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ABSTRACT

An emerging theme in transforming growth factor-8
(TGF-B) signalling is the association of the Smad
proteins with diverse groups of transcriptional regu-
latory proteins. Several Smad cofactors have been
identified to date but the diversity of TGF-j effects on
gene transcription suggests that interactions with
other co-regulators must occur. In these studies we
addressed the possible interaction of Smad proteins
with the myocyte enhancer-binding factor 2 (MEF2)
transcriptional regulators. Our studies indicate that
Smad2 and 4 (Smad2/4) complexes cooperate with
MEF2 regulatory proteins in a GAL4-based one-
hybrid reporter gene assay. We have also observed
in vivo interactions between Smad2 and MEF2A
using co-immunoprecipitation assays. This inter-
action is confirmed by glutathione S-transferase puli-
down analysis. Immunofluorescence studies in
C2C12 myotubes show that Smad2 and MEF2A co-
localise in the nucleus of multinuclear myotubes
during differentiation. Interestingly, phospho-
acceptor site mutations of MEF2 that render it
unresponsive to p38 MAP kinase signalling abrogate
the cooperativity with the Smads suggesting that p38
MAP Kinase-catalysed phosphorylation of MEF2 is a
prerequisite for the Smad-MEF2 interaction. Thus,
the association between Smad2 and MEF2A may
subserve a physical link between TGF-§3 signalling
and a diverse array of genes controlled by the MEF2
cis element.

INTRODUCTION

Members of the transforming growth factor-B (TGF-J) super-
family are multifunctional cytokines that mediate a diversity of
cellular responses encompassing growth and differentiation,
apoptosis, control of extracellular matrix production and
inflammatory responses (1-5). The properties of TGF-B in
mediating such a diversity of cellular responses result from
their ability to regulate the expression of a multitude of target

genes. Therefore, a central question for understanding TGF-f3
signalling concerns how signals are transduced to the tran-
scriptional machinery in the nucleus so that the cell can mount
an appropriate re-programming of gene expression. Initially,
the TGF-PB pathway is activated by a diverse superfamily of
ligands (6-9). Ligand binding by the type II (TBR-II) receptor
leads to multimerisation with the type I receptor (TBR-T) (10-13).
TPRR-II has a constitutively active serine/threonine kinase
domain and, upon binding, TGF-f transphosphorylates TBR-I
in its glycine/serine-rich domain (14). Activation of the TBR-I
serine/threonine kinase activity phosphorylates downstream
effector molecules and propagates intracellular transduction of
TGF-P signals (5,10,15).

Although the mechanisms for large-scale transcriptional
control by TGF-P are not yet well defined, a family of proteins
responsible for transducing signals from the activated receptor
to the nucleus has been extensively characterised. The Smad
protein family, consisting of at least eight members, functions
as a central mediator of the transcriptional effects of TGF-3
signalling in vertebrates, insects and nematodes (16,17). The
name Smad originates from a contraction of the Drosophila
protein, MAD (mothers against decapapentaplegic), the first
downstream component of serine/threonine kinase receptor
signalling to be identified and the Caenorhabditis elegans
proteins, sma-2, 3 and 4 (named after a mutant with a pheno-
type of small body size) (18-21). The Smad proteins are
grouped into three classes based on their function: (i) the
receptor-activated R-Smads (Smads 1, 2, 3, 5 and 8), of which
Smads 2 and 3 are TGF-P and activin responsive and Smads 1,
5 and 8 are BMP2/4 responsive; (ii) the central or common
mediator Co-Smads (Smad4), which form heteromeric
complexes with R-Smads; and (iii) the antagonistic Smads
(Smads 6 and 7), which negatively regulate TGF-B family
pathways by blocking receptor-mediated phosphorylation of
receptor-activated Smads or sequestering Smad4 (22-26).

Smads contain two Mad-homology domains (MH1 and MH2)
separated by a central linker region rich in serine, threonine and
proline residues (18-21,27). The intracellular propagation of
the TGF-J signal involves the protein SARA (Smad anchor for
receptor activation), which contains a lipid-binding FYVE
(double zinc finger) domain that interacts directly with the
MH2 domains of Smad2 and Smad3. SARA presents Smad?2 to
the TGF-P receptor, a mechanism that is enhanced once TGF-3
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signalling is initiated. After being phosphorylated by the type I
receptor, Smad?2 dissociates from SARA, binds to Smad4 and
translocates to the nucleus (28-31). The nuclear Smad
complex subsequently activates transcriptional responses of
TGF-P activated target genes. Therefore, TGF-J3 signalling can
be viewed as a two-step process which comprises of a ligand-
mediated assembly of an activated receptor complex, followed
by propagation of the signal in the form of nuclear-localised
Smads, which integrate into diverse multi-subunit transcription
complexes.

