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TGF-p-activated Smad3 represses
MEF2-dependent transcription in
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Transforming growth factor p (TGF-p) inhibits myogenesis
and associated gene expression. We previously reported
that the TGF-p signaling effector Smad3 mediates this
inhibition, by interfering with the assembly of myogenic
bHLH transcription factor heterodimers on E-box se-
quences in the regulatory regions of muscle-specific
genes. We now show that TGF-f-activated Smad3 sup-
presses the function of MEF2, a second class of essential
myogenic factors. TGF-p signaling through Smad3 re-
presses myogenin expression independently of E-boxes,
and prevents a tethered MyoD-E47 dimer to activate tran-
scription indirectly through MEF2-binding sites. In addi-
tion, Smad3 interacts with MEF2C, which requires its
MADS domain, and disrupts its association with the SRC-
family coactivator GRIP-1, thus diminishing the transcrip-
tion activity of MEF2C. Consistent with this physical
displacement, TGF-p signaling blocks the GRIP-1-induced
redistribution of MEF2C to discrete nuclear subdomains in
10T1/2 cells, and the recruitment of GRIP-1 to the myo-
genin promoter in differentiating myoblasts. These find-
ings indicate that the TGF-§/Smad3 pathway targets two
critical components of the myogenic transcription machin-
ery to inhibit terminal differentiation.
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Introduction

The induction of the skeletal myogenic differentiation de-
pends on the activities of two groups of transcription factors.
The first is the MyoD family of basic-helix-loop-helix
(bHLH) factors, also known as myogenic regulatory factors
(MRFs), which include MyoD, myogenin, MyfS and MRF4.
Ectopic expression of any single MRF converts non-myo-
genic, mesenchymal cells into myoblasts, and germline
mutations of MRFs result in defective muscle formation in
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mice (Molkentin and Olson, 1996; Yun and Wold, 1996).
Transcriptional activation by MRFs occurs through dimeriza-
tion with E proteins, another class of bHLH proteins. MRF/E
protein complexes bind to conserved E-box sequences pre-
sent in enhancers of muscle-specific genes (Lassar et al,
1991). The second class of transcription factors essential for
muscle development is the myocyte enhancer factor 2
(MEF2) family. MEF2A-D share homology in the MADS
and adjacent MEF2 domains, which mediate dimerization,
DNA binding and cofactor interactions (Black and Olson,
1998). MEF2 proteins lack myogenic activity by themselves,
but potentiate the activity of MRFs through combinatorial
association and transcriptional cooperation (Molkentin et al,
1995). MRFs and MEF2 factors regulate each other’s ex-
pression in positive feedback loops (Braun et al, 1989;
Edmondson et al, 1992).

Consistent with their pivotal roles in muscle differentia-
tion, MRF and MEF2 are targeted by signaling pathways that
restrict the progression of myogenesis (Naya and Olson,
1999; Perry and Rudnicki, 2000). Notably, activation of
Ca®? " Jcamodulin-dependent kinases (CaMKs) at the onset
of muscle differentiation dynamically releases class II histone
deacetylases (HDACs) from MEF2 at promoters of muscle
genes, resulting in association of MEF2 with coactivators
with histone acetyltransferase (HAT) activity and enhanced
myogenic activity (McKinsey et al, 2000, 2002). Conversely,
the cdk4/cyclin D kinase activity prevents the activation of
MEF2 by the coactivator GRIP-1, thus suppressing myogenic
differentiation (Lazaro et al, 2002).

Members of the transforming growth factor B (TGF-p)
family are potent inhibitors of terminal differentiation of
cultured myoblasts (Massagué et al, 1986; Olson et al,
1986). The suppression of differentiation by TGF-f in cells
that constitutively overexpress MyoD or myogenin suggests
post-transcriptional repression of muscle-specific gene ex-
pression (Vaidya et al, 1989; Brennan et al, 1991). Until
recently, the intracellular signaling components and mechan-
isms that mediate such transcriptional repression have
remained obscure.

TGF-B signals are transmitted by protein complexes con-
sisting of receptor-activated Smads, Smad2 and/or Smad3,
and a common mediator Smad4 (Shi and Massagué, 2003).
Since Smads regulate gene expression through physical and
functional interaction with transcription factors, we investi-
gated the role of Smads in TGF-f repression of MRF activity.
We found that Smad3, but not Smad2, blocks MyoD-mediated
transcriptional activation by associating with the bHLH
region of MyoD. This interaction interferes with MyoD/E
protein dimerization and cooperative binding to E-boxes
(Liu et al, 2001). These findings revealed a mechanism
whereby TGF-f-activated Smad3 inhibits E-box-dependent
muscle gene expression. Nonetheless, supplying an excess
of E12 only partially overcame the repression of
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MyoD-mediated activation of the muscle creatine kinase
(MCK) promoter by TGF-B/Smad3, suggesting that additional
regulatory elements are targeted for repression (Liu et al,
2001).

Here we demonstrate that TGF-B-activated Smad3 inhibits
MEF2-dependent transcription. Smad3 interacts with MEF2C,
and represses its transcription activity without affecting DNA
binding. Our results suggest versatile roles for Smad3 in the
suppression of muscle-specific gene expression through
multiple mechanisms.

