(L), MH1, MH2(L), and MH2) have been described pre-
viously (17, 20). Anti-Smad2, anti-Smad3, anti-Smad4, anti-
Smad7, anti-FLAG (M2), anti-hemagglutinin (HA), anti-his-
tone H2B, anti-CDK4, anti-Cyclin D1, anti-PAI-1, anti-p21,
anti-�-actin, and anti-phospho-Ser/Thr antibodies have been
described previously (17, 20, 22). Anti-MPK38 and anti-GST
antibodies were described previously (23, 24). Alexa Fluor-594
anti-mouse and Alexa Fluor-488 anti-rabbit secondary anti-
bodies were purchased from Molecular Probes Inc. (Eugene,
OR). An inducible MPK38 shRNA NIH 3T3 cell line was gen-
erated using the following oligonucleotides: forward primer,
5�-TCGAGGCAGGCAGACAATGGAGGATTTCAAGAGA-
ATCCTCCATTGTCTGCCTGCTTTTTTA-3�, containing an
MPK38 sequence (underlined); and reverse primer, 5�-AGCT-
TAAAAAAGCAGGCAGACAATGGAGGATTCTCTTGAA-
ATCCTCCATTGTCTGCCTGCC-3�, containing an MPK38
sequence (underlined), as described previously (25). Inducible
MPK38 shRNA stable clones were screened in the presence of
450 �g/ml G418 for 14 days until all control parental NIH 3T3
cells completely died.
Construction of Smad Mutants—Smad mutants used for the

in vitro kinase assays were generated by PCR under reaction
parameters described previously (25). The following primers
were used: for Smad2: forward (5�-GCGAATTCATGTC-
GTCCATCTTGCCATTC-3�) and reverse (5�-GCCTCGAGT-
TATGACATGCTTGAGCAACG-3�); for Smad3: forward (5�-
GCGAATTCATGTCGTCATCCTGCCTTTC-3�) and reverse
(5�-GCCTCGAGCTAAGACACACTGGAACAGCG-3�); for
Smad4: forward (5�-GCGAATTCATGGACAATATGTCTA-
TTACG-3�) and reverse (5�-GCGCCTCGAGTCAGTCTAA-
AGGTTGTGGGTC-3�); for Smad7: forward (5�-GCGAA-
TTCATGTTCAGGACCAAACGATCT-3�) and reverse (5�-
GCCTCGAGCTACCGGCTGTTGAAGATGAC-3�). These
primers were used in conjunction with one of the following
mutant primers: for Smad2(S245A): forward (5�-ATGGACA-
CAGGCGCTCCAGCAGAACTA-3�) and reverse (5�-TAGT-
TCTGCTGGAGCGCCTGTGTCCAT-3�); for Smad2(S465A):
forward (5�-TCAGTGCGTTGCTCAGCCATGTCATAACT-
CGAGGC-3�) and reverse (5�-GCCTCGAGTTATGACAT-
GGCTGAGCAACGCACTGA-3�); for Smad2(T8A): forward
(5�-GCGAATTCATGTCGTCCATCTTGCCATTCGCGCCG-

3�) and reverse (5�-CGGCGCGAATGGCAAGATGGACGAC-
ATGAATTCGC-3�); for Smad3(S204A): forward (5�-ATGGA-
CGCAGGTGCACCAAACCTATCC-3�) and reverse (5�-
GGATAGGTTTGGTGCACCTGCGTCCAT-3�); for Smad3
(S423A): forward (5�-AGCATCCGCTGTTCCGCTGTGTCT-
TAGCTCGAGGC-3�) and reverse (5�-GCCTCGAGCTAAG-
ACACAGCGGAACAGCGGATGCT-3�); for Smad3(T8A):
forward (5�-GCGAATTCATGTCGTCCATCCTGCCTTTC-
GCTCCC-3�) and reverse (5�-GGGAGCGAAAGGCAGGAT-
GGACGACATGAATTCGC-3�); for Smad4(S343A): forward
(5�-TTTAAGGTTCCTGCAAGCTGCCCTATT-3�) and re-
verse (5�-AATAGGGCAGCTTGCAGGAACCTTAAA-3�);
for Smad4 (S344A): forward (5�-AAGGTTCCTTCAGCCTG-
CCCTATTGTT-3�) and reverse (5�-AACAATAGGGCAGG-
CTGAAGGAACCTT-3�); for Smad4 (S403A): forward (5�-
GTCAGGTGCCTTGCTGACCACGCGGTC-3�) and reverse
(5�-GACCGCGTGGTCAGCAAGGCACCTGAC-3�); for
Smad7(T96A): forward (5�-CTGAAGGCGCTCGCGCACTC-
GGTGCTC-3�) and reverse (5�-GAGCACCGAGTGCGCGA-
GCGCCTTCAG-3�); for Smad7(S249A): forward (5�-
GGGCTTTCAGATGCCCAACTTCTTCTG-3�) and reverse
(5�-CAGAAGAAGTTGGGCATCTGAAAGCCC-3�); and for
Smad7(S365A): forward (5�-TTCCCCGGTTTCGCCATCAA-
GGCTTTC-3�) and reverse (5�-GAAAGCCTTGATGGCGA-
AACCGGGGAA-3�). The amplified PCR products were
digested with EcoRI and XhoI, and ligated into pGEX4T-1
(Amersham Biosciences).
Preparation of Recombinant Proteins and MPK38 Kinase

Assay—Recombinant glutathione S-transferase (GST) fusion
vectors (pGEX4T-1) containing wild-type andmutant forms of
Smads (Smad2, -3, -4, and -7) and wild-type MPK38, as well as
recombinant His-tagged wild-type MPK38, which were ex-
pressed inEscherichia coli, were purified by affinity chromatog-
raphy on glutathione-Sepharose 4B or His columns (Amer-
sham Biosciences). MPK38 proteins purified from HEK293
cells transfected with GST-MPK38 by glutathione-Sepharose
beads or the recombinant MPK38 proteins were incubated at
37 °C for 15 min with the recombinant GST-tagged Smads
(each�5 �g) or ZPR9 (�500 ng) substrates in kinase buffer (50
mMHEPES, pH 7.4, 1mMDTT, and 10mMMgCl2) and 5�Ci of
[�-32P]ATP as described previously (17). The reactionmixtures
were separated by SDS-PAGE and analyzed by autoradiogra-
phy. Protein concentration was determined by the Bradford
assay.
RNA Interference—MPK38-specific siRNA (5�-CAGGCA-