Transcriptional control by the Smad proteins has proven to
be inherently complex involving interaction with DNA and
transcriptional co-regulators. For example, the Mix.2 gene is
induced during the early stages of Xenopus development by
activin and requires activation of an activin response element
(ARE) by a Smad2-Smad4-FAST-1 complex. FAST-1 is a
winged helix transcription factor that physically interacts with,
and requires Smads through a C-terminal Smad interacting
domain. Smads have also been shown to directly bind to DNA,
and crystal structure analysis has shown that the MH1 domain
of Smad3 can interact with two different DNA target sites: the
8 bp palindromic DNA sequence, called the Smad binding
element (SBE, 5-AGTATGTCTAGACTGA); and the 4 bp
Smad box (SB, 5-GTCT) (32-36). Clearly, the 4 bp Smad
binding site is insufficient to confer precise responses to TGF-
B signals. Interestingly, some activin responsive genes, such as
the goosecoid promoter, contain elements that do not bear
much sequence similarity to the Xenopus Mix.2 ARE (37).
Members of the Mix family of paired—like homeodomain tran-
scription factors, Mixer and Milk, as well as the FAST-2
transcription factor, have also been implicated in the recruit-
ment of Smad2 to the goosecoid promoter (38,39). Other
studies addressing the requirement for DNA binding of Smads
for TGF-P signalling are also equivocal. For example, even
though phosphorylation-dependent binding of a Smad3/4
complex is observed on the TGF-f responsive 3TP-Lux
reporter gene (derived from the PAI 1 gene promoter), deletion
of the Smad binding site does not interfere with TGF-B-
dependent transcriptional activation (29,40-42). In Drosophila
the MAD protein can bind to a G—C-rich target sequence in the
quadrant enhancer of vestigial (vg); however, this binding is of
very low affinity suggesting that the primary DNA binding
activity of the complex is not provided by MAD (32). Smad3
can also bind Fos/Jun dimers and an AP-1 site in the colla-
genase I promoter to enhance transcriptional activation of this
gene (43). These observations are therefore consistent with the
view that, when activated and localised to the nucleus, Smads
can form promiscuous interactions with multiple transcription
factor complexes bound to different target sequences (44). The
emerging model is therefore centred on combinatorial inter-
actions of the Smads with other sequence-specific DNA
binding proteins, which allow not only signal divergence but
also enhanced specificity in target gene activation (38,45-53).
Therefore, characterizing the full array of Smad interacting
transcriptional co-regulators will be vital in understanding the
mechanisms of transcriptional control by TGF- signalling.

Myocyte enhancer-binding factor 2 (MEF2) proteins were
originally identified as important regulators of gene expression
in cardiac and skeletal muscle (54-58). Vertebrate MEF2
genes (A to D) encode nuclear phosphoproteins belonging to
the MADS (MCMI1, agamous, deficiens, serum response
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factor) superfamily of DNA binding proteins. The MEF2
proteins bind as homo- and heterodimers to a cis element with
the consensus (C/T)TA(A/T),TA(G/A) via interactions
between their N-terminal MADS/MEF2 domain and the major
groove of DNA (59,60). This binding site is found in the
control region of numerous cardiac and skeletal muscle-
specific genes (56,61-64). MEF2 transcripts are widely
expressed and these proteins are now known to play a role in
differentiation and apoptosis in neurons, T cells, cardiac
myocytes and skeletal muscle cells (65-71). Whilst the
N-terminus of the MEF2s is a highly conserved DNA binding/
dimerisation domain, the more divergent C-termini of the
MEF2s are known to function as transcription activation
domains (TADs) and the TADs are known to be targeted by
MAP Kinase signalling cascades (56,72-76).

Since MEF?2 transcription factors fulfil a crucial role in tran-
scriptional control in a variety of TGF-B responsive cell types
and are known to interact with heterogeneous partners, we
tested the possibility that MEF2 could cooperate with Smads in
response to TGF-B signalling. We report that Smad2 can
physically associate with MEF2 proteins in vivo and that this
interaction leads to a cooperative activation of MEF2 tran-
scriptional activity. Our data suggest that the Smad—MEF2
interaction depends on phosphorylation of the MEF2 trans-
activation domain by p38 MAP kinase signalling, thus indicating
a cooperative intersection of the TGF-B and p38 MAP kinase
signalling cascades on a single transcriptional regulator.