Results

TGF-p-activated Smad3 represses muscle-specific
transcription independently of E-boxes

TGF-B, through Smad3, inhibits the formation of MyoD/E
protein heterodimers on E-boxes, a prerequisite for efficient
activation of the myogenic transcription program (Liu et al,
2001). This is supported by the observation that the activity
of a tethered MyoD ~E47 dimer, in which MyoD was linked
to E47, was refractory to Smad3-mediated repression, as
determined by expression of a reporter gene under the control
of E-box sites. However, the activation of the MCK promoter
by MyoD ~E47 remained partially sensitive to inhibition by
TGF-B/Smad3 (Liu et al, 2001). To corroborate this finding,
we evaluated the capacity of MyoD ~E47 to induce myogenic
conversion of C3H10T1/2 fibroblasts in the presence or
absence of elevated TGF-f signaling. TGF-B treatment and
Smad3 coexpression significantly impaired the expression
of myogenin, a direct transcription target of MyoD, and the
late differentiation marker myosin heavy chain (MHC) in
cells exogenously expressing MyoD~E47 (Figure 1). Since

Myogenin MyoD~E47

Control

+Smad3
+TGF-j3

MyoD~E4T - + + + &
Smad3 - - + - &
TGFf - - - + +

S Myogenin
F = . MHC

— v w— — My oD~E4T

Figure 1 TGF-B-activated Smad3 inhibits induction of myogenin
expression in C3H10T1/2 fibroblasts by the tethered MyoD ~E47
dimer. 10T1/2 cells were transfected with a plasmid encoding
MyoD~E47 (A-C), or together with a plasmid for Smad3 (D-F).
After transfection, cells were cultured in DM with or without 2 ng/
ml TGF-B, as indicated, for 15h and processed for immunofluores-
cence staining using anti-myogenin antibody (green). Expression of
exogenous MyoD ~E47 was detected using anti-HA antibody (red),
and nuclei were visualized by DAPI staining (blue). The induction
of myogenin or MyoD~E47 15h after switching to DM, and
expression of skeletal MHC after 3 days in DM were evaluated by
immunoblots (G).
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TGF-B/Smad3 signaling does not affect MyoD ~E47 binding
and transactivation of E-boxes (Liu et al, 2001), we concluded
that in addition to E-boxes, the repression by Smad3 is
directed at other cis-regulatory element(s) present in complex
muscle promoters/enhancers.

Smad3 inhibits MEF2-dependent transcription

Like many genes associated with myogenesis, transcriptional
activation of myogenin depends on the cooperation of MyoD
and MEF2 proteins (Molkentin et al, 1995). A composite
module of an E-box and MEF2-binding site in the myogenin
promoter, located within 184 nucleotides upstream of the
transcription start site, has been shown to confer its proper
muscle-specific expression (Edmondson et al, 1992). As
shown in Figure 2A, transient expression of MyoD~E47,
but not MEF2C alone, strongly activated the myogenin pro-
moter in 10T1/2 cells. Deletion of the E-box did not prevent
promoter activation, consistent with reports suggesting that
MyoD indirectly induces myogenin expression through MEF2
(Buchberger et al, 1994). Coexpression of Smad3 repressed
the reporter activity, an effect more evident in TGF-B-treated
cells. On the other hand, mutation of the MEF2 site elimi-
nated the promoter activity. These results suggest that
Smad3-mediated inhibition of myogenin promoter activation
is targeted at the ability of a functional MyoD/E protein
complex, in cooperation with MEF2, to activate transcription
through the MEF2-binding site.

To determine if TGF-B-activated Smad3 reduces the tran-
scription synergy between MyoD and MEF2, we performed
assays using a reporter under the control of tandem MEF2
sites (Figure 2B). Unlike the myogenin promoter that lacks
an E-box, MyoD ~ E47 by itself did not activate the expression
of the MEF2 reporter. Neither did MEF2C1-204, a truncated
MEF2C lacking the transcriptional activation domain (TAD).
However, coexpression of MyoD ~E47 and MEF2C1-204 acti-
vated the reporter, presumably through MyoD TAD tethered
to MEF?2 sites. This activity is inhibited by Smad3, especially
in the presence of TGF-B. We then determined if TGF-B/
Smad3 inhibits transactivation of a heterologous promoter
by MyoD TAD tethered through the MADS/MEF2 domain
of MEF2C. As shown in Figure 2C, expression of Smad3, in
combination with TGF-B, abolished the activation of a luci-
ferase reporter under the control of Gal4-binding sites by
MyoD ~E47, anchored through a fusion protein of the Gal4
DNA-binding domain (Gal4-DBD) and MEF2C1-204.
However, fusion of Smad3 with the TAD of HSV VP16
converted Smad3 to an activator of the Gal4 reporter,
presumably due to physical interaction of Smad3 with
MEF2C1-204 (Figure 2D). These results demonstrate that
TGF-B-activated Smad3 blocks the transcriptional activation
by MyoD bound to DNA through protein-protein interaction
with MEF2, without an obligatory involvement of the MEF2C
transactivation function. They also raise the possibility that
Smad3/MEF2C interaction interferes with the association and
cooperation between MyoD ~E47 and MEF2C.