GACAAUGGAGGAUTT-3�) targeting a coding region (amino
acids 297–303) of MPK38 (17) and a control scrambled siRNA
(5�-GCGCGGGGCACGUUGGUGUTT-3�) (26) were trans-
fected into HEK293, HepG2, or HaCaT cells using the
WelFect-ExTM Plus method according to the manufacturer’s
instructions.
Luciferase Reporter Assay—HepG2 cells were transfected

with the p3TP-Lux or p21-Luc reporter plasmids, along with
each expression vector as indicated, using WelFect-ExTM Plus.
The cells were lysed, and luciferase activity was detected using
the dual luciferase assay kit (Promega, Madison, WI) (17). The
datawere normalized to the expression levels of a cotransfected
�-galactosidase reporter control.
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Apoptosis Assay—The number of HaCaT cells undergoing
apoptosis after treatment with TGF-�1 (2 ng/ml for 20 h) was
quantified using green fluorescent protein (GFP) (17, 27). The
percentage of apoptotic cells was calculated as the number of
GFP-positive cells with apoptotic nuclei divided by the total
number of GFP-positive cells.
FACS Analysis—Assays were performed using HaCaT cells

(2 � 105/60-mm dish) transfected with the indicated combina-
tions of plasmid vectors (empty vector and Smad3) and siRNA
duplexes (MPK38 and control scrambled siRNAs) as described
previously (21). The fraction of cells in each stage of the cell
cycle was analyzed after 10% serum treatment for 24 h in the
presence or absence of TGF-�1 (2 ng/ml). Flow cytometry anal-
ysis was performed using the FACSCalibur-S system (BD
Biosciences).
Confocal Microscopy—Assays were performed using Hep3B

cells transfected with FLAG-Smads (Smad3 and -7) and/or

GST-tagged wild-type and kinase-
dead (K40R) MPK38 on sterile cov-
erslips as described previously (20).
In brief, the cells were incubated
with mouse anti-FLAG (M2),
diluted 1:1000 in PBS, or rabbit
anti-MPK38, diluted 1:200 in PBS,
for 2 h at 37 °C. The cells were then
incubated with Alexa Fluor-594
anti-mouse or Alexa Fluor-488
anti-rabbit secondary antibodies,
diluted 1:1000 in PBS, at 37 °C for
1 h. Proteins were visualized using
a Leica Dmire2 confocal micro-
scope (Germany).
Statistical Analysis—All experi-

ments were repeated at least three
times, and results are expressed as
themean� S.D.Ap value relative to
control of p � 0.05, as calculated by
Student’s t test, was considered sta-
tistically significant.

RESULTS

MPK38 Interacts with Smad Pro-
teins—We have found previously
that MPK38 physically interacts
with ASK1 and stimulates H2O2-
mediated apoptosis (17), suggesting
the involvement of MPK38 in other
death signaling in cells. In addition,
our previous results showed that
MPK38 can interact with serine-
threonine kinase receptor-associ-
ated protein (28), which binds to
Smad proteins such as Smad2,
Smad3, and Smad7 (data not
shown). Based on these findings, we
hypothesized that MPK38 might
regulate TGF-� signaling through
the modulation of Smad proteins.

To test this, we first analyzed MPK38 activity using an in
vitro kinase assay in TGF-�-stimulated Hep3B cells. As
shown in Fig. 1A, MPK38 precipitate from cell lysates treated
with TGF-�1 significantly induced MPK38 kinase activity in
a dose-dependent manner compared with untreated MPK38
precipitate. These results indicated that a functional link
between MPK38 and TGF-� signaling pathways may exist in
cells. Next, to examine whether MPK38 physically binds to
Smad proteins, we performed binding assays in HEK293
cells. These results showed that FLAG-tagged Smad proteins
(Smad2, -3, -4, and -7) interact with GST-MPK38 (Fig. 1B).
The kinase-dead (K40R) MPK38 also retained the ability to
associate with Smad proteins (data not shown), suggesting
that the kinase activity of MPK38 is not required for Smads
binding. To confirm the interaction of MPK38 with Smad
proteins in cells, we also performed coimmunoprecipitation
experiments with endogenous MPK38 and Smad proteins

FIGURE 1. Interaction between MPK38 and Smad proteins. A, TGF-�1 stimulates MPK38 kinase activity.
Hep3B cells transfected with wild-type GST-MPK38 were incubated with increasing amounts of TGF-�1 for
20 h, and MPK38 was purified on glutathione-Sepharose beads. The GST precipitates were subjected to an in
vitro kinase assay using ZPR9 as a substrate (17), followed by SDS-PAGE and autoradiography. The circled
P-ZPR9 indicates the phosphorylated ZPR9. B, FLAG-tagged Smads (Smad2, -3, -4, and -7) were cotransfected
with GST-MPK38 or vector alone (GST) into HEK293 cells. GST fusion proteins were purified on glutathione-
Sepharose beads (GST Purification), and complex formation between MPK38 and Smad proteins (top panel) was
determined by immunoblot analysis using an anti-FLAG antibody. C, association of MPK38 with Smad proteins
in cells. Cell lysates from HEK293, HaCaT, or Hep3B cells were subjected to immunoprecipitation using either
rabbit preimmune serum (Preimm.) or anti-MPK38 antibody (�-MPK38), followed by immunoblot analyses
using anti-Smad2, -3, -4, and -7 antibodies, to determine the complex formation between endogenous MPK38
and Smad proteins (Smad2, -3, -4, and -7). As a control, the expression levels of MPK38 and Smads in the total
cell lysate were analyzed by immunoblot using anti-MPK38 and anti-Smad2, -3, -4, and -7 antibodies, respec-
tively (Lysate). D, in vitro association of MPK38 with Smad proteins. For native PAGE (8%) of the MPK38-Smads
complex, autophosphorylated MPK38 was incubated with unlabeled recombinant GST alone or GST-Smads as
described under “Materials and Methods.” IP, immunoprecipitation; re., recombinant; WB, Western blot.