MATERIALS AND METHODS

Transcriptional response assays

C2C12 myoblasts (mb) were grown in growth medium:
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (FBS) in 60-mm dishes. At densities of
60% confluence, cells were transiently transfected with pSV-
B-galactosidase (pSV-PBgal), as a marker of transfection
efficiency, and the indicated constructs using the standard
calcium phosphate-DNA precipitation method (77,78). The
empty expression vectors pMT2 and pCMV5B were used to
bring the total DNA to 15 ug per transfection. pMT2,
pCMV5B and GAL4 constructs have been described previ-
ously (14,27,30,74,79-81). The growth medium of transfected
C2C12 mb was replaced after 24 h by medium containing 1%
FBS or 5% horse serum, as indicated, and supplemented with
either 2 ng/ml TGF-f (R&D Systems) or an equal volume of
the TGF-P diluent [0.1% bovine serum albumin, 4 mM HCI].
Seventy-two hours after transfection, cellular extracts were
prepared and the luciferase activity of each extract was
measured using a Berthold Lumat luminometer as described by
the manufacturer (Promega).

Western immunoblotting

C2C12 mb were plated at 60% confluence in growth media.
Twenty-four hours later, the medium was replaced with 5%
horse serum (differentiation medium) and either 2 ng/ml TGF-f3
or an equal volume of the TGF-B diluent. Cells were collected
after 2, 4 and 6 days. To examine the levels of endogenous
Smad2 in C2CI12 cells, equal amounts of cell extract were
resolved by 10% SDS-PAGE and electrophoretically trans-
ferred to Nitroplus nitro-cellulose transfer membrane (MSI).
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Immunoblots were probed with anti-Smad2 antibody (Signal
Transduction) at a 1:500 dilution and analysed using Western
Chemiluminescence Reagent (Du Pont NEN) to detect specific
secondary antibodies as described previously (77,78).

Immunoprecipitation

COS cells were transiently transfected with the indicated
constructs using the calcium phosphate—-DNA precipitation
method. C2C12 mb and myotubes (mt) were grown in growth
medium for 2 days and differentiation medium for 4 days,
respectively. Whole cell extracts were lysed with the NP-40
lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0,
I mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol and protease inhibitors). Super-
natants were subjected to immunoprecipitation with either
anti-MEF2A, anti-Smad?2 (Signal Transduction Labs) or anti-
phospho-Smad2 (Upstate Biotech.) antibodies. Precipitates
were analysed by immunoblotting as described previously
(78). To check for non-specific interactions, negative control
assays were performed in the same manner, using normal
mouse immunoglobin (IgG) antibody (Santa Cruz, sc-2025).
Anti-MEF2A antibody was kindly provided by R. Prywes and
used at 1:1000 dilution. Anti-Smad2 and anti-phospho-Smad?2
antibodies were used at 1:500 dilutions. Normal mouse IgG
antibodies were used at dilutions of 1:1000.

Glutathione S-transferase (GST) pull-down assays

Aliquots of 1 pg hMEF2C-pGem 7zF(+) and hMEF2A-pGem
7zF(+) (Promega) were transcribed, translated and labelled
with [3*S]methionine according to the manufacturer’s instruc-
tions (MBI Fermentas). The constructs: hMEF2C—pGem 7zF(+)
(1-435 amino acids) and hAMEF2A—pGem 7zF(+) (1-507 amino
acids) have been described previously (56,76). Aliquots of 2
and 2.5 pl of in vitro translated MEF2A and MEF2C products,
respectively, were incubated in 90 pl of binding buffer (50 mM
Tris pH 7.6, 150 mM NaCl, 5 mM EDTA, 0.1% Tween-20 and
10 pg/ml of the following protease inhibitors: aprotinin, leupeptin
and pepstatin) with ~5 ug of either GST or GST-Smad?2 fusion
proteins immobilised on glutathione—agarose beads (Sigma).
The mixtures were gently mixed for 1 h at room temperature.
The beads were then washed twice with washing buffer
(50 mM Tris pH 7.6, 450 mM NaCl, 5 mM EDTA, 0.1%
Tween-20). Proteins retained on beads were boiled in 10 pl of
sodium dodecyl sulfate (SDS) sample buffer (New England
Biolabs) and subjected to 10% SDS-polyacrylamide gel
electrophoresis (PAGE). The gels were stained with
Coomassie blue dye (GelCode, Pierce) to show the amount of
loaded GST fusion proteins. The presence of labelled MEF2
proteins was detected by autoradiography. The bacterial
expression construct for GST-Smad?2 consists of a full-length
clone of Smad2 (1-467 amino acids) fused into the pGEX4T-1
vector (Pharmacia) as described elsewhere (83,84).