Besides serving as a cofactor for myogenic bHLH proteins
during myogenesis, MEF2 can activate transcription by itself.
We therefore investigated whether Smad3 could repress
MEF2-dependent gene expression by interfering with the
transcription activity of MEF2 itself (Figure 2E). Under con-
ditions of excess MEF2C expression, endogenous Smad3 is
inefficient in mediating repression of MEF2 activity by TGF-f
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Figure 2 TGF-B/Smad3 represses transcription from MEF2-binding sites. (A) Effects of TGF-B and Smad3 on activation of the myogenin
promoter by MyoD ~E47. 10T1/2 cells were cotransfected with MyoD ~E47 and Smad3, along with reporter plasmids driven by the myogenin
promoter (Myo184-CAT), or myogenin promoter with deletion of the functional E-box site (Myo184(-E1)-CAT), or with a mutated MEF2 site
(Myo0184(mMEF2)-CAT). Cells were treated with or without 2 ng/ml TGF-B for 24 h before lysis to measure CAT activities. Relative CAT values
were normalized against the expression of a control f3-gal plasmid and are averages of replicate experiments. (B) Effects of TGF-/Smad3 on the
cooperative transcriptional activation through MyoD~E47 and MEF2C association. 10T1/2 cells were cotransfected with MyoD~E47, a
truncated MEF2C containing amino acids 1-204, and Smad3, together with an MEF2 reporter 3xMEF2-Luc. Luciferase activities were measured
in cell lysates 24 h after incubation in DM with or without 2 ng/ml TGF-f. (C) Effects of TGF-B/Smad3 on the interaction between MEF2C and
MyoD~E47. 10T1/2 cells were transfected with the indicated plasmids in Gal4 reporter assays to score transcription activity. (D) Effects of
Smad3 fused to the VP16 TAD on Gal4-fused MEF2C1-204 in reporter assays as in (C), but shown on a different scale. (E) Effects of TGF-B/
Smad3 on the transcriptional activity of MEF2C and MEF2C-VP16. 10T1/2 cells were cotransfected with MEF2C or MEF2C-VP16 fusion and the
indicated Smads or Smad mutants, along with the 3xMEF2-Luc reporter. (F) Requirement of Smad3 for transcriptional repression of MEF2 by
TGF-P. MEF2 reporter assays, as in (B), were performed in Smad3~/~ mouse fibroblasts or the same cells that re-express Smad3 from a viral
promoter (LPCX-Smad3).

signaling, whereas increasing levels of exogenous Smad3
dose-dependently inhibited the transactivation of the
3xMEF2-Luc reporter by MEF2C. This inhibition was en-
hanced by TGF-B, and by cotransfection of Smad4. Unlike
Smad3, Smad2 mildly augmented MEF2C-dependent tran-
scription, possibly by competing with endogenous Smad3

©2004 European Molecular Biology Organization

for Smad4 association, which has been shown to account for
the antagonistic effects of Smad2 and Smad3 on goosecoid
promoter activation (Labbé et al, 1998). Similarly, expression
of Smad3AC, a dominant-negative mutant of Smad3, in-
creased the MEF2C-activated transcription, reflecting auto-
crine TGF-p signaling.
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In contrast to wild-type MEF2C a MEF2-VP16 fusion with
the transcription activation domain of MEF2 replaced by that
of VP16 activated the MEF2 reporter expression to similar
levels in the presence or absence of TGF-B-activated Smad3,
suggesting that repression of MEF2-dependent transcription is
not due to diminished DNA binding of MEF2C (Figure 2E, last
two lanes). This result also suggests that the effect of Smad3
was not due to a nonspecific transcription squelching, since a
heterologous TAD from VP16 was not significantly affected.

Finally, to determine if the ability of TGF-B signaling to
repress MEF2 activity requires Smad3, we assayed transcrip-
tion in Smad3 /" fibroblasts. TGF-B did not significantly
repress the MEF2 reporter activity. In contrast, constitutive
expression of Smad3 conferred a robust inhibitory response
(Figure 2F). Therefore, the repression of MEF2 activity by
TGF-B is mediated through Smad3.

MH2 domain of Smad3 interacts physically with MEF2C
Considering the ability of Smads to associate with other
transcription factors and modulate their activities, we eval-
uated the physical interaction between MEF2C and Smad
proteins involved in TGF-f signaling. As shown in Figure 3A,
HA-tagged MEF2C was co-immunoprecipitated with Flag-
tagged Smad3 in cells cotransfected with Smad3, but not
with Smad2 or Smad4. In addition, Smad3C, which contains
the MH2 domain of Smad3, co-precipitated with MEF2C,
whereas Smad3NL, containing the MH1 domain and linker
region, did not. The lack of a Smad2/MEF2 association might
explain the inability of Smad2 to inhibit the transcriptional
activity of MEF2C (Quinn et al, 2001). To corroborate these
results, we assessed the ability of recombinant Smads to
interact with MEF2C in vitro (Figure 3B). Of the four Smad
GST fusion proteins tested, Smadl-4, only Smad3 had sig-
nificant affinity for in vitro-translated MEF2C. In agreement
with the immunoprecipitation assays, the GST fusion of the
Smad3 MH2 domain (GST-Smad3C), but not the MH1-linker
region (GST-Smad3NL), bound to MEF2C.

We also tested the ability of deletion mutants of MEF2C to
interact with Smad3 (Figure 3C and D). Deletion of the N-
terminal MADS domain abolished the interaction. In contrast,
truncating the C-terminal region did not affect the interaction
of MEF2C with Smad3. Thus, the MADS domain of MEF2C is
required for its interaction with Smad3.