MPK38 Is a Stimulator of TGF-� Signaling

OCTOBER 1, 2010 • VOLUME 285 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 30961



using three different cell lines, including HEK293, HaCaT,
and Hep3B. As shown in Fig. 1C, MPK38 endogenously
interacted with Smad proteins (Smad2, -3, -4, and -7). This
interaction was also confirmed by reciprocal coimmunopre-
cipitation experiments in which anti-Smad antibodies,
instead of anti-MPK38 antibody, were used for immunopre-
cipitation (supplemental Fig. S1). To assess direct interac-
tion between MPK38 and Smad proteins, we also carried out
a non-denaturing PAGE analysis using purified recombinant
MPK38 and Smad proteins. Autophosphorylated recombi-
nant MPK38 was incubated with unlabeled, recombinant
Smad proteins, or with GST alone as a nonspecific control.
As shown in Fig. 1D, a shift in the mobility of 32P-labeled
MPK38 was clearly evident upon incubation in the presence
of Smad proteins, but was undetectable when 32P-labeled
MPK38 was incubated with GST alone (in the absence of
Smad proteins), providing clear evidence of a physical asso-
ciation between MPK38 and Smad proteins.

Identification of the Interaction Domains between MPK38
and Smad Proteins—To examine the binding domain of
MPK38 involved in association with Smad proteins, we per-
formed binding assays in cells using two MPK38 deletion con-
structs: GST-MCAT, comprising the N-terminal kinase
domain (amino acids 7–269), and GST-MPKC, harboring the
C-terminal regulatory domain (amino acids 270–643), as
described previously (17). Wild-type MPK38 and MCAT were
shown to interact with Smad2, -3, -4, and -7, whereas MPKC
(the constructwith theN-terminal kinase domain deletion)was
unable to interactwith these Smadproteins (Fig. 2A), indicating
that the interaction with Smad proteins is mediated via the
N-terminal kinase domain of MPK38. Next, to determine the
critical domains in Smad3 for MPK38 binding, four FLAG-
tagged Smad3 deletion constructs (20), FLAG-MH1 (amino
acids 1–136), FLAG-MH1(L) (amino acids 1–231), FLAG-
MH2 (amino acids 231–425), and FLAG-MH2(L) (amino acids
136–425), were cotransfected with GSA-MPK38 or GST alone

FIGURE 2. Mapping of the binding site involved in MPK38-Smads complex formation. The schematic structures of wild-type and deletion constructs of
MPK38 (A) and Smad3 (B) are indicated. Numbers indicate the amino acid residues corresponding to the domain boundaries. A, mapping of MPK38 domains
involved in Smads binding. HEK293 cells were cotransfected with GST alone or GST-MPK38 constructs (wild-type, MCAT, and MPKC), together with FLAG-
Smads (Smad2, -3, -4, and -7), and purified with glutathione-Sepharose beads (GST purification). The amount of Smad proteins bound to MPK38 constructs was
determined by Western analysis using an anti-FLAG antibody (top panel). The same stripped blot was re-probed with an anti-GST antibody to determine the
expression of GST fusion proteins in the coprecipitates (middle panel). B, mapping of Smad3 domains involved in MPK38 binding. HEK293 cells were transfected
with vector alone (GST) or GST-MPK38 in combination with the indicated FLAG-Smad3 deletion constructs (MH1, MH1(L), MH2, and MH2(L)), and cell lysates
were purified using glutathione-Sepharose beads (GST purification). Complex formation between MPK38 and Smad3 deletion constructs was determined by
immunoblotting with anti-FLAG antibody (top panel).
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intoHEK293 cells. The interaction betweenMPK38 and Smad3
deletion constructs was then examined via Western blot with
an anti-FLAG antibody using GST precipitates. As shown in
Fig. 2B, MPK38 interacted with three Smad3 deletion con-

structs (MH1(L), MH2, and
MH2(L)), but not with the MH1
construct. Together, these results
imply that the association ofMPK38
and Smad proteins in cells is medi-
ated via the N-terminal kinase
domain of MPK38 and the Linker/
MH2 region of Smad3.
MPK38 Phosphorylates Smad

Proteins—To determine whether
Smad proteins (Smad2, -3, -4, and
-7) can act as MPK38 substrates,
recombinant wild-type Smad pro-
teins were expressed in E. coli, puri-
fied, and used for theMPK38 kinase
assay. Extracts from HEK293 cells
expressing GST-MPK38 were puri-
fied with glutathione-Sepharose
beads and incubated with [�-32P]-
ATP to allow phosphorylation of
the recombinant Smad proteins.
The phosphorylation of all recombi-
nant Smad proteins in the presence
of MPK38 was observed, indicating
that Smad2, -3, -4, and -7 can act as
substrates for MPK38 (Fig. 3A).
Next, to better characterize the
MPK38 phosphorylation sites of
Smad proteins, we performed an
alignment analysis using the AMP-
activated protein kinase consensus
sequence (29) Hyd-(X,Basic)XX(S/
T)XXX-Hyd (where Hyd � M, L, I,
F, or V and Basic � R � K � H),
because MPK38 is a member of the
AMP-activated protein kinase fam-
ily and three potentialMPK38phos-
phorylation sites on each Smad pro-
tein were selected. Through in vitro
kinase assays using recombinant
MPK38 and Smad substitution
mutants, we found that the
Smad3(S204A) mutant completely
abolished MPK38-mediated Smad3
phosphorylation (Fig. 3B, upper left,
3rd lane versus 4th lane). However,
MPK38-mediated phosphorylation
was clearly observed in the presence
of other Smad3 substitution mu-
tants (S423A and T8A). These
results indicate that MPK38 phos-
phorylationmight occur at Ser204 of
Smad3. Similarly, the mutation of
Smad7 Thr96 to Ala96 completely

abolished MPK38-mediated Smad7 phosphorylation. Other
Smad7mutants (S249A and S365A), on the other hand, permit-
ted phosphorylation, indicating that the Thr96 of Smad7 repre-
sents a potential phosphorylation site for MPK38 (Fig. 3B,