Subcellular localisation by immunofluorescence confocal
microscopy

To detect the localisation of MEF2A in the presence of Flag-
tagged dominant negative Smad2, MADR2(3SA), C2C12 mb
were transiently transfected with the indicated constructs using
lipofectamine (Gibco), grown in growth medium for 3 days,
fixed with methanol and probed with antibodies raised against
the Flag epitope, MEF2A or Smad2. To detect endogenous
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Figure 1. TGF-P responsive co-modulators, Smad2 and 4, increase the activities
of both GAL4-MEF2A and GAL4-MEF2C. (A and B) C2C12 cells were co-
transfected with pCMV5B—TBRI(T204D), pCMV5B—Smad2, pCMV5B-Smad4,
5xGAL4-luc, GAL4(DBD), GAL4-MEF2A, GAL4-MEF2C and pSV-fgal
as indicated and treated with (+) or without (—) 2 ng/ml of TGF-§ in 1% FBS.
The transcriptional activation domains of both MEF2 isoforms are fused to the
DNA binding domain (DBD) of GAL4 to form GAL4—MEF2A (91-507
amino acids) and GAL4-MEF2C (87-442 amino acids). GAL4(DBD) contains
the GAL4 DBD only. The reporter plasmid, 5XGAL4-luc, contains five copies
of the GAL4 binding site linked to the adenovirus EIB promoter and the firefly
luciferase gene. After 72 h, B-galactosidase activities were measured and used
to normalise luciferase activity values. Two or more sets of assays were
performed in both COS and C2C12 cells with comparable results. Each data
point is a mean of triplicate samples from single experiments and the error bars
represent the standard error of the mean (SEM).

levels of MEF2A, Smadl, Smad2, phosphorylated Smad2 and
Smad3 in C2C12 mt; mb were grown in differentiation
medium for 4 days replacing the medium every 2 days. At this
point, mt were either fixed for immunofluorescence or exposed
to TGF-B (+TGF-B) for 24 h. Fixation and reaction with the
primary and secondary antibodies was performed as described
previously (78). Localisation of endogenous Smadl, Smad2,
phosphorylated Smad2, Smad3 and MEF2A were detected
using isoform-specific antibodies.

RESULTS

TGF-J responsive co-modulators: Smad2 and Smad4
enhance the activity of MEF2A and MEF2C transcription
factors

To determine if the Smad proteins regulate MEF2 activity, the
effects of exogenous Smad proteins on MEF2 transcriptional
activity were analysed using GAL4-based one-hybrid reporter
assays (Fig. 1). C2C12 cells, which are known to be TGF-3
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Figure 2. In C2C12 cells, the activities of both GAL4-MEF2A and GAL4-MEF2C are enhanced by the over-expression of Smad2 and 4 with wild-type TGF-f receptors
(TBR-I and -II), but not in the presence of a TGF-f3 dominant negative receptor, TBRII(K277R). (A—D) C2C12 cells were co-transfected with pPCMV5B—TBRII(K277R),
pCMV5B—TBR-I, p>CMV5B—TBR-II, pCMV5B—Smad2, pCMV5B-Smad3, pCMV5B-Smad4, 5XGAL4-luc, GAL4(DBD), GAL4-MEF2A(91-507), GAL4—
MEF2C(87-442) and pSV-Pgal as indicated. Twenty-four hours after transfection, growth medium was replaced with 1% FBS + 2 ng/ml of TGF-f. Cells were
harvested 72 h after transfection for luciferase assays. 3-galactosidase activities were used to normalise for transfection efficiency. Two or more sets of experiments
were performed with comparable results. Each data point is the mean of triplicate samples from single experiments and the error bars represent the SEM.