Figure 3 Smad3 interacts with MEF2C in vivo and in vitro. (A)
Association of Smad proteins with MEF2C. COS cells were trans-
fected with HA-tagged MEF2C and Flag-tagged Smad2, 3 or 4, or
Smad3 fragments (Smad3NL and Smad3C). Smad proteins were
immunoprecipitated (IP) from transfected cell lysates using anti-
Flag antibody, and the Smads or MEF2C in the immune complexes
were detected in immunoblots (IB) using anti-Flag or anti-HA
antibody, respectively (upper and middle panels). Expression of
MEF2C was assessed by immunoblotting of a portion of the cell
lysates (lower panel). (B) Interaction of recombinant GST-Smad1-4
with 3°S-labeled, in vitro-translated MEF2C. The upper panel shows
MEF2C retained by the indicated GST-Smad proteins immobilized
on agarose beads. The same gel stained with Coomassie blue, in the
lower panel, shows the integrity and equal loading of the GST
fusion proteins. (C) Mapping of the Smad3 interaction domain in
MEF2C. HA epitope-tagged, full-length or MEF2C deletion mutants,
shown in (D), were cotransfected with Flag-tagged Smad3. Flag
immunoprecipitates were subjected to immunoblotting using anti-
HA antibody (upper panel). Expression levels of Smad3 and MEF2C
mutants in the cell lysates are shown in immunoblots (middle and
lower panels).
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Since the MADS domain of MEF2C also mediates DNA
binding, we tested whether Smad3 could associate with
MEF2C while bound to DNA. In a DNA adsorption assay,
Smad3 was co-precipitated with MEF2 using a biotinylated
oligonucleotide corresponding to the MEF2-binding site from
the MCK enhancer (Figure 4). Smad3 did not bind to the
MEF2 oligonucleotide in the absence of MEF2C, or a control
mutant MEF2 oligonucleotide. This result indicates that bind-
ing of MEF2C to DNA or Smad3 is not mutually exclusive,
consistent with our similar finding based on reporter assays
(Figure 2C).
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Figure 4 Smad3 interacts with MEF2C tethered to its target DNA
sequences. Biotinylated wild-type MEF2 (W) or mutant MEF2 (M)
oligonucleotide immobilized on streptavidin beads was incubated
with lysate of COS cells transfected with the indicated expression
plasmids. MEF2C and Smad3 proteins bound to the MEF2 cognate
sequences were analyzed by immunoblotting using anti-Myc or
anti-Flag antibodies, respectively. The lower panels show the
expression levels of Myc-MEF2C and Flag-Smad3 proteins as ana-
lyzed in immunoblots of the cell lysates.

Smad3-mediated repression is directed at the MEF2
coactivator function of GRIP-1

The function of MEF2 family proteins is defined by interact-
ing repressors and coactivators involved in chromatin
remodeling (McKinsey et al, 2001). Because the MADS
domain of MEF2 can recruit class II HDACs, which act as
signal-responsive repressors (Miska et al, 1999; Lu et al,
2000), we evaluated the possibility that repression of MEF2
activity by Smad3 results from enhanced recruitment of
HDACs. Our results ruled out such a mechanism, as the
HDAC inhibitor trichostatin A (TSA) did not significantly
affect Smad3-mediated repression in MEF2 reporter assays
(Figure 5A).

Conversely, the transcription activity of MEF2 is poten-
tiated by coactivators such as CBP/p300 (Sartorelli et al,
1997) and GRIP-1 (Chen et al, 2000b) that associate with
the MADS domain. GRIP-1, first identified as a nuclear
receptor-interacting protein, is required for the transactiva-
tion function of MEF2 and myogenic differentiation (Chen
et al, 2000b). Thus, Smad3-mediated repression of MEF2
activity may be targeted against the coactivator association.
Consistent with this hypothesis, coexpression of GRIP-1 en-
hanced MEF2-dependent transcription and overcame the
repression by TGF-B/Smad3 (Figure 5B, lane 5). A similar
effect was also observed when CBP was overexpressed
(Figure 5B, lane 8). Within GRIP-1, the activation domain 1
(AD1), at amino acids 1040-1120, activates transcription
through recruitment of p300/CBP (Yao et al, 1996; Torchia
et al, 1997). A second activation domain near the C-terminus,
AD2, encodes histone acetyltransferase activity, and binds to
the CARM-1 methyltransferase, which also contributes to
transcriptional activation (Chen et al, 2000a; Ma et al,
2001). The GRIP-1 deletion mutants, GRIP-1-AAD1 and
GRIP-1-AAD2, were less effective than full-size GRIP-1 in
overcoming the repression of MEF2 reporter expression by
TGF-B/Smad3 (Figure 5B, lanes 6 and 7), suggesting a role
for both AD1 and AD2. This result also implies that the
partial rescue of Smad3-mediated repression by CBP overex-
pression may relate to the compensatory HAT activity of CBP,
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Figure 5 Smad3-mediated repression is targeted at a MEF2 coacti-
vator. (A) Effect of TSA on inhibition of TGF-B/Smad3-mediated
repression of MEF2 function. 10T1/2 cells were transfected with the
indicated plasmids along with the 3xMEF2-Luc reporter. In lane 4,
cells were treated with TSA in DM prior to reporter activity assay as
in Figure 2. (B) Reversal of Smad3-mediated repression by excess
GRIP-1 or CBP. 10T1/2 cells were transfected with the indicated
expression plasmids for MEF2C, Smad3, GRIP-1, GRIP-1 deletion
mutants (AAD1 and AAD2) or CBP, as shown. (C) Inhibition of
GRIP-1 coactivation of MEF2-dependent transcription by TGF-B/
Smad3. GRIP-1 and CaMKIV were coexpressed with MEF2C in
MEF2 reporter assays. Smad3 overexpression and TGF-f treatment
reduced the transcription synergy conferred by GRIP-1 and CaMKIV.

through direct association with MEF2, or recruitment to the
AD1 domain of GRIP-1.