FIGURE 3. Phosphorylation of Smad proteins by MPK38. A, MPK38-mediated phosphorylation of Smad
proteins. Approximately 3– 4 �g of recombinant Smad proteins (Smad2, -3, -4, and -7) were mixed with MPK38
proteins purified with glutathione-Sepharose beads (GST Purification) from HEK293 cell lysates containing
GST-MPK38, and in vitro kinase assays were then performed as described under “Materials and Methods.”
B, identification of MPK38 phosphorylation sites on Smad proteins. For an in vitro kinase assay, 5 �g of recom-
binant wild-type Smad proteins (Smad2, -3, -4, and -7) or one of their substitution mutants were mixed with 10
�M ATP, 5 �Ci of [�-32P]ATP, and 10 mM MgCl2 in 20 �l of kinase buffer and incubated with the recombinant
wild-type MPK38 (10 �g) for 15 min at 37 °C (top panels). The phosphorylation of Smads was also determined by
immunoblotting with an anti-phospho-Ser/Thr antibody (middle panels). The circled P-MPK38 and circled
P-Smads indicate the autophosphorylated MPK38 and phosphorylated Smads, respectively. C, effect of MPK38-
mediated phosphorylation of Smad proteins on MPK38-Smad complex formation. FLAG-tagged, wild-type
Smad proteins (Smad2, -3, -4, and -7) or their substitution mutants (S245A of Smad2, S204A of Smad3, S343A of
Smad4, and T96A of Smad7), defective in MPK38-mediated phosphorylation, were cotransfected with GST-
MPK38 into HEK293 cells. GST fusion proteins were purified on glutathione-Sepharose beads (GST Purification),
and complex formation between MPK38 and Smad proteins (top panel) was determined by immunoblot anal-
ysis using an anti-FLAG antibody. WT, wild-type.
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upper right, 3rd lane versus 4th lane). We also identified Ser245
of Smad2 and Ser343 of Smad4 as potential phosphorylation
sites for MPK38 (Fig. 3B, lower panels). These results suggest
that MPK38 directly phosphorylates Smad proteins through
physical interaction. To investigate whether MPK38-mediated
phosphorylation of Smad proteins can influence MPK38-
Smads interaction, we compared the association ofMPK38 and
either wild-type ormutant Smad proteins. Four Smad substitu-
tion mutants found to be defective in MPK38-mediated phos-
phorylation, as described above, were used for this comparison
(S245A of Smad2, S204A of Smad3, S343A of Smad4, andT96A
of Smad7) (see Fig. 3B). The association between MPK38 and
Smad proteins was considerably decreased for all four Smad
mutants when compared with the wild-type controls (Fig. 3C),
indicating an important role for MPK38 phosphorylation at
Ser245 of Smad2, Ser204 of Smad3, Ser343 of Smad4, andThr96 of
Smad7 in the regulation of MPK38-Smads interaction.
TGF-� and ASK1 Signals Differentially Regulate MPK38-

Smads Complex Formation—In addition to binding to Smad
proteins, MPK38 can stimulate ASK1-mediated signaling (17).
We therefore investigated whether TGF-� and ASK1 stimuli,
including H2O2, TNF-�, endoplasmic reticulum stress (thapsi-
gargin), and calcium overload (ionomycin), can influence
MPK38-Smads complex formation. Upon TGF-�1, H2O2,
TNF-�, thapsigargin, or ionomycin treatment, the association
between MPK38 and Smad2, -3, and -4 was considerably
increased compared with control untreated HEK293 cells (Fig.
4, 1st to 3rd panels). However, exposure of cells to TGF-�1,
H2O2, TNF-�, thapsigargin, and ionomycin resulted in a signif-
icant decrease inMPK38-Smad7 complex formation (Fig. 4, 4th
panel). These data indicate that the endogenous interaction
between MPK38 and Smad proteins (Smad2, -3, -4, and -7)
appears to be differentially regulated by TGF-� andASK1 stim-
ulation, suggesting that a functional link between the MPK38
and TGF-� signaling pathways may occur via Smad proteins in
cells.
MPK38 Stimulates TGF-�-induced Transcription in a Kinase-

dependent Manner—Given that MPK38 forms a complex with
and phosphorylates Smad proteins (see Figs. 1–3), we next
examined whether MPK38 could have an effect on TGF-�-in-
duced transcription. To examine the effect of MPK38 on TGF-
�-induced transcription, we transfected HepG2 cells with
increasing amounts of wild-type or kinase-dead MPK38,
together with the p3TP-Lux reporter or the p21-Luc reporter
plasmid (20), in the presence or absence of TGF-�1. Wild-type
MPK38 significantly increased TGF-�-induced transcription
in a dose-dependent manner (Fig. 5A, lane 2 versus lanes 3–5).
However, the expression of kinase-dead MPK38 had no effect
on TGF-�-induced transcription (Fig. 5A, lane 2 versus lanes
6–8). These data indicated that the stimulation of TGF-�-in-
duced transcription byMPK38 is dependent on its kinase activ-
ity. Consistently, the knockdown of endogenous MPK38 by
MPK38-specific siRNA resulted in a dose-dependent decrease
in TGF-�-induced transcriptional activity in the presence of
both the p3TP-Lux and the p21-Luc reporter systems, whereas
the control scrambled siRNA had no effect (Fig. 5B). To further
investigate the role of endogenous MPK38 in TGF-� signaling,
we employed an inducibleMPK38 shRNAsystem to deplete the

