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Smad proteins transduce the transforming growth factor-f8
(TGEF-p) signal at the cell surface into gene regulation in the
nucleus. Upon TGEF- 3 treatment, the highly homologous Smad2
and Smad3 are phosphorylated by the TGF-f receptor at the
SSXS motifin the C-terminal tail. Here we show that in addition
to the C-tail, three (S/T)-P sites in the Smad3 linker region,
Ser?%8, Ser?*%, and Thr'”® are phosphorylated in response to
TGEF-B. The linker phosphorylation peaks at 1 h after TGF-f8
treatment, behind the peak of the C-tail phosphorylation. We
provide evidence suggesting that the C-tail phosphorylation by
the TGF-f3 receptor is necessary for the TGF-f-induced linker
phosphorylation. Although the TGF- receptor is necessary for
the linker phosphorylation, the receptor itself does not phos-
phorylate these sites. We further show that ERK is not respon-
sible for TGF-3-dependent phosphorylation of these three sites.
We show that GSK3 accounts for TGF-$-inducible Ser*°* phos-
phorylation. Flavopiridol, a pan-CDK inhibitor, abolishes TGF-
B-induced phosphorylation of Thr'”® and Ser?°®, suggesting
that the CDK family is responsible for phosphorylation of Thr'”®
and Ser?°® in response to TGF-f. Mutation of the linker phos-
phorylation sites to nonphosphorylatable residues increases the
ability of Smad3 to activate a TGF-3/Smad-target gene as well as
the growth-inhibitory function of Smad3. Thus, these observa-
tions suggest that TGF-f-induced phosphorylation of Smad3
linker sites inhibits its antiproliferative activity.

Transforming growth factor-B (TGF-B)” and related factors
regulate a wide variety of biological activities, such as cell pro-
liferation, differentiation, migration, adhesion, apoptosis,
angiogenesis, and immune function (1). Accordingly, TGF-$
family members play an important role in early embryogenesis
as well as in the homeostasis of adult tissues. Abnormalities in
TGEF-f signaling lead to a number of human diseases, such as
cancer and fibrosis (2, 3).
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TGE-B signals through two types of serine-threonine kinase
receptors (2—8). TGF-B binds directly to the type II receptor,
which leads to the recruitment of the type I receptor into the
ligand-receptor complex. The type II receptor is constitutively
active. It transphosphorylates and activates the type I receptor,
which then plays a major role in specifying downstream signal-
ing events (2—8).

Smad proteins transduce the TGF-f3 family signal at the cell
surface into gene regulation in the nucleus (2—8). Smad2 and
Smad3 are direct substrates of the TGF-B type I receptor
(9-12), whereas Smad1, Smad5, and Smad8 are phosphoryla-
ted by bone morphogenetic protein receptor kinase (13, 14).
These Smads are termed as receptor-regulated Smads
(R-Smads). Upon TGF-B treatment, Smad2 and Smad3 are
phosphorylated by the TGF- type I receptor at the SSXS motif
in their C-tails (11, 12), form complexes with Smad4, then
together accumulate in the nucleus to regulate transcription of
target genes (2—8).

Smads contain conserved N-terminal and C-terminal
domains, also designated as MH1 and MH2 domains, respec-
tively. In the middle, there is a proline-rich linker region that is
divergent in sequence and length (2—8). The R-Smads linker
regions contain demonstrated as well as suspected phosphoryl-
ation sites for proline-directed kinases, such as cyclin-depend-
ent kinases, ERK MAP kinases, c-Jun N-terminal kinases, p38
MAP kinases, and GSK3, as well as for other kinases, such as
Ca”"-calmodulin-dependent kinase II (15—44). The Smad3
linker region contains four proline-directed kinase phosphoryl-
ation sites: Thr'”®, Ser***, Ser**®, and Ser®'?. Previous studies
have shown that the Smad3 linker region can be phosphoryla-
ted by different kinases under different conditions. For exam-
ple, CDK4 and CDK?2 phosphorylate Smad3 at the Thr® in the
N-terminal domain and Thr'”® and Ser®'? in the linker region at
the basal state (15). CDK phosphorylation of Smad3 inhibits its
transcriptional activity and antiproliferative function (15). In
response to EGF treatment, ERK phosphorylates Ser®’%, Ser°%,
and Thr'”? in the Smad3 linker region and Ser”°® is the best
ERK site in Smad3 (15, 33). JNK and p38 can phosphorylate the
Smads3 linker region in response to hepatocyte growth factor or
TGEF-B in certain cell types (35, 37, 38). In addition, we have
shown that the linker region contains a transcriptional activa-
tion domain (45). An independent study has also shown that the
linker region is necessary for Smad3 to activate transcription
(46).

GSK3 is involved in insulin and Wnt signaling pathways (47).
Recent studies indicate that GSK3 also regulates the signaling
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pathways of the TGF-B family members (39 —42). GSK3 is phy-
logenetically most closely related to the CDKs, such as CDK1
and CDK2 (48). GSK3 refers to two isoforms: GSK3« and
GSK3pB. The two isoforms are encoded by different genes and
share nearly identical sequences in their kinase domains. Out-
side of the kinase domain, their sequences differ substantially,
but currently little is known about isoform-specific functions.
Most of the studies were carried out with GSK3.

We show in this report that TGF-S treatment induces rapid
phosphorylation of Ser®°®, Ser*®*, and Thr'”® in the Smad3
linker region. Although phosphorylation of Smad3 at the C-tail
SSXS motif by the TGE-S type I receptor is necessary for the
linker phosphorylation, the receptor itself does not phospho-
rylate the linker region. We also show that ERK is not respon-
sible for phosphorylation of the linker region in the presence of
TGE-B. We further show that the TGF-B-induced phosphoryl-
ation of Ser*** is dependent on GSK3. Flavopiridol, a chemical
inhibitor that potently inhibits all members of the CDK family
and also inhibits GSK3 (Refs. 49 —56 and references therein),
abolished TGF-B-induced phosphorylation of Thr'”® and
Ser?%®, suggesting that CDK family members are responsible for
their phosphorylation. Mutation of Ser®*® into nonphospho-
rylatable alanine abolished Ser*** phosphorylation in response
to TGF-B, suggesting that Ser?®® serves as the priming site for
Ser®** phosphorylation. We further show that mutation of the
linker phosphorylation sites increases the ability of Smad3 to
activate a TGF-B/Smad target gene and to inhibit cell prolifer-
ation. Taken together, our observations indicate that TGF-3-
induced phosphorylation of Smad3 linker sites inhibits Smad3
activity.