Reciprocally, we determined the effect of increased TGF-f/
Smad3 signaling on GRIP-1 coactivation of MEF2-dependent
transcription. As reported (Lazaro et al, 2002), expression of
GRIP-1 with activated CaMKIV enhanced the MEF2 reporter
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gene expression (Figure 5C). However, Smad3 overexpres-
sion in the presence of TGF-B abolished this synergistic
activity. Together, these data strongly suggest that the repres-
sion of MEF2 activity by TGF-B-activated Smad3 is targeted
at a coactivator function such as that of GRIP-1.

Smad3 disrupts the association of MEF2C with GRIP-1
Since both Smad3 and GRIP-1 physically interact with the
MADS domain of MEF2C, and TGF-B-activated Smad3 inter-
feres with the synergy between GRIP-1 and MEF2C, we
thought that the association of MEF2C with Smad3 may
preclude its association with GRIP-1. We therefore evaluated
the effect of Smad3 on the GRIP-1/MEF2C interaction using
mammalian two-hybrid assays (Figure 6A). In these assays,
GRIP-1 fused to the Gal4 DBD (Gal4-GRIP-1) was coexpressed
in 10T1/2 cells with a fusion protein of the MADS/MEF2
domain of MEF2C linked to VP16 TAD (MEF2C-VP16), along
with the Gal4-luciferase reporter. The interaction between
MEF2C and GRIP-1 correlates with the reporter activation
through VP16 TAD (Figure GA, lane 4). Coexpression of
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Figure 6 Smad3 interferes with the interaction of MEF2C with
GRIP-1. (A) Effects of TGF-p/Smad3 on MEF2C/GRIP-1 or
MEF2C/CBP association in mammalian two-hybrid assays. 10T1/2
cells were transfected with expression plasmids for Gal4 DNA-
binding domain (Gal4-DBD), Gal4-DBD fused to GRIP-1 (Gal4-
GRIP-1) or amino acids 1061-1891 of CBP (Gal4-CBP-NS), VP16
fusion of MEF2C and Smad3, and Smad3, together with the Gal4-
Luc reporter. Cells were then treated with or without 2 ng/ml TGF-8
and luciferase reporter assays were performed as described above.
(B) Effects of TGF-B/Smad3 on co-immunoprecipitation of MEF2C
and GRIP-1. HA-tagged GRIP-1 and Myc-tagged MEF2C were coex-
pressed with increasing amounts of Flag-tagged Smad3 in COS cells.
Cell lysates were subjected to immunoprecipitation using anti-HA
antibody and immunoblots for tagged GRIP-1 and MEF2C. Portions
of the lysates were used to evaluate the expression of Myc-MEF2C
and Flag-Smad3 by immunoblot analyses.
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Smad3 largely abolished this interaction, an effect further
enhanced by TGF-f (Figure 6A, lane 5). Unlike MEF2C, GRIP-
1 did not interact with Smad3 (lane 6), and in contrast to its
effect on GRIP-1/MEF2C association, Smad3 did not signifi-
cantly affect the association of MEF2C with CBP-NS (Horvai
et al, 1997; De Luca et al, 2003), a CBP fragment shown to
bind MEF2 (Figure 6A, last two lanes). We conclude that
increased nuclear levels of Smad3 disrupt the physical inter-
action of GRIP-1 and MEF2C.

We also evaluated the ability of Smad3 to block the in vivo
complex formation of GRIP-1 and MEF2C by co-immunopre-
cipitation. As shown in Figure 6B, increasing level of Smad3
resulted in dissociation of MEF2C from GRIP-1. TGF-f treat-
ment of cells overexpressing Smad3 further depleted MEF2C
from the GRIP-1 immune complexes. These results further
demonstrate that competitive dissociation of the coactivator
GRIP-1 from MEF2C is at the basis of the Smad3-mediated
repression of MEF2C activity.

Smad3 displaces MEF2C from nuclear subdomains
containing GRIP-1

GRIP-1, ectopically expressed in 10T1/2 cells, sequesters
MEF2C to punctate nuclear structures (Lazaro et al, 2002).
We thus investigated the effect of Smad3 on the nuclear
colocalization of MEF2C and GRIP-1. As reported, GRIP-1
exhibited a punctate nuclear distribution in transfected cells
(Figure 7D). When expressed alone, MEF2C was diffusely
localized throughout the nucleus (Figure 7B and C). GRIP-1
coexpression localized a substantial fraction of the MEF2C
protein into punctate nuclear subdomains that coincided with
GRIP-1 (Figure 7E and F). Smad3 coexpression, however,

Smad3

Smad3
+TGF-f

Figure 7 TGF-f-activated Smad3 altered the subnuclear colocaliza-
tion of MEF2C and GRIP-1. 10T1/2 cells were transfected with
expression plasmids for MEF2C alone (A-C), MEF2C and GRIP-1
(D-F) or MEF2C, GRIP-1 and Smad3 (G-L). Cells were cultured in
the presence or absence of TGF-B, and the subnuclear distributions
of MEF2C (red) and GRIP-1 (green) were determined by immuno-
fluorescence. Colocalization of the proteins is indicated by the
yellow staining in merged images.