expression of endogenous MPK38 in NIH 3T3 cells. The
knockdown of endogenous MPK38 resulted in a significant
down-regulation of TGF-� targets, such as plasminogen activa-
tor inhibitor-1 (PAI-1), the cyclin-dependent kinase inhibitor
p21Cip1, and Smad7, as well as up-regulation of CDK4 and
Cyclin D1, which are involved in TGF-�-induced G1 arrest,
compared with either parental NIH 3T3 cells or a control
expressing the empty vector alone (Fig. 5C, 1st to 5th panels).
NIH 3T3 cells (inducibleMPK38 shRNA) stably expressing the
pSingle-tTS-shRNA vector harboring MPK38-specific shRNA
showed a doxycycline-dependent RNA interference effect on
endogenous MPK38 silencing, whereas stable NIH 3T3 cells
containing the empty vector alone (Vector) or parental NIH
3T3 cells showed no effect in the presence of doxycycline (Fig.
5C, 6th panel). These findings clearly suggest thatMPK38phys-
ically associates with Smad proteins and stimulates TGF-�-in-
duced transcription.
MPK38-mediated Phosphorylation of Smad Proteins Is Re-

quired for its Positive Regulation of TGF-�-induced Transcrip-
tion—To investigate whether MPK38 plays an important role
in the regulation of TGF-�-mediated transcriptional activity
through direct phosphorylation of Smad proteins (Smad2, -3,
-4, and -7), we compared the effect of MPK38 on TGF-�-in-
duced transcription in the presence of wild-type Smad proteins
with its effect in the presence of the four MPK38-mediated
phosphorylation-defective Smad substitution mutants (S245A
of Smad2, S204A of Smad3, S343A of Smad4, and T96A of

FIGURE 4. Regulation of MPK38-Smads association by TGF-� and ASK1
stimulation. HEK293 cell lysates were treated with or without the following
stimuli: TGF-�1 (100 pM, 20 h), H2O2 (2 mM, 30 min), TNF-� (500 ng/ml, 30 min),
thapsigargin (Tg: 20 �M, 30 min), or ionomycin (IONO: 1 �M, 24 h). They were
then immunoprecipitated with an anti-MPK38 antibody (�-MPK38), followed
by immunoblotting with anti-Smad2, -3, -4, and -7 antibodies to determine
the endogenous association between MPK38 and Smad proteins (top panels).
The expression level of MPK38 in the immunoprecipitates was determined by
immunoblot using an anti-MPK38 antibody (middle panels).
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Smad7) (see Fig. 3B). Smad3(S204A) had no effect on MPK38-
mediated stimulation of TGF-�-induced transcription com-
pared with the control expressing wild-type Smad3 (Fig. 6A).
Similar results were also obtained for Smad2 and -4, in which
both Smad2(S245A) and Smad4(S343A) mutants, like the
Smad3(S204A) mutant, did not alter the MPK38-mediated
stimulation of TGF-�-induced transcriptional activity (Fig. 6,B
and C). We also compared the effect of MPK38 on TGF-�-
mediated transcriptional activity in the presence of wild-
type Smad7, an inhibitory Smad, with its effect in the presence
of the Smad7(T96A) mutant. Likewise, expression of the
Smad7(T96A) mutant did not alleviate the Smad7-mediated
suppression of TGF-�-induced transcription in the presence of
wild-type MPK38 (Fig. 6D). These findings suggest that the
phosphorylation of Smad proteins by MPK38 is apparently
important forMPK38-mediated regulation of TGF-� signaling.

MPK38 Differentially Modulates the Association between
Type I TGF-�Receptor and Smad Proteins—Wenext examined
whether MPK38 could have an effect on the association
between T�R1(TD), an activated type 1 TGF-� receptor, and
Smad3 and -7, because we reasoned thatMPK38 could contrib-
ute to the alteration of the association between T�R1(TD) and
the Smad proteins that is crucial for TGF-� signaling. To this
end, FLAG-Smad proteins (Smad3 and -7) were cotransfected
with HA-T�R1(TD) into HEK293 cells in the presence or
absence of wild-type and kinase-dead MPK38. Compared with
control cells that did not express MPK38, the coexpression of
wild-type MPK38 significantly increased the association
between T�R1(TD) and Smad3 (Fig. 7A, left panel), or
decreased the association between T�R1(TD) and Smad7 (Fig.
7B, left panel), whereas the kinase-dead MPK38 had no effect
on the association of the proteins. To confirmwhether the asso-

FIGURE 5. Stimulation of TGF-�-induced transcription by MPK38. A and B, HepG2 cells were transfected as described under “Materials and Methods” with
increasing amounts of MPK38 (WT, wild-type; K40R, kinase-dead), MPK38-specific siRNA, or control scrambled siRNA, as indicated, and 0.3 �g of p3TP-Lux or 0.3
�g of p21-Luc reporter plasmid, and incubated in the presence or absence of 100 pM TGF-�1. Luciferase activity was measured 48 h after transfection. C, effect
of MPK38 on TGF-� targets. NIH 3T3 cells harboring stably integrated pSingle-tTS-shRNA empty vector (Vector) or pSingle-tTS-shRNA vector containing
MPK38-specific shRNA (inducible MPK38 shRNA), as well as Parental NIH 3T3 cells (NIH 3T3), were lysed and subjected to immunoblot analyses using antibodies
for PAI-1, p21, Smad7, CDK4, Cyclin D1, MPK38, and �-actin. Inducible silencing of endogenous MPK38 expression by doxycycline (Dox: 1 �g/ml, 72 h) was
assessed by immunoblotting using an anti-MPK38 antibody. �-Actin was used as a loading control. The relative expression level of TGF-� target genes was
quantified by densitometry, and -fold increase relative to the untreated control in parental NIH 3T3 cells was calculated.
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ciation between T�R1(TD) and Smad proteins (Smad3 or -7) is
dependent on endogenousMPK38, T�R1(TD)-Smads complex
formation was examined in cells using MPK38-specific siRNA.
Consistently, the knockdown of endogenous MPK38 had an
opposite effect on the association (Fig. 7,A and B, right panels).
Tofurther investigatewhether theMPK38-mediatedphosphor-
ylation of Smad proteins (Smad3 and -7) could influence the
T�R1(TD)-Smads complex formation, we also analyzed the
effect of Smad substitution mutants (S204A of Smad3 and
T96A of Smad7) on the association between T�R1(TD) and
Smad3 and -7 using a binding assay. The association between
T�R1(TD) and Smad3 was significantly decreased in the pres-
ence of the Smad3(S204A) mutant when compared with wild-
type Smad3, whereas the Smad7(T96A) mutant resulted in a
considerable increase in T�R1(TD)-Smad7 complex forma-
tion, leading to the suppression of TGF-� signaling (Fig. 7C).
These data provide evidence that MPK38 positively regu-
lates TGF-� signaling through modulation of the physical
interaction between the TGF-� receptor and Smad3 and -7.
MPK38 Modifies the Subcellular Localization of Smad