EXPERIMENTAL PROCEDURES

Cell Lines—The Mv1Lu mink lung epithelial cells, the HaCaT
human keratinocytes, the HepG2 human hepatocellular carci-
noma cells, and the 293 human kidney epithelial cells were
maintained as previously described (15, 33). The L17 cell line
is a derivative of the MvlLu cell line. The immortalized
GSK3B~/~ mouse embryonic fibroblasts (MEF) and the con-
trol wild type MEF were generously provided by Dr. James R.
Woodgett (Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, Canada) (57). Smad3™’~ mice were gener-
ously provided by Dr. Xiao-Fan Wang (Duke University,
Durham, NC) (58). Smad3*/~ mice were mated with each
other and Smad3 ™/~ primary MEF were isolated as previously
described (15, 58).

Smad3 Phosphopeptide Antibodies and Other Antibodies—
The Smad3 phosphopeptide antibodies against Ser*’%, Ser®%,
Thr'”?, and Ser*'® were affinity purified against the phos-
phopeptide antigen, and cross-absorbed against the unphos-
phorylated peptide of the same sequence. The specificities of
these phosphate-specific antibodies have previously been dem-
onstrated by immunoblotting, immunoprecipitation, phospha-
tase treatment, and confirming that the recognized band is
Smad3 by comparing wild type versus Smad3-deficient cells
(supplemental Fig. 4 in Ref. 15). In brief, each of the phos-
phopeptide antibodies recognizes only the wild type Smad3 but
not the corresponding mutant Smad3 by immunoblotting; each
of the phosphopeptide antibodies can recognize overexpressed
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wild type Smad3 but not the corresponding mutant form in an
immunoprecipitation assay; treatment of the phosphorylated
Smad3 with the A phosphatase leads to the disappearance of the
phosphorylated band; the band recognized by each of the phos-
phopeptide antibodies is Smad3, as none of these antibodies
can detect a band that comigrates with Smad3 using cell
extracts from Smad3 knock-out mouse embryonic fibroblasts
(supplemental Fig. 4 in Ref. 15). The Smad3 (C-tail) phos-
phopeptide antibody was generously provided by Dr. Edward B.
Leof (Mayo Clinic Cancer Center, Rochester, MN). The anti-
body against Smad3 was from Zymed Laboratories Inc. The
ERK antibody was from Cell Signaling Solutions. The antibod-
ies against phospho-ERK (pERK), CDK2, and CDK4 were pur-
chased from Santa Cruz Biotechnology, Inc. The antibodies
against phospho-JNK (pJNK) and phospho-p38 (pp38) were
from Cell Signaling Technology. The HA antibody was from
Roche Applied Science.

Ligands and Chemical Inhibitors—For treatment of MvlLu
or HaCaT cells with TGF-f3, 300 or 200 pm TGF- was used
unless otherwise indicated. The incubation time was 1 h unless
otherwise indicated. For treatment with EGF, Mv1Lu cells were
treated with EGF (50 ng/ml) for 15 min, at which time the phos-
phorylation of the three sites were maximally induced (33). For
treatment with MEK1 inhibitors PD98059 or U0126, Mv1lLu
cells were pretreated with PD98059 (final concentration of 50
uMm) or U0126 (final concentration of 3 um) for 1 h prior to the
addition of EGF or TGF-B. For treatment with LiCl, MvlLu
cells were incubated with LiCl (final concentration of 120 mm)
for 1 h prior to the addition of TGF-B. For treatment with fla-
vopiridol, Mv1Lu cells were incubated with flavopiridol (final
concentration of 250 nMm) for 8 h prior to the addition of TGF-f.

Immunoblotting—Immunoblotting was performed essen-
tially as previously described (15, 33). In brief, cells were lysed in
the TNE buffer (10 mm Tris-HCI, pH 7.8, 150 mm NaCl, 1 mMm
EDTA, 1% Nonidet P-40) in the presence of protease and phos-
phatase inhibitors, and 30 ug of cell lysates were analyzed by
immunoblotting. Ser(P)>°®, Ser(P)*°*, and Thr(P)'”® antibodies
were used at 0.15 pg/ml, and Ser(P)*'? antibody was used at 0.6
png/ml. The concentrations of other antibodies were used
according to the manufacturers’ instructions.

In Vitro Kinase Assay—TBRII and TPRRI-HA or TBRI
(KR)-HA were cotransfected into 293 cells. 40 h post-transfec-
tion, cells were treated with TGF- for 1 h. Cells were harvested
and lysed in TNE buffer in the presence of protease and phos-
phatase inhibitors. The cell lysates were then immunoprecipi-
tated with HA antibody. The immunoprecipitates were used in
a nonradioactive kinase reaction containing 20 mm HEPES, pH
7.4, 10 mm MgCl,, 0.5 mm ATP, and 0.5 um GST-Smad3 in 30
wl at 30 °C for 30 min, 1 h, 2 h, or 3 h with similar results.
Recombinant GSK3B was purchased from New England Biolab,
and the in vitro kinase assay was carried out in a 30-ul reaction
containing 20 mwm Tris, pH 7.5, 10 mm MgCl,, 5 mm dithiothre-
itol, 0.5 mm ATP, 0.5 um GST-Smad3, and 100 ng of GSK3p at
30 °C for 1 h. CDK2 and CDK4 were immunoprecipitated from
endogenous Mv1Lu cells, and the kinase reactions were carried
out in 30 ul containing 50 mm HEPES, pH 7.4, 15 mm MgCl,, 1
mMm EGTA, 0.1% Tween 20, 1 mum dithiothreitol, 0.5 mm ATP,
and 1 um GST-Smad3 at 30 °C for 1 h. The kinase reactions
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were terminated by addition of SDS protein gel sample buffer.
The reaction products were then analyzed by immunoblotting
using Smad3 phosphopeptide antibodies.