©2004 European Molecular Biology Organization



conferred a less-restricted, diffuse pattern of MEF2C staining
(Figure 7H-L). In contrast to the observation that Cdk4
activity excludes GRIP-1 and MEF2C from subnuclear struc-
tures (Lazaro et al, 2002), elevated TGF-§ signaling did not
alter the punctate GRIP-1 nuclear staining (Figure 7G and J).
Therefore, while TGF-B-activated Smad3 does not influence
the intranuclear distribution of GRIP-1 itself, it prevents
the tethering of MEF2C by GRIP-1 to specific subnuclear
structures.

TGF-p signaling blocks the recruitment of GRIP-1

to the myogenin promoter

During myoblast differentiation, GRIP-1 accumulates in the
nucleus and assembles with MEF2 at target promoters to
function as an essential coactivator for muscle-specific tran-
scription (Chen et al, 2001; Lazaro et al, 2002). To determine
if TGF-P signaling through Smad3 interferes with the recruit-
ment of endogenous GRIP-1 to MEF2 sites on the promoters
of muscle-specific genes, we carried out chromatin immuno-
precipitations using PCR primers spanning the MEF2-binding
sites. Thus, we isolated the MEF2/GRIP-1 transcription com-
plexes from proliferating, undifferentiated C2C12 myoblasts
and cells undergoing differentiation, as well as differentiating
cells exposed to TGF-fB. As shown in Figure 8A, the amount
of GRIP-1 in association with the myogenin promoter
segment was higher in differentiating myoblasts compared

A Ctrl GM DM DM

- GRIP-1
Myogenin W R W\ EF2A/C
promoter

A |t

MCK | =8 cre
promoter ,
e nput

TGF-B - - - o+
B DHT - - +

TGF-B -+ -+

won - - GR|P-1

PSA
promoter

- A e & (nput

Figure 8 TGF-B-activated Smad3 decreased the recruitment of
GRIP-1 to the myogenin and MCK promoters in C,C;, myoblasts
(A) Soluble chromatin was prepared from proliferating myoblasts
cultured in GM, differentiating myoblasts (DM) or cells exposed to
5Sng/ml TGF-B in DM for 6h. Chromatin solutions were immuno-
precipitated using antibodies for GRIP-1, or MEF2A/C, or control
IgG (ctrl). Immune complexes were analyzed by PCR in the
presence of **P-dCTP using primers that span the MEF2-binding
sites in the myogenin or MCK promoters as described (Lu et al,
2000). Equivalent amounts of input chromatin were used as shown
by direct PCR of the chromatin samples. (B) TGF-B did not affect the
GRIP-1 recruitment, through the androgen receptor, to the PSA
promoter. Treatment of LNCaP TPRII cells with 10nM dihydrotes-
tosterone (DHT) for 3 h induced GRIP-1 recruitment, which was not
affected by the presence of 5 ng/ml TGF-B. Immune complexes were
analyzed by PCR using primers that span the androgen receptor-
binding sequence of the PSA promoter.
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to proliferating cells. Importantly, recruitment of GRIP-1 at the
myogenin promoter was reduced in TGF-B-treated cells,
whereas MEF2A/C bound to chromatin was unaffected. A
similarly decreased interaction of GRIP-1 also occurred at the
MCK promoter (Figure 8A). In contrast, TGF-f3 treatment did
not decrease androgen-induced recruitment of GRIP-1,
through DNA binding of the activated androgen receptor, to
the prostate-specific antigen (PSA) promoter (Figure 8B),
which is transcriptionally repressed by TGF-B (Hayes et al,
2001). These results reinforce our conclusion that elevated
TGF-B signaling results in dissociation of GRIP-1 from tran-
scription complexes bound to the MEF?2 sites, which correlates
with reduced activation of MEF2-dependent transcription.

Discussion

The data presented demonstrate that Smad3 acts as a direct
effector of TGF-f signaling to antagonize MEF2 function
during myogenesis through two mechanisms: (1) by disen-
gaging the synergy between MyoD and MEF2 required for
muscle-specific gene expression and (2) by displacing the
GRIP-1 coactivator from MEF2 target promoters. Both me-
chanisms appear to result from the interaction of Smad3 with
MEF2, thereby requiring its conserved MADS/MEF2 region,
without affecting DNA binding of MEF2. This interaction may
occur in a manner similar to the association of MEF2 with the
corepressors Cabinl or class Il HDACs, in which DNA binding
and corepressor recruitment are mediated by protein surfaces
located on opposite sides of the MADS/MEF2 domain (Han
et al, 2003). Combined with our observation that Smad3
interferes directly with MyoD function (Liu et al, 2001),
these results support a model in which Smad-mediated
TGF-B signaling suppresses muscle differentiation by imping-
ing on multiple interfaces of the coordinated transcriptional
circuitry that consists of MEF2 and myogenic bHLH factors.