Proteins—As nuclear translocation of R-Smads, such as Smad3,
has been shown to be crucial for TGF-� signaling, we investi-
gated whether MPK38 affects the intracellular localization of
Smad3. To this end, we monitored the nuclear translocation of
Smad3 by immunofluorescence microscopy using Hep3B cells
transfected with Smad3 alone or together with wild-type or

kinase-dead MPK38 in the presence or absence of TGF-�1. As
expected, TGF-�1 treatment significantly increased the
nuclear localization of Smad3 in cells, leading to the stimulation
of TGF-� signaling (Fig. 8A, upper panel, lane 1 versus lane 4).
In the presence of wild-type MPK38, a further increase in
Smad3 nuclear translocation was observed, but no such
increase was observed for kinase-dead MPK38 (Fig. 8A, upper
panel, lane 4 versus lanes 5 and 6). For Smad7, in contrast,
TGF-�1 stimulated translocation in the opposite direction,
from the nucleus to the cytoplasm (Fig. 8B, upper panel, lane 1
versus lane 4). Coexpression of wild-type MPK38 significantly
increased the translocation of Smad7 from the nucleus into the
cytoplasm, whereas the coexpression of kinase-dead MPK38
had no effect (Fig. 8B, upper panel, lane 4 versus lanes 5 and 6),
consistent with the data for Smad3. To confirm that MPK38 is
physiologically associated with the modulation of intracellular
localization of Smad proteins, we also performed knockdown
experiments using MPK38-specific siRNA. Our aim was to
determine whether the knockdown of endogenous MPK38
could alter the subcellular localization of Smad proteins. Using
siRNA to reduce the amount of endogenous MPK38 sup-
pressed the normal translocation of Smad proteins (Smad3 and
-7) in the presence of TGF-�1 (Fig. 8, A and B, upper panels,
lanes 4 versus lanes 5 and 7). To further verify the effect of
MPK38 on the subcellular localization of Smad proteins,
Hep3B cells transfected with plasmid vectors expressing wild-

FIGURE 6. Effect of MPK38-mediated phosphorylation of Smad proteins on TGF-�-induced transcriptional activity. A–D, HepG2 cells were transfected
with 0.2 �g of p3TP-Lux plasmid, increasing amounts of wild-type (WT), and kinase-dead (K40R) MPK38, and wild-type and mutant forms (S245A of Smad2,
S204A of Smad3, S343A of Smad4, and T96A of Smad7) of Smad proteins (each 6 �g), as indicated, in the presence or absence of TGF-�1 (100 pM).
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type or kinase-dead MPK38, an MPK38-specific siRNA, or a
nonspecific scrambled siRNA were treated with TGF-�1 and
separated into cytoplasmic and nuclear fractions. Each fraction
was analyzed by Western blot analysis. The accumulation of
Smad3 in the nuclear fraction was significantly decreased in
MPK38-knockdown cells compared with control cells express-
ing a nonspecific scrambled siRNA (Fig. 8A, lower left, lane 1
versus lanes 3 and 4), whereas the cytoplasmic accumulation of
Smad3 was markedly increased. In addition, the opposite trend
was observed for translocation of Smad7 in response toTGF-�1
under the same conditions (Fig. 8B, lower panel). These results
indicate that MPK38 stimulates the normal translocation of
Smad proteins in response to TGF-�1.
MPK38 Stimulates TGF-�-induced Apoptosis and Growth

Arrest—To explore the functional significance of the MPK38-
Smads association, we examined the effect of wild-type and
kinase-deadMPK38 on TGF-�-induced apoptosis using a GFP
assay system (27). HaCaT cells were transfectedwith an expres-
sion plasmid encoding GFP, together with wild-type or kinase-
deadMPK38, and incubated in the presence or absence of TGF-
�1. Approximately 51% of the HaCaT cells were apoptotic
following TGF-�1 treatment (Fig. 9A, 2nd lane). Cells trans-
fected with wild-type MPK38 showed higher apoptotic func-
tion (�52% increase) than cells treatedwith TGF-�1 alone, and

the effect was dose-dependent (Fig.
9A, lane 2 versus lanes 3 and 4).
However, the stimulatory effect on
TGF-�-induced apoptosis was not
observed in cells transfected with
kinase-dead MPK38 (Fig. 9A, lane 2
versus lanes 5 and 6). These data are
consistent with the results obtained
from luciferase assays (Fig. 5) and
indirect immunofluorescence stud-
ies (Fig. 8). Furthermore, the knock-
down of endogenous MPK38 with
MPK38-specific siRNA resulted in a
dose-dependent decrease in TGF-
�-induced apoptosis, whereas a
control scrambled siRNA had no
effect (Fig. 9B). Next, to examine
whether TGF-�-induced cell cycle
arrest was also affected by knock-
down of endogenous MPK38, we
performed flow cytometry analysis
using HaCaT cells expressing a
vector alone, control scrambled
siRNA [Sc(si)], or MPK38 siRNA
[MPK38(si)] in the presence or
absence of Smad3. A much higher
number of cells (�42% versus
�28%) was found to be in S phase in
the presence of MPK38 siRNA after
24 h of serum stimulation in the
presence of TGF-�1, compared
with controls expressing vector
alone or control scrambled siRNA
(Fig. 9C, lower, lane 5 versus lanes 6

and 7), indicating that MPK38 stimulates TGF-�-induced
growth arrest. In addition, we found that MPK38 has a similar
effect on TGF-�-induced epithelial-mesenchymal transition
(supplemental Fig. S2). Together, these results suggest that
TGF-�-mediated biological functions are positively regulated
by MPK38.