Transfection and Reporter Gene Assay—HepG2 cells were
transfected and analyzed for luciferase activities as previously
described (45). In brief, HepG2 cells were seeded overnight in
60-mm dishes. Cells were transfected by DEAE-dextran (125
pg/ml) for 3 h. Cells were treated with TGE-8 for 24 h and
luciferase activities were then analyzed. The luciferase activities
were normalized by the cotransfected Renilla luciferase control
pRL-TK (Promega). The results represent the mean = S.D. of
four independent transfection experiments.

Retroviral Infection, Northern Blot Analysis, and [PH] Thymi-
dine Incorporation Assay—Smad3 and each of the phosphoryl-
ation mutants were cloned into the pLZRSA-IRES-GFP retro-
viral vector, and the resulting retroviral plasmids were
transfected into ecotropic phoenix packaging cells to produce
retroviruses as previously described (15). Smad3~/~ primary
MEF (passage 3) were infected with the various retroviruses.
Total RNA were isolated from the infected cells, and analyzed
by Northern blot analysis as previously described (15). For the
[*H]thymidine incorporation assay, the infected Smad3~/~
MEF were seeded in 6-well plates for 24 h, then treated with or
without 500 pm TGEF- for 24 h. During the last 4 h, 5 uCi of
[*H]thymidine was added to the culture, and [*H]thymidine
incorporation was analyzed as previously described (15). The
results indicate the average and standard deviation of four inde-
pendent experiments.

RESULTS

TGF-B Induces Rapid Phosphorylation of the Smad3 Linker
Sites—The Smad3 linker region contains four (S/T)-P phos-
phorylation sites: Thr'”?, Ser®®*, Ser?°®, and Ser*'®. We have
generated phosphopeptide antibodies against each of the four
phosphorylation sites in Smad3 (15). The specificities of these
phosphopeptide antibodies were previously demonstrated by
immunoblotting, immunoprecipitation, phosphatase treat-
ment, and confirming that the recognized band is Smad3 by
comparing wild type versus Smad3-deficient cells (supplemen-
tal Fig. 4 in Ref. 15). The availability of these phosphate-specific
antibodies allowed us to analyze whether the Smad3 linker
phosphorylation is regulated by TGF-B treatment. MvlLu
mink lung epithelial cells and HaCaT human keratinocytes are
highly responsive to TGF-B. MvlLu and HaCaT cells were
treated with TGF- for 1 h. Cells were harvested and cell lysates
were analyzed by immunoblotting with the Smad3 phos-
phopeptide antibodies. As shown in Fig. 14, endogenous
Smad3 phosphorylation levels at three linker sites Ser’%%,
Ser?®*, and Thr'”® were induced in response to TGF-f in both
MvlLu and HaCaT cells. We could not detect induction of
endogenous Ser*'® phosphorylation in response to TGF-8 in
either cell types (Fig. 1A). The phosphopeptide antibodies
against Ser(P)*°%, Ser(P)?°%, and Ser(P)*'? recognize only the
phosphorylated forms of Smad3 (Fig. 14). The phosphopeptide
antibody against Thr(P)'”® in Smad3 also recognizes the anal-
ogous position in Smad2, which is also phosphorylated in
response to TGF-B (Fig. 1A). The subsequent studies were
focused on the Smad3 linker phosphorylation.
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The Smad3 C-tail Phosphorylation Precedes the Linker
Phosphorylation—W e analyzed the time courses of TGF-B-in-
duced phosphorylation of Smad3 at the Ser?°®, Ser***, and
Thr'”? sites. For comparison, we also analyzed the Smad3 C-tail
phosphorylation at the SSXS motif. Fig. 1B shows a represent-
ative time course for each of the phosphorylated sites in an
experiment. Fig. 1C shows the average of four independent
experiments. As shown in Fig. 1, Band C, the increases of phos-
phorylation at the Ser’®®, Ser***, and Thr'”® sites can be
detected at ~10—15 min and peaks at 1 h after TGF-j treat-
ment. The C-tail phosphorylation can be detected at 5 min and
peaks at 30 min after TGF-f3 treatment. Thus, the phosphoryl-
ation of C-tail precedes the phosphorylation of the linker sites.

Low Doses of TGF-B Can Induce the Smad3 Linker
Phosphorylation—To determine whether the Smad3 linker
phosphorylation can be induced by physiological concentra-
tions of TGF-3, we performed a TGF-3 dose curve experiment.
MvlLu cells were treated with different concentrations of
TGF-B for 1 h. The phosphorylation levels of Ser*°®, Ser***, and
Thr'”® were then analyzed by immunoblots. As shown in Fig.
1D, as low as 10 pm TGF-B was sufficient for almost maximal
induction of phosphorylation at the Ser®°%, Ser*°*, and Thr'”®
sites. Thus, these sites are fully expected to be phosphorylated
at physiological concentrations of TGF-f in living organisms.

The Smad3 C-tail Phosphorylation May Be Necessary for
the TGF-B-induced Linker Phosphorylation—Because TGF-£3
treatment leads to the induction of phosphorylation at the
Ser®%®, Ser?®*, and Thr'”® in the Smad3 linker region, we asked
whether TBRI is required for the induction. As shown in Fig.
2A, TGE-B cannot induce Smad3 linker phosphorylation in L17
cells, a TPRI-deficient cell line derived from the parental
Mv1Lu cell line. TGF-B-dependent linker phosphorylation was
restored when T BRI was introduced into L17 cells. This result
indicates that the linker phosphorylation is mediated by signal-
ing events through the TGE-f3 receptors.

We next compared the TGF-B-induced linker phosphoryla-
tion of wild type Smad3 with its C-tail phosphorylation mutant,
Smad3 C-tail 3A. The Smad3 C-tail 3A mutant was generated
by mutation of the three serine residues in the SSXS motif at the
C-tail into alanines, thus abolishing receptor-mediated phos-
phorylation. As shown in Fig. 2B, phosphorylation of the linker
sites was induced by TGF-B in wild type Smad3, whereas the
induction was abolished in the C-tail 3A mutant. We have pre-
viously shown that Ser*°®, Ser®**, and Thr'”® are phosphoryla-
ted by ERK in response to EGF (33). To determine whether the
inability of the C-tail 3A mutant to be phosphorylated in
response to TGF-f was due to disruption of Smad3 structure,
we asked whether the C-tail 3A mutant can be phosphorylated
in the three linker sites in response to EGF. As shown in Fig. 2B,
the C-tail 3A mutant can be phosphorylated at the three linker
sites in response to EGF to the same extent as the wild type
Smad3. Thus, these observations suggest that phosphorylation
of the Smad3 C-tail is necessary for TGF-B-induced phospho-
rylation of the linker sites.