TGF-Bp/Smad3 targets MEF2, in addition to MyoD,

to inhibit myogenic transcription

A ‘myogenic recognition motif’ (MRM) within the bHLH
region of MyoD family proteins has been shown to confer
both myogenic potential and susceptibility to TGF-B-induced
inhibition (Martin et al, 1992). It was therefore postulated that
TGF-f signaling may perturb the function of a transcriptional
cofactor that depends on MRM. In agreement with this notion,
we now provide evidence that TGF-f inhibits the myogenic
coactivator function of MEF2. Similar mechanisms mediate the
indirect inhibition of MRF activity by Notch and Raf signaling
(Wilson-Rawls et al, 1999; Winter and Arnold, 2000).

The repression of MyoD-dependent transcription by TGF-f/
Smad3 through mechanisms that inactivate MEF2 comple-
ments the ability of Smad3 to inhibit MyoD/E protein hetero-
dimerization (Liu et al, 2001). At strictly E-boxes-driven
promoters, MEF2C overexpression was not sufficient to over-
come Smad3-mediated repression (D Liu and R Derynck,
unpublished results), suggesting that in such sequence con-
texts, a direct effect of Smad3 on MEF2 contributes little to
TGF-B-induced repression. However, many muscle-specific
genes contain both E-box and MEF2 sites in their regulatory
regions, which confer transcription activation through syner-
gistic cooperation. Therefore, the inhibitory action of TGF-$/
Smad3 on muscle differentiation is exerted at two restriction
nodes within a mutually reinforcing myogenic regulatory
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circuit, in which MEF2 and MyoD family proteins, already
present in myoblasts prior to differentiation, induce each
other’s expression to promote myogenesis (Black and
Olson, 1998). Such dual roles of Smad3 allow for a broader
control over the myogenic transcription program, which may
explain how TGF-f signaling, through endogenous Smad3,
effectively blocks the differentiation of C,C,, myoblasts or
10T1/2 fibroblasts constitutively overexpressing MyoD or
myogenin (Vaidya et al, 1989; Brennan et al, 1991).

One of the genes shown to be controlled by both MRF and
MEF2 is myogenin. Its expression at the onset of differentia-
tion depends on MEF2-mediated recruitment of MyoD or
Myf5 into an active transcription complex. Thus, activation
of myogenin transcription by MyoD in differentiating myo-
blasts, a process dependent on pre-existing MEF2, requires an
MEF2-binding site, but not E-boxes (Edmondson et al, 1992;
Buchberger et al, 1994). Furthermore, DNA footprinting
revealed stable occupation of the MEF2 site but not the
E-boxes of the myogenin promoter in differentiated myo-
tubes, and antisense MEF2C mRNA abolished the activation
of myogenin promoter by Myf5 (Johanson et al, 1999).
Therefore, our observation that Smad3 repressed transcrip-
tional activation of myogenin by MyoD ~E47 strongly sup-
ports a repression due to silencing of the coactivator function
MEF2. Unlike myogenin, MRF4 expression is induced by
MyoD through an E-box-dependent mechanism. The single
MEF2 site in the MRF4 promoter is dispensable for its
expression, although MEF2 can indirectly activate MRF4
transcription (Black et al, 1995). In this case, Smad3-
mediated repression of MEF2 may seem redundant, but
ensures maximal silencing of muscle gene expression.

Smad3 signaling impairs the function of GRIP-1,

a MEF2 coactivator

Our observation that Smad3 regulates MEF2 coactivator
association adds to previously identified signaling pathways
that intersect with the myogenic transcription program at the
level of cofactors involved in chromatin remodeling. TGF-B-
activated Smad3 specifically perturbed the association of
GRIP-1 with MEF2C and prevented the recruitment of MEF2
to subnuclear sites that accumulate GRIP-1. Consistent with
these observations and supporting our conclusion that TGF-f
signaling targets MEF2 function, forced expression of MEF2C
in the nuclei of myoblasts confers resistance to the inhibitory
action of TGF-B on differentiation (De Angelis et al, 1998),
although under our conditions we did not observe the
reported nuclear exclusion of MEF2C in response to TGF-f.
Overexpression of CBP also partially overcame Smad3-
mediated repression, albeit likely through its HAT activity,
since Smad3 did not significantly affect the association of
CBP with MEF2C, and the amino-acid sequences in CBP/p300
that mediate binding to MEF2 or Smad3 do not overlap (Feng
et al, 1998; De Luca et al, 2003).

Diverse mechanisms lead to transcriptional repression
in response to TGF-

In contrast to the well-documented cooperation of Smads
with sequence-specific transcription factors to activate tran-
scription, the mechanisms that underlie Smad-mediated tran-
scriptional repression are only beginning to emerge. Recent
studies indicate that Smad3 forms stable complexes with
transcription repressors, thereby repressing target gene tran-
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scription. Upon TGF-B stimulation, a pre-assembled protein
complex containing Smad3, E2F4/5 and DP1, and the cor-
epressor pl07 translocates into the nucleus and recognizes
a composite Smad-E2F site on the c-myc promoter to carry
out repression (Chen et al, 2002). Likewise, Smad3 forms a
complex with the transcription repressor ATF3 at the Idl
promoter and inhibits transcription (Kang et al, 2003). In
both cases, binding of Smad3 to specific DNA sequences in
the target promoter is required and presumably stabilizes the
repressor complexes. Here we demonstrate TGF-B-induced
repression of MEF2 activity through Smad3 association in-
dependently of Smad-binding sites. Also, the interference of
Smad3 with MyoD function does not require Smad3 binding
to MyoD-responsive promoter sequences (Liu et al, 2001). In
addition, during mesenchymal differentiation, Smad3 inter-
acts with and represses the activity of C/EBP and Runx2
(Alliston et al, 2001; Choy and Derynck, 2003), without
directly contacting DNA. Thus, multiple mechanisms invol-
ving Smad3 protein complexes account for TGF-B-induced
transcriptional repression.