DISCUSSION

We have previously shown that PDK1 interacts with intra-
cellular signaling mediators of the TGF-� signaling pathway,
such as Smad proteins (Smad2, -3, -4, and -7) and serine-threo-
nine kinase receptor-associated protein, and that this interac-
tion is involved in the reciprocal regulation of PI3K/PDK1 and
TGF-� signaling (20, 30), suggesting a functional link between
the PI3K/PDK1 and TGF-� signaling pathways. Furthermore,
cross-talk between p53 and TGF-� signaling has been reported
(31). These data reveal the possibility of cross-talk between cell-
survival and death-inducing signals, or between cell death sig-
naling pathways. We have recently found that MPK38 partici-
pates in ASK1 activation through direct interaction and
phosphorylation, resulting in the stimulation of ASK1-medi-
ated apoptosis (17). These findings, together with TGF-�-in-
duced stimulation of MPK38 kinase activity (Fig. 1A), raise the
possibility that TGF-� signaling may be associated with

FIGURE 7. Modulation of the association between activated type I TGF-� receptor and Smad proteins by
MPK38. A and B, HEK293 cells were transfected with the indicated combinations of plasmid vectors expressing
T�R1(TD), an activated type I TGF-� receptor, FLAG-Smad3 or -7, and GST-tagged wild-type (WT) or kinase-
dead (K40R) MPK38, and the cell lysates were subjected to immunoprecipitation with an anti-HA antibody
(�-HA). Complex formation between T�R1(TD) and Smad3 (A, left, top panel) or Smad7 (B, left, top panel) was
determined by anti-FLAG antibody immunoblot. HEK293 cells were transfected with the indicated siRNA
duplexes (MPK38-specific siRNA or control scrambled siRNA) together with plasmid vectors expressing
T�R1(TD) and FLAG-Smad3 or -7. Complex formation between T�R1(TD) and Smad3 (A, right, top panel) or
Smad7 (B, right, top panel) was determined by anti-FLAG antibody immunoblot. The expression level of endog-
enous MPK38 was determined by anti-MPK38 immunoblotting (A and B, right, bottom panels). C, effect of
MPK38-mediated phosphorylation of Smad proteins on T�R1(TD)-Smads association. FLAG-tagged wild-type
Smad proteins (Smad3 and -7) or their substitution mutants (S204A of Smad3 and T96A of Smad7) were
cotransfected with HA-T�R1(TD) into HEK293 cells. The cell lysates were subjected to immunoprecipitation
with an anti-HA antibody (�-HA), and complex formation between T�R1(TD) and Smad proteins was deter-
mined by an anti-FLAG antibody immunoblot (top panel). The relative level of complex formation between
T�R1(TD) and Smad3 (A and C) or Smad7 (B and C) was quantitated by densitometric analysis, and -fold increase
relative to control samples expressing T�R1(TD) and Smad3 or -7 alone was calculated. Sc, scrambled.
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MPK38-mediated signaling. Based on this, we speculated that
the physical interaction between MPK38 and Smad proteins
may occur in vivo.
In this study, we demonstrated that MPK38 physically inter-

acts with Smad proteins (Smad2, -3, -4, and -7) (Fig. 1). More-
over, our data indicate that the kinase activity of MPK38 is
required for its ability to stimulate TGF-�-induced transcrip-
tion (Fig. 5) and apoptosis (Fig. 9). These findings are similar to
those from recent studies showing that PDK1 and its down-
stream target Akt physically interact with Smad2, -3, -4, and -7,
and inhibit TGF-� signaling in a kinase-dependentmanner (20,
32). In addition, in our study, wild-type MPK38 stimulated the
normal movement of Smad proteins (Smad3 and -7) in
response to TGF-�1, but the kinase-deadMPK38 did not show
such an effect (Fig. 8). In this context, our current evidence
indicates that MPK38 is a potential positive regulator of the
TGF-� signaling pathway. This is in contrast to PDK1, which
acts as a negative regulator of TGF-� signaling. However, our
present results do not support the possibility that the MPK38-
mediated stimulation of TGF-� signaling is due only to the
physical interaction between MPK38 and Smad proteins,
because the kinase-deadMPK38, which lacks the ability to reg-
ulate TGF-� signaling, was shown to associate with Smad pro-
teins at levels similar to those of wild-type MPK38 (data not
shown). These data suggest that MPK38-mediated phosphory-
lation of Smad proteins (Smad2, -3, -4, and -7) through direct

interaction plays a crucial role in the positive regulation of
TGF-� signaling induced by MPK38.

AlthoughC-terminal SXS phosphorylation of R-Smad by the
type I TGF-� receptor is an important step in TGF-� signaling,
additional phosphorylations by intracellular protein kinases are
also involved in the regulation of Smad activities. Recent studies
have shown that p38mitogen-activated protein kinase (MAPK)
and Rho-associated, coiled-coil containing protein kinase con-
tribute to Smad3 phosphorylation at Ser204/208/213 in the linker
region and stimulate its transcriptional activity (33). Similarly,
our results showed that theMPK38-mediated phosphorylation
of Smad3 at Ser204 plays a key role in the stimulation of TGF-�
signaling (Fig. 6). However, extracellular signal-regulated
kinase (ERK)-mediated phosphorylation of Smad3 at Ser204 and
other sites (Ser208 and Thr179), and of Smad2 at Ser245/250/255

and Thr220, showed an inhibitory effect on Smad3 activity (34).
These findings imply thatMAPK-mediated phosphorylation of
Smad2 and -3, in contrast to that of MPK38, appears to have a
dual role in the regulation of Smad2 and -3. Growing evidence
indicates that, in addition to these kinases, a variety of intracel-
lular protein kinases (5, 35–38), including cyclin-dependent
kinase 2/4 (CDK2/4), c-Jun N-terminal kinase (JNK), G pro-
tein-coupled receptor kinase 2 (GRK2), and calmodulin-depen-
dent kinase II, contribute to the phosphorylation of the Smad2
and -3 linker region, although the exactmechanism(s) bywhich
phosphorylation in the Smad linker region regulates Smad-me-