On the other hand, mutation of Ser*°®, Ser®°*, and Thr'”® in
Smad3 did not affect the C-tail phosphorylation (Fig. 2C). The
control blots confirmed that Smad3 was not phosphorylated at
the Ser?%®, Ser®**, and Thr'”? sites (Fig. 2C). These results sug-
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FIGURE 2. The C-tail phosphorylation by the TGF-f receptor is necessary for TGF-B-induced phosphorylation of the Smad3 linker sites. A, T3RI is
required for TGF-B-induced Smad3 linker phosphorylation. Mv1Lu-derived TBRI-deficient L17 cells were transfected with empty vector or TBRI. Cells were then
treated with or without 300 pm TGF-g for 1 h. Phosphorylation of Ser®°®, Ser?®*, and Thr'”® were analyzed by immunoblots. A representative experiment is
shown. The averages of four independent experiments were plotted. The error bars indicate standard deviation. B, the Smad3 C-tail phosphorylation is
necessary for TGF-B-induced linker phosphorylation. L17 cells were cotransfected with TBRI along with either wild type (WT) Smad3 or the C-tail 3A mutant.
Cells were then treated with TGF-g for 1 h or with EGF for 15 min for maximal induction. Phosphorylation of Ser?°%, Ser?®*, and Thr'”? were then analyzed by
immunoblots. The bar graphs represent the averages of four independent experiments. The error bars indicate standard deviation. C, mutation of the Smad3
linker phosphorylation sites has essentially no effect on C-tail phosphorylation. L17 cells were cotransfected with TBRI along with either the wild type Smad3
or the linker phosphorylation mutant T179V/S204A/S208A. Cells were then treated with TGF-B for 1 h. Phosphorylation of the C-tail was examined by
immunoblot.

gest that the linker phosphorylation may not have a feedback dioactive in vitro kinase assay using GST-Smad3 as a substrate.

role on the C-tail phosphorylation.

The TGF-B Type I Receptor Is Not the Kinase for Phosphoryl-
ation of the Linker Region—We next analyzed whether the
TGEF-B type I receptor phosphorylates the linker sites. 293 cells
were cotransfected by TBRII and HA-tagged wild type TBRI or
kinase-deficient TBRI (KR). Cells were then treated with
TGF-B, and cell lysates were immunoprecipitated by the HA

The reaction products were then analyzed by immunoblot with
Smad3 phosphopeptide antibodies. In addition, the reaction
products were analyzed by immunoblot with HA antibody to
verify that the TRI (wild type) and TBRI (KR) were present at
very similar levels. As shown in Fig. 3, wild type T BRI markedly
phosphorylated the C-tail of GST-Smad3. In contrast, wild type
T BRI was incapable of phosphorylating the linker sites of GST-

antibody. The immunoprecipitates were subjected to a nonra- Smad3. The background bands, which were detected after a

FIGURE 1. TGF-B induces rapid phosphorylation of Smad3 linker sites. A, phosphorylation of Ser’®®, Ser*®*, and Thr'”® in the Smad3 linker region is
significantly increased by TGF-8. Mv1Lu and HaCaT cells were treated with 300 pm TGF- for 1 h. Phosphorylation of Ser?®, Ser®*, Thr'”?, and Ser?'® sites were
detected by immunoblots using specific phosphopeptide antibodies. B, time course of TGF-B-inducible phosphorylation of Smad3. Mv1Lu cells were treated
with 300 pm TGF-B for the indicated periods of time. Phosphorylation of Ser?%%, Ser?®4, and Thr'” as well as the C-tail were analyzed by specific phosphopeptide
antibodies. Smad3 protein levels were also examined by immunoblot as a control. C, the average of fourindependent time course experiments from B. The error
bars indicate the standard deviation. D, TGF- dose curve for Ser?°8, Ser?®*, and Thr'”® phosphorylation. Mv1Lu cells were treated for 1 h with the indicated
concentrations of TGF-B. Phosphorylation of Ser?°®, Ser?®*, and Thr'”? and Smad3 expression levels were analyzed by immunoblots.
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and cell lysates were immunoprecipitated by HA antibody. The immunopre-
Cipitates were subjected to a nonradioactive in vitro kinase assay using GST-
Smad3 as a substrate. The reactions were carried out at 30 °C for 30 min.
Similar results were obtained when the reactions were carried out for 1, 2, or
3 h (data not shown). Phosphorylation at the Smad3 C-tail, Ser*°%, Ser*®*, and
Thr'”® were examined by immunoblots with specific phosphopeptide anti-
bodies. The wild type TBRI and the mutant TBRI (KR) expression levels were
analyzed by immunoblot with the HA antibody. Equal GST-Smad3 levels in
the kinase reactions were confirmed by Coomassie Blue staining.

long exposure time, were essentially at the same levels for T BRI
(wild type) versus the kinase-deficient T BRI (KR). Immunoblot
analysis confirmed that TBRI (wild type) and TBRI (KR) were
present at the same levels (Fig. 3). GST-Smad3 was also pres-
ent at the same levels as confirmed by Coomassie Blue stain-
ing (Fig. 3). Thus, TBRI does not phosphorylate the Smad3
linker sites.