The promoter sequence and levels of coactivators or
corepressors, which may in turn depend on cell type, are
determinants of the abilities of Smads to repress or activate
transcription. For example, Smad3 represses Runx2-mediated
activation of the osteocalcin promoter in mesenchymal cells,
yet enhances this activity in epithelial cells (Alliston et al,
2001), whereas Smad3 cooperates with Runx family proteins
to induce IgCa expression in both cell types (Zhang and
Derynck, 2000). In response to Dpp, the Drosophila Smad
homologs Mad and Medea associate with Schnurri (Shn).
Binding of this complex to both Mad and Shn sites on the B-
enhancer of the Ubx gene is required for synergistic activation
of Ubx transcription (Dai et al, 2000; Torres-Vazquez et al,
2001), whereas Shn tethered to Brk silencer by Mad/Medea
represses gene expression (Miiller et al, 2003). Further stu-
dies should clarify how the architecture of the transcription
factor complexes and their spatial configuration on target
promoters determine the outcome of signal-dependent reg-
ulation of gene expression by Smad3.

Implications of TGF-§ regulation of MEF2

in non-myogenic cells

The significance of the functional interaction between Smad3
and MEF2 may extend beyond skeletal muscle differentiation.
TGF-B signaling and MEF2 have been implicated in hyper-
trophic cardiomyocyte growth (Brand and Schneider, 1995;
Kolodziejczyk et al, 1999) and are essential for vascular
development (Pepper, 1997; Lin et al, 1998). MEF2 is the
major transcription factor responsible for calcium-dependent
Nur77 transcription that mediates T-cell receptor (TCR)-in-
duced apoptosis (Youn et al, 1999), whereas TGF-§ is also
involved in TCR-mediated thymocyte death (Wahl et al,
2000). It will be interesting to determine if control of MEF2
activity through Smad3 plays a role in regulating broader
physiological responses to TGF-f family signaling.

Materials and methods

Cell culture and transfections

C3H10T1/2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS). C2C12 myoblasts were maintained in growth
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medium (GM), or DMEM with 15% FBS. Differentiation was
initiated by shifting to DMEM with 2% horse serum (differentiation
medium, DM). COS cells were grown in DMEM with 10% FBS.
10T1/2 cells were transiently transfected using Effectene or Fugene,
and COS cells were transfected using Lipofectamine according to
the manufacturer’s instructions. The quantities of transfected DNA
were kept constant by adding an appropriate amount of empty
vector pRKS.

Transcription reporter assays

The myogenin reporter plasmid Myo184-CAT, containing the
chloramphenicol acetyl transferase (CAT) gene under the control
of a 184 bp myogenin promoter, and its derivatives, Myo184(-E1)-
CAT and Myo184(mMEF2)-CAT, containing inactivating mutations
in the E-box or MEF2 site, respectively, have been described
(Edmondson et al, 1992). The reporter for MEF2-dependent
transcription, 3xMEF2-Luc, contains three tandem MEF2 sites
linked to the Elb basal promoter, which controls luciferase
expression (Lu et al, 2000). Mammalian two-hybrid assays were
based on the interaction between Gal4 and VP16 fusion proteins,
which in turn activates luciferase expression from Gal4 DNA-
binding sites in Gal4-Luc (FR-Luc, Stratagene). Smad3 ™/~ mouse
fibroblasts and its derivative cell line with constitutive Smad3
expression have been described (Liu et al, 2001). CAT and luciferase
activities were normalized to the B-galactosidase activity from a
cotransfected pRK5-fgal control plasmid, as described (Liu et al,
2001). The results represent at least three experiments.

Immunoprecipitation and immunoblotting

10T1/2 or COS cells transfected with plasmids encoding tagged
MEF2C, GRIP-1, Smads or fragments of MEF2C and Smad3 were
harvested 24-48h post-transfection, and lysed in lysis buffer
(50mM Tris-HCl pH 7.5, 150mM NaCl, 1% NP-40). The lysates
were immunoprecipitated with antibody-coated protein A-sephar-
ose. A fraction of the cell lysates was subjected to direct
immunoblotting for protein expression levels.

GST and oligonucleotide protein binding analyses

Binding of *°S-labeled MEF2C to GST-Smad proteins was deter-
mined as described (Liu et al, 2001). In DNA precipitation assays,
cells transfected with Myc-MEF2 and Flag-Smad3 were lysed by
sonication in HKMG buffer (10mM HEPES pH 7.9, 100 mM KCl,
SmM MgCl,, 10% glycerol, 1 mM DTT, 0.1% NP-40). Cell extracts
were incubated for 2 h with 1 ug of 5'-biotinylated, double-stranded
oligonucleotide corresponding to the MEF2-binding site (5'-
GATCGCTQTAAAéATAACCCTGTCG—3’), or a mutant version with
C-G and A-C substitutions at the underlined positions. DNA-
protein complexes were precipitated with streptavidin-agarose
beads for 1h and subjected to immunoblotting.
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