FIGURE 8. Modulation of Smads localization by MPK38. Hep3B cells were transiently transfected with plasmid vectors expressing FLAG-Smad3 (A, upper) or
FLAG-Smad7 (B, upper), together with GST-tagged wild-type (WT) and kinase-dead (K40R) MPK38, or an MPK38-specific siRNA, and incubated in the presence
or absence of 100 pM TGF-�1. Cells were immunostained with anti-FLAG or anti-MPK38 antibodies, followed by Alexa Fluor-594 anti-mouse secondary
antibodies (red, for Smad3 and Smad7) or Alexa Fluor-488 anti-rabbit secondary antibodies (green, for MPK38), and analyzed by confocal microscopy. Cyto-
plasmic and nuclear fractions from extracts of Hep3B cells transfected with the indicated plasmid vectors expressing wild-type or kinase-dead MPK38, or siRNA
duplexes (MPK38-specific siRNA and control scrambled siRNA), in the presence of TGF-�1 were separated from each other and used for Western blot analysis
using the indicated antibodies (A and B, lower panels). Nucleus and Cytosol indicate the nuclear and cytoplasmic fractions of cell extracts, respectively. The
relative level of Smads expression (Smad3 and -7) was quantified by densitometry. Sc, scrambled.
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diated signaling remains unclear. On the other hand, Smad4 is
known to be constitutively phosphorylated in cells, although
the phosphorylation sites are yet to be discovered (5, 6). In this
regard, the discovery of phosphorylation of Smad4 at Ser343 by
MPK38 (Fig. 3B), together with a recent result showing that

ERK-mediated phosphorylation of Smad4 at Thr277 is involved
in the nuclear translocation of Smad4 (6), should aid in the
understanding of TGF-� signal regulation. The inhibitory
Smad proteins, Smad6 and Smad7, are phosphoproteins (7, 8,
39). It has been shown that protein kinaseX, involved inmacro-

FIGURE 9. Effect of MPK38 on TGF-�-induced apoptosis and growth inhibition. A and B, stimulation of TGF-�-induced apoptosis by MPK38. HaCaT cells
were transiently transfected with increasing amounts of wild-type and kinase-dead MPK38 (1 and 2 �g) or MPK38-specific siRNA (100 and 200 nM) as indicated,
together with an expression vector encoding GFP (3 �g). As a control, a control scrambled siRNA (100 and 200 nM) was transfected into cells. After treatment
of the transfected cells with TGF-�1 (2 ng/ml, 20 h), apoptotic cell death was determined using the GFP expression system (17, 27). C, effect of MPK38
knockdown on TGF-�-induced cell cycle arrest. HaCaT cells (�2 � 105/dish) transfected with the indicated siRNA duplexes (MPK38-specific siRNA and control
scrambled siRNA) in the presence or absence of Smad3 were synchronized in G0/G1 by hydroxyurea (2 mM) treatment for 20 h. Cells were collected before (0 h
starvation) or after 10% serum treatment for 24 h in the absence (24 h serum stimulation) or presence (24 h serum stimulation � TGF-�1) of TGF-�1 (2 ng/ml), and
the percentage of cells in the G1, S, or G2/M phases was analyzed by flow cytometry. The fraction of cells in S phase (24 h serum stimulation � TGF-�1) was
quantitated and is presented in the bar graphs (lower panel). si, siRNA.
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phage differentiation, phosphorylates Smad6 at Ser435 (39).
Our results showed that MPK38 is also involved in Smad6
phosphorylation at Thr176, and that this phosphorylation is
important for the regulation of Smad6-mediated bonemorpho-
genetic protein signaling (supplemental Fig. S3). In addition,
Smad7 was found to be phosphorylated at Ser249 (8), although
the intracellular kinases responsible for phosphorylating
Smad7 have not yet been identified. Our results from this study
have provided evidence that MPK38 stimulates TGF-� signal-
ing by phosphorylating Smad7 at Thr96 (Fig. 6D), suggesting
that MPK38 is a putative intracellular kinase for Smad7 phos-
phorylation in cells.
We previously observed that PDK1-mediated inhibition of

TGF-� signaling is accompanied by themodulation of complex
formation between the TGF-� receptor and Smad proteins
(Smad3 and -7) (20). To explore the mechanism by which
MPK38 stimulates TGF-�-induced transcriptional activation,
we also investigated whether MPK38 can modulate the associ-
ation between the TGF-� receptor and Smad proteins (Smad3
and -7). Our results showed that the ability of wild-typeMPK38
to stimulate TGF-�-mediated transcriptional activation is
dependent onMPK38-inducedmodulation of Smad(s) binding
to the TGF-� receptor (Fig. 7). Wild-type MPK38 increased
complex formation between the TGF-� receptor and Smad3,
and simultaneously decreased complex formation between the
TGF-� receptor and Smad7, leading to stimulation of TGF-�
signaling. However, the association of TGF-� receptor with
Smad proteins was not affected by the kinase-dead MPK38.
These observations imply that the kinase activity of MPK38 is
also required for modulation of complex formation between
the TGF-� receptor and Smad proteins, in agreement with
reporter (Figs. 5 and 6), localization (Fig. 8), and apoptosis (Fig.
9) studies.
In summary, our findings suggest thatMPK38 positively reg-

ulates TGF-� signaling through direct interaction and phos-
phorylation of Smad proteins, and also that Smad proteins may
function as linkers between TGF-� and MPK38-mediated sig-
naling. The discovery of MPK38-mediated stimulation of
TGF-� signaling should allow us to gain insight into how
TGF-� signaling is regulated in vivo, since MPK38 directly
interacts and phosphorylates all of the Smad proteins (Smad2,
-3, -4, and -7) we tested.
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