ERK Is Not Responsible for Phosphorylating the Linker in
Response to TGF-B—As described above, Ser®*®, Ser®**, and
Thr'”? are phosphorylated by ERK in response to EGF (15, 33)
(Fig. 2B). We therefore asked whether ERK is the kinase that
phosphorylates the same three sites in the presence of TGF-f3.
We performed a TGF-f3 time course to monitor the changes in
ERK activity, which was analyzed by a phosphopeptide anti-
body that detects only the activated ERK, pERK. TGF- S induces
a very rapid, transient, and modest activation of ERK in Mv1Lu
cells. Upon TGEF-p treatment, ERK activity is increased within
2-fold ~5 min after TGF-B treatment. The ERK activity then
rapidly declines to basal levels within minutes (data not shown).
Our observations are consistent with a previous study on the
time course of ERK activity in the presence of TGF-B8 in Mv1Lu
cells (59). When TGF-B induces maximal induction of phos-
phorylation at Ser®®®, Ser***, and Thr'”? sites at 1 h, ERK activ-
ity is essentially at the basal level (Fig. 44, compare lane I with
lane 5 for the pERK panel). Moreover, pretreatment of cells
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sites in response to TGF-f3. A, ERK is not the kinase that phosphorylates the
Smads3 linker sites in the presence of TGF-B. Mv1Lu cells were pretreated with
or without 3 um U0126, 50 um PD98059, or the dimethyl sulfoxide vehicle
control for 1 h. Cells were then treated with 300 pm TGF-3 for 1 h or 50 ng/ml
EGF for 15 min. Phosphorylation of Ser?®8, Ser’®4, and Thr'”® were analyzed by
immunoblots with specific phosphopeptide antibodies. ERK activities were
analyzed by the phospho-ERK (pERK) levels in the immunoblot. Smad3 and
ERK expression levels were also analyzed by immunoblots as controls.
B, MKP1 effectively inactivates ERK, JNK, and p38, but has little effect on the
TGF-B-induced linker phosphorylation. L17 cells were transfected with TSRI

in the absence or presence of the cotransfected MKP1, a MAP kinase phos-

phatase. Cells were treated with TGF-g for 1 h. Phosphorylation of Ser?%,

Ser?®*, and Thr'”° were analyzed by immunoblots. ERK, JNK, and p38 activities
were analyzed by pERK, pJNK, and pp38 levels, respectively. Smad3 expres-
sion levels were also examined as a control.

with MEK1 inhibitors PD98059 or U0126 for 1 h prior to addi-
tion of TGF-P has little effect on the TGF-B-induced phospho-
rylation of the three sites (Fig. 44).

As positive controls, we have also prepared plates in parallel
for treatment with EGF with or without pretreatment with a
MEK]1 inhibitor for 1 h. As shown in Fig. 44, EGF treatment
activated ERK (compare lane 1 with lane 2 for the pERK panel),
which was inhibited by pretreatment with MEK1 inhibitors.
EGF induced the phosphorylation at Ser*°®, Ser®**, and Thr'”®,
and the phosphorylation was inhibited by pretreatment with
MEK1 inhibitors (Fig. 4A4). Taken together, these results indi-
cate that EGF activates ERK, which phosphorylates Ser®°®,
Ser’***, and Thr'”®. The TGF-B-induced phosphorylation of the
same three sites, however, does not result from phosphoryla-
tion by ERK.

To further confirm that ERK is not responsible for the
TGF-B-induced phosphorylation of the three sites, we trans-
fected L17 cells with MKP1 (MAP kinase phosphatase 1), a
specific MAP kinase superfamily phosphatase that inacti-
vates ERK, JNK, and p38 by dephosphorylating them (60).
The TGF-B typeIreceptor was also cotransfected. Cells were
treated with or without TGF-f for 1 h, and then analyzed for
Smad3 linker phosphorylation and ERK, JNK, and p38 activ-
ities by pERK, pJNK, and pp38 levels, respectively. As shown
in Fig. 4B, MKP1 effectively dephosphorylated and thus
inactivated ERK, JNK, and p38. TGF-B-induced linker phos-
phorylation, however, was not affected by the phosphatase.
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This result complements our conclusions above based on
chemical inhibitors.

Although it is not the major points for Fig. 4B, it is worth
pointing out why pERK, pJNK, and pp38 levels showed only
modest or no induction by TGF- when no MKP1 was cotrans-
fected in lane 2 of Fig. 4B. These are all because TGF- activates
ERK, JNK, and p38 in a time-dependent manner. As described
above, the activation of ERK by TGF-p is rapid and transient.
The pERK level peaks at ~5 min after TGF-B addition and
rapidly declines, and is at the basal level after incubation for
TGE-B for 1 h (59).2 The analysis of the Ser?®®, Ser?°*, and
Thr'”® phosphorylations was carried out after a 1-h TGF-8
treatment. This is why the pERK level did not show induction
by TGE-p in Fig. 48. Similarly, TGF-B activates JNK rapidly.
The pJNK level increases ~5 min after TGF-$ addition and
peaks at ~10 min (34, 35).> pJNK level then quickly declines,
and is only slightly higher than the basal level after treatment
with TGF-g for 1 h (34, 35). This is why the pJNK level shows
only a slight increase in response to TGF-f in Fig. 4B. For the
p38, TGF-B activated by p38 can be detected 30 min after addi-
tion of TGF-, and the pp38 level peaks at ~2 h (35, 61).> This
is why the pp38 level shows only a modest increase in response
to TGF-S in Fig. 4B.

GSK3 Is Responsible for Ser*°* Phosphorylation in Response to
TGF-B—We employed a number of chemical inhibitors as one
approach to identify the responsible kinases. Lithium ions
inhibit a number of enzymes, but the only known kinase target
is GSK3 (62). We pretreated Mv1Lu cells with LiCl or NaCl as a
control before addition of TGF-. As shown in Fig. 54, among
the three sites, only Ser?** phosphorylation was abolished by
LiCl (Fig. 5A), suggesting that Ser®®* is phosphorylated by
GSK3.

GSK3 consists of GSK3a and GSK3 8. Most GSK3 studies are
focused on GSK3B. The GSK3B knock-out mouse has been
generated (57). We analyzed Smad3 linker phosphorylation in
GSK3p knock-out MEF and the wild type littermate control
MEE. As shown in Fig. 5B, TGF-B-induced phosphorylation of
Ser”** was strongly reduced in GSK3 knock-out MEF, consist-
ent with LiCl data. To provide further evidence that GSK3 is the
kinase for the Ser?°* site, we show that recombinant GSK33 can
phosphorylate the Ser’*** site in an in vitro kinase assay
(Fig. 5C).

GSK3 often requires priming phosphorylation of a substrate
by other kinases (47). The priming site is located at the p + 4
position of a GSK3 site. Interestingly, the positioning of Ser*°®
and Ser®®* exactly fits the p + 4 rule, because Ser**® is four
amino acids downstream of Ser*°*. We therefore asked whether
Ser?°® phosphorylation is required for Ser*** phosphorylation.
As shown in Fig. 5D, when Ser?®® is mutated into alanine
(S208A), the Ser®°* site is no longer phosphorylated. This sup-
ports the notion that Ser®°® is the priming site for Ser?** phos-
phorylation by GSK3.

CDK Family Members Are Responsible for TGF-B-induced
Phosphorylation of Thr'”® and Ser’*—A number of chemical
inhibitors we examined have little or no effect on Thr'”® or

3 G.Wang, |. Matsuura, D. He, and F. Liu, unpublished results.
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FIGURE 5. GSK3 is the kinase for TGF-B-induced phosphorylation of
Ser?%%, A, LiCl selectively inhibits Ser?** phosphorylation. Mv1Lu cells were
pretreated with 120 mm NaCl (control) or LiCl for 1 h before addition of TGF-p.
The Smad3 linker phosphorylation was analyzed by phosphospecific anti-
bodies. B, TGF-B-induced phosphorylation of Ser?** is selectively inhibited in
GSK3B~/~ MEF.GSK38~/~ MEF and the wild type (WT) littermate control MEF
were treated with TGF-3 for 1 h. Phosphorylation levels of the three linker
sites in Smad3 were examined. C, GSK33 can phosphorylate the Ser?®* site in
vitro. 100 ng of recombinant GSK38 was used to phosphorylate 0.5 um GST-
Smad3 in a nonradioactive reaction. The reaction products were analyzed for
Ser’®* phosphorylation by immunoblotting with the Ser(P)*** antibodly.
D, Ser’® is the priming site for Ser?®* phosphorylation. 293 cells were trans-
fected with wild type Smad3 or the S208A mutant, together with the acti-
vated TBRI. Cell lysates were analyzed for Ser’®* phosphorylation by the phos-
phospecific antibody.

Ser?®® phosphorylation, but flavopiridol is an exception. Fla-
vopiridol potently inhibits all members of the CDK family (49 —
55). It also inhibits GSK3 (55, 56), as GSK3 is phylogenetically
most closely related to the CDKs (48). As shown in Fig. 64,
treatment of Mv1Lu cells with flavopiridol strongly inhibited
TGEF-B-dependent phosphorylation of the three sites in the
Smad3 linker. As expected, both CDK2 and CDK4 activities
were potently inhibited by flavopiridol treatment (data not
shown). As a control, the C-tail phosphorylation was little
affected (Fig. 6A).

The Thr'”® and Ser°® sites can be robustly phosphorylated
by both CDK2 and CDK4 in an in vitro kinase assay (Fig. 6B),
consistent with our previous studies (15). Ser*** can also be
phosphorylated by both CDK2 and CDK4 in the in vitro kinase
assay, but the potency is ~5-10-fold less than that of Thr'”® or
Ser’®® (Ref. 15 and data not shown). Taken together, these
observations suggest that CDK family members are responsible
for TGF-B-induced phosphorylation of Thr'”® and Ser?°®,

Mutation of the Linker Phosphorylation Sites Increases the Abil-
ity of Smad3 to Activate a TGF-B/Smad Reporter Gene—
To determine whether linker phosphorylation affects the abil-
ity of Smad3 to regulate a TGF-B/Smad responsive gene, we
mutated the phosphorylation sites individually or in combina-
tion, and then analyzed their ability to activate the A3-Luc
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FIGURE 6. The CDK family members mediate the TGF-B-induced linker
phosphorylation. A, flavopiridol, a pan-CDK and GSK3 inhibitor, inhibits TGF-
B-induced linker phosphorylation. Mv1Lu cells were treated with or without
250 nm flavopiridol for 8 h. Cells were then incubated with TGF-8 for 1 h.
Phosphorylation of Smad3 in the linker region was analyzed. The Smad3 C-tail
phosphorylation was also analyzed as a control. B, both CDK2 and CDK4 can
phosphorylate Thr'”® and Ser®°® in vitro. CDK2 or CDK4 immunoprecipitated
from 240 pg of MviLu cell lysates was used to phosphorylate 1 um GST-
Smad3 in a nonradioactive reaction. IgG was also used to immunoprecipitate
the lysates and the immunoprecipitates were used in the control kinase reac-
tion (in the — lane). The reaction products were analyzed by immunoblotting
with Thr(P)'”? or Ser(P)*°® antibodies.
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reporter gene, which is one of the best characterized TGF-3/
Smad reporter genes. The A3 reporter gene contains DNA
binding sites for Smads and FoxH1/FAST-1, a winged-helix
transcription factor. Smads and FoxH1/FAST-1 together acti-
vate the A3 reporter gene (63, 64). As shown in Fig. 74, the
linker phosphorylation mutants have increased capacity to acti-
vate the A3-Luc reporter gene. The double mutant T179V/
S208A has an activity similar to the triple mutant T179V/
S204A/S208A, supporting the notion that Ser®°® is a priming
site for Ser***. In addition, this suggests different functions
of Ser®**/Ser®°® phosphorylation and Thr'”® phosphorylation.
Immunoblot analysis indicated that the mutants and the wild
type Smad3 were expressed at similar levels.

Mutation of the Phosphorylation Sites Increases the Ability of
Smad3 to Activate an Endogenous TGF-B/Smad Target Gene—
To determine the effect of Smad3 linker phosphorylation on
endogenous gene expression, Smad3 or its linker phosphoryla-
tion mutants were inserted into the retroviral vector pLZRSA-
IRES-GFP, and introduced into primary Smad3 /'~ MEF by
retroviral infection. We routinely achieve essentially 100% infec-
tion efficiency in primary MEF. Cells were treated with or with-
out TGF-B. Total RNA was then isolated and analyzed for CDK
inhibitor p15 levels by Northern blot analysis. p15, which inhib-
its CDK4 and CDK®6 activity, is a Smad target gene and plays an
important role in mediating the TGF-B/Smad growth-inhibi-
tory effect (2). As shown in Fig. 7B, the Smad3 phosphorylation
mutants have higher activity than the wild type Smad3 to acti-
vate the p15 expression.

Mutation of the Smad3 Phosphorylation Sites Increases Its
Growth-inhibitory Activity—Primary Smad3~/~ MEF were
infected with the retroviral vector, retroviral wild type Smad3,
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or Smad3 phosphorylation mutants as described above, and
then analyzed in [*H]thymidine incorporation assay. Smad3 is
essential for the TGF-B growth inhibitory effects (15, 17, 58).
Smad3 ™/~ MEF have little response to the TGF-f growth-in-
hibitory signal (Fig. 7C and Refs. 15 and 58). Introduction of
Smad3 restored the TGF- 3 growth inhibition response. Impor-
tantly, Smad3 phosphorylation mutants have higher activity
than wild type Smad3 to inhibit cell proliferation (Fig. 7C).

DISCUSSION

Smads transduce the TGEF-f3 signal at the cell surface into
gene regulation in the nucleus (2—8). We have shown in this
report that in addition to C-tail phosphorylation, TGEF-f3
induces Smad3 phosphorylation in the linker region. Interest-
ingly, C-tail phosphorylation by the receptor appears to be nec-
essary for linker phosphorylation in the presence of TGF-p.
Low doses of TGF-f are sufficient to induce linker phosphoryl-
ation, highly suggesting that phosphorylation occurs in living
organisms at physiological concentrations of TGF-B. Mutation
of the linker phosphorylation sites has no effect on TGF-f3-
induced nuclear accumulation of Smad3 (data not shown).
Mutation of the linker phosphorylation sites increases the abil-
ity of Smad3 to activate a TGF-B/Smad target gene. Moreover,
mutation of the linker phosphorylation sites increases the
growth-inhibitory function of Smad3. These observations sug-
gest that TGF-B-induced linker phosphorylation inhibits the
growth-inhibitory response.

We identified TGF-B-inducible phosphorylation sites in the
Smad3 linker region at Ser®°®, Ser***, and Thr'”®. The Ser*®®
and Ser*** phosphopeptide antibodies do not recognize the
analogous positions in Smad2. The Thr'”® phosphopeptide
antibody also recognizes the analogous position (Thr**°) in
Smad2, and identified that Smad2 is phosphorylated at Thr**°
in response to TGF-B. Carefully reviewing published work
revealed that a previous study had shown that in response to
TGE-B treatment, a phosphopeptide containing the linker
region of Smad2 is phosphorylated as analyzed by two-dimen-
sional phosphopeptide mapping (12). Smad3 and Smad?2 are
highly homologous. They have overlapping as well as distinct
functions (65). It is not clear whether the TGF-B-induced phos-
phorylation of the Smad?2 linker region restricts only to those
sites that are analogous to the Smad3 sites. Future studies are
necessary to identify all TGF-B-induced phosphorylation sites
in Smad2.

Because ERK phosphorylates the same three sites Ser®°®,
Ser’*, and Thr'”® in response to EGF (33), we analyzed
whether ERK is the kinase that phosphorylates these three sites
in the presence of TGF-f. Previous studies have shown that
TGF-B can significantly activate ERK in a cell type-dependent
manner. For example, TGF-f3 stimulates articular chondrocyte
proliferation (66). In response to TGF-3, ERK is rapidly and
markedly activated in articular chondrocytes (66). Its activity
peaks 5 min after TGF-f treatment and then declines to basal
level in 4 h. In Mv1Lu cells, TGF-B potently inhibits their pro-
liferation. TGF-B treatment causes a transient and modest acti-
vation of ERK in Mv1Lu cells: the activation is within 2-fold;
ERK activity peaks ~5 min after TGF-B treatment and then
rapidly declines to basal level within minutes. This is consistent

AV DN

VOLUME 284 +NUMBER 15+APRIL 10, 2009



>

2000+

1000

Relative Luciferase Activity

: g
o =1
I o
@ g
> o
~ ~
[ -
- -

S204A/S208A

B - TGF-B + TGF-p
< <

0 w

(=] (=]

3 o

2 3

= =+

o (=]

3 3

>q4$ > da a9 =

o =% @ o o g O o
EERNME EESNE

Smadd ' = L 0 0 F "' =2 F O o
P15 = e T ——— ey S

Northern Blot

C g
& [] -TeF-p
(4]
S 200 W +TGF-p
2
{ =
o
‘E .
=]
e
8
£ 100
[+}]
£
e
£ .
-
=
i
=
o o0 -
Smad3 - WT T179V S204A S208A T179V
S204A
S208A

FIGURE 7. Mutation of Smad3 linker phosphorylation sites increases its
ability to activate a Smad target gene and its antiproliferative function.
A, mutation of the Smad3 linker phosphorylation sites enhances the capacity
of Smads3 to activate a Smad reporter gene. HepG2 cells were cotransfected
with the A3-Luciferase reporter gene, FoxH1/FAST1, and the vector control,
wild type (WT) Smad3, or a phosphorylation mutant as indicated. Cells were
treated with TGF-B for 24 h. Luciferase activity represents the average of four
independent transfection experiments. One of the transfection experiments
was also analyzed for the expression levels of the various Smad3 as shown in
the lower panel. B, mutation of Smad3 linker sites increases its ability to up-
regulate endogenous p15 expression. Smad3 or its phosphorylation mutants
were introduced into Smad3~/~ MEF by retroviral infection. Cells were
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with a previously reported time course and extent of ERK acti-
vation by TGF-B in Mv1Lu cells (59). Pretreatment of Mv1Lu
cells with a MEK1 inhibitor has little effect on Smad3 linker
phosphorylation in the presence of TGF-B (Fig. 4A4). In addi-
tion, MKP1, which effectively dephosphorylates and inactivates
ERK and other members of the MAP kinase superfamily,
including JNK and p38, has essentially no effect on TGF-3-
induced phosphorylation of the linker sites in Smad3 (Fig. 4B).
Thus, although ERK phosphorylates Ser*°®, Ser***, and Thr'”®
in response to EGF treatment (15, 33), ERK is not responsible
for TGF-B-dependent phosphorylation of the same three sites.

One interesting observation is that although both EGF and
TGEF-B induce phosphorylation of the Smad3 linker region at
the same sites, they have different requirements for the C-tail.
Whereas our results suggest that TGE-3-induced linker phos-
phorylation is dependent on C-tail phosphorylation (Fig. 2B),
the EGF-induced linker phosphorylation does not have such a
requirement (Fig. 2B). Thus, EGF-induced Smad3 and TGEF-3-
induced Smad3 may adapt different conformations to carry out
distinct tasks.

GSK3 plays an important role in insulin and Wnt signaling
pathways (47). Recent studies have shown that GSK3 also reg-
ulates TGF- 3 family signaling. It was shown that ERK-mediated
phosphorylation of Smadl in the linker region primes the
Smad1 linker for phosphorylation by GSK-38 (39), thus ena-
bling ubiquitin ligase Smurf1 binding to Smad1. This binding
inhibits the interaction between Smad1 and its nuclear translo-
cation factor, leading to cytoplasmic retention. Smurfl interac-
tion with Smad1 can also trigger its ubiquitination and degra-
dation (39). Further studies indicate that ERK and GSK
phosphorylation of the Smadl linker sites leads Smadl to be
transported to the centrosomal region, polyubiquitinated, and
degraded by proteasomal machinery (40, 41). In Xenopus
embryos, Wnt signaling decreases the levels of GSK3-phospho-
rylated Smad1 and redistributes it from the centrosome to the
cytoplasmic LRP6 signalosomes (40, 41). Importantly, a recent
study showed that Axin facilitates GSK38 phosphorylation of
Smad3 at Thr®® in the N-terminal domain at the basal state,
triggering Smad3 ubiquitination and degradation (42). It also
showed that GSK38 can phosphorylate the Ser*** site in vitro
and at the basal state in vivo (42). We have shown that GSK3 is
responsible to phosphorylate the Ser”*®* site in response to
TGF-B. Our study also suggests that Ser**® phosphorylation
serves as the priming site for Ser*** phosphorylation by GSK3.
Interestingly, GSK3 phosphorylation of Ser*** appears to be
unique to the Smad3 linker region, because sequence alignment
indicates that the linker regions of other Smads do not fit the
p + 4 rule for the consensus GSK3 phosphorylation site (data not
shown). Thus, GSK3 phosphorylation of Ser?** may have a
unique role in the regulation of Smad3 activity. We have shown

treated with or without TGF-3 for 8 h. Total RNA was prepared from cells and
subjected to Northern blot analysis for p15 levels. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was analyzed as a control. C, mutation of the
Smad3 linker sites increases its growth-inhibitory activity. Smad3 or its phos-
phorylation mutants were introduced into Smad3 ~/~ MEF by retroviral infec-
tion. Cells were treated with or without TGF-g for 24 h. [*H]Thymidine incor-
porations were then analyzed. The results represent the average of four
independent experiments.
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in this study that mutation of Ser*** increases the growth-in-
hibitory function of Smad3. The stability of Smad3 is not
affected by Ser*** phosphorylation, based on published studies
and our mutagenesis results (42) (Fig. 7A and data not shown).
In addition, there appears to be no biochemical relationship
between Thr®® and Ser*** phosphorylation. Thr®® phosphoryl-
ation is diminished in the presence of TGF-B (42), whereas
Ser®** phosphorylation is increased in the presence of TGF-p.
Mutation of Thr®® into T66V or T66D does not affect the TGE-
B-induced phosphorylation of Ser*** (data not shown). Thus,
although both Thr®® and Ser®** are phosphorylated by GSK3,
they appear to be independently regulated.

We have shown that flavopiridol, a chemical inhibitor that
potently inhibits all CDK family members and GSK3 (Refs.
49-56 and references therein), essentially abolishes TGEF-f3-
mediated phosphorylation of all three sites in the linker region
of Smad3. This suggests that CDK family members are respon-
sible for TGE-B-induced phosphorylation of Thr'”® and Ser*°®.
Ideally, the flavopiridol data should be complemented by anal-
ysis in CDK knock-out cells and by the knockdown approach.
However, this is very difficult. We have previously shown that
both CDK2 and CDK4 can phosphorylate Thr'”® at the basal
state (15). CDK6, which is homologous to CDK4, can also phos-
phorylate Thr'”® (data not shown). Moreover, CDK1, which is
similar to CDK2, can also phosphorylate Smad3 (67). Mouse
knock-out studies of all three cyclin D isoforms, both CDK4 and
CDKG®, both cyclin E isoforms, or CDK2 revealed the compen-
satory mechanisms that operate in the absence of a cyclin or
CDK (68-75). Most strikingly, a recent study showed that in
CDK2 /~CDK4 /~CDK6 '~ triple knock-out cells, CDK1
activity is increased and it compensates for all the activities of
CDK2, CDK4, and CDK®6 (76). One cannot use RNA interfer-
ence, antisense, or chemical inhibitor to inhibit CDK1 activity
in the triple knock-out cells, because triple knock-out cells
completely rely on the single CDK, CDK1, to proliferate. If the
CDK1 activity is inhibited in triple knock-out cells, triple
knock-out cells will not be able to survive. In addition, there is
another complexity. Besides CDK2, CDK4, CDK®6, and CDK1,
there are several other members in the CDK family. Although
these technical challenges prevent us from making further con-
clusions, the strong flavopiridol data and the in vitro kinase
assay results by CDK2 and CDK4 highly suggest that the CDK
family members mediate the TGF-B-induced phosphorylation
of Thr'”® and Ser®°®. The mechanism by which TGF-p treat-
ment leads to CDK phosphorylation of Smad3 linker sites
remains to be elucidated. We cannot detect an increase in
CDK activities after cells are treated with TGF- for 30 min,
1 h, or 1.5 h (data not shown). Because CDKs are very abun-
dant kinases, the activation of CDKs can be masked if only a
very small fraction of CDKs are activated. In addition, the
mechanism may not involve CDK activation. For example,
CDKs may phosphorylate the Smad3 linker region once its
conformation is changed in response to C-tail phosphoryla-
tion. In addition, it is not clear why the Ser®'? site in Smad3,
which is phosphorylated by CDKs at the basal state (15), is
not phosphorylated in response to TGF-B. The ultimate
understanding of the dynamic regulation of Smad3 linker
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phosphorylation will be dependent on successful structural
studies.

In conclusion, we have identified three sites in the Smad3
linker region that are rapidly phosphorylated by TGF-f treat-
ment. We have provided evidence suggesting that the C-tail
phosphorylation by the receptor is necessary for TGF-B-in-
duced phosphorylation of the linker region. Our observations
reveal that the main scheme of the TGF- signal transduction
pathways are much more complex than previously envisioned.
Our findings provide an important foundation for further iden-
tification of key components in the TGF-f3 signal transduction
pathways.
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