responsive, were used to determine whether the Smad—-MEF2
cooperativity was ligand-sensitive and could be stimulated
through endogenous TGF-B receptors. C2C12 cells were
co-transfected with expression vectors for Smad2, 3, 4, GAL4—
MEF2A, GAL4-MEF2C and GAL4(DBD) as indicated
(Fig. 1A and B). Twenty-four hours after transfection, the
growth medium of C2C12 mb was replaced by medium
containing 1% FBS and supplemented with either 2 ng/ml
TGF-f or an equal volume of the TGF-J3 diluent. One percent
FBS is known to contain 0.1 ng/ml TGF-p, thus the comparison
studied was between low (0.1 ng/ml) and high levels (2.1 ng/ml)
of TGF-B. The over-expression of Smad2 and 4 (Smad2/4) was
found to increase the activities of both GAL4-MEF2A and
GAL4-MEF2C in high TGF-B conditions. Additional experi-
ments were carried out in COS cells (data not shown), and the
effects observed by over-expressing TGF-P responsive Smads
with GAL4-MEF2A or GAL4-MEF2C were comparable to
experiments performed in C2C12 cells.

In TGF-p responsive C2C12 cells, the cooperativity of
Smad?2 and 4 with GAL4-MEF2A and GAL4-MEF2C is
ligand and receptor sensitive.

In order to determine whether ligand-activated TGF-J3 receptors
can regulate the effects of the Smads on GAL4-MEF?2 activity,
C2C12 cells were co-transfected with either wild-type TGF-
receptors or a dominant negative TGF-f3 receptor (Fig. 2A-D).
The dominant negative receptor, TBRII(K277R), contains a
substitution of lysine for arginine in its ATP-binding site and is
still able to form a ligand-bound heterotetramer receptor
complex but is unable to phosphorylate TPR-I (80). The
enhancement of GAL4-MEF?2 activity by Smad2/4 was found
to be increased by the over-expression of TGF-J receptor
complexes and was negated by expression of a dominant
negative receptor, TBRII(K277R) (Fig. 2A and C). It was also
found that exogenous TGF--activated receptors and Smad2/4
increased the activities of both GAL4-MEF2A and GAL4—
MEF2C. Alternatively, TGF-B-activated wild-type receptors
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Figure 3. A physical interaction between endogenous Smad2 and MEF2A in C2C12 mt was detected through co-immunoprecipitation. (A and B) COS cells were
transiently transfected with pCMV5B-TBRI(T204D), pCMV5B—Smad2, pCMV5B-Smad4 and pMT2-MEF2A as indicated. Cell lysates were immunoprecipitated
with antibodies raised against either MEF2A (o-MEF2A), or Smad2 (o-Smad2). (A) An immunoblot probed by an o-Smad2 antibody contains: 15 pl of anti-
MEF2A immunoprecipitate (0-MEF2A ip) in lanes 1 and 3; 15 pl of anti-Smad2 immunoprecipitate (0-Smad?2 ip) in lanes 5 and 7; and 30 ug of C2C12 cell extract
in lane 9. The arrow indicates Smad2 protein. (B) An immunoblot probed by an a-MEF2A antibody contains: 15 pl of a-Smad2 ip in lane 1; 1 pl of a-Smad2 ip
in lane 2; 20 pug of C2C12 cell extract in lane 4. Lane 3 was empty (C) An immunoblot probed by an o-MEF2A antibody contains: a molecular weight marker in
lane 1; 1 pl of o-MEF2A ip from myoblast lysate (mb) in lane 2; 1 pl of o-MEF2A ip from myotube lysate (mt) in lane 3; 20 pl of a-Smad?2 ip from mb in lane 5; and
20 ul of o-Smad2 ip from mt in lane 6. (D) A negative control for the co-immunoprecipitation assays was performed. An immunoblot probed with an a-MEF2A
antibody contains: 20 pl of o-mouse IgG ip from mt lysate in lane 1; 50 pg of mt cellular extract (mt) in lane 3; 1 pl of mt lysate in lane 5 (used for a-Smad2 ip in
lane 7); 20 pl of a-Smad2 ip from mt in lane 7; 15 pl of pre-cleared supernatant from o-Smad2 ip (lane 7) in lane 9; and a molecular weight marker in lane 10.
Lanes 2, 4, 6 and 8 were empty. (B—D) The arrow indicates MEF2A protein. (A—D) The arrowheads indicate IgG recognised by the goat anti-rabbit secondary
antibody. The bands below the IgG are non-specific. (E) C2C12 mb were plated at 25% confluence and 24 h later the medium was replaced with differentiation
medium with (+) or without (—) 2 ng/ml TGF-f. After 2, 4 and 6 days (d), protein expression was analysed by loading 20 pg of each extract on a SDS—polyacrylamide
gel and western blotting using an anti-Smad?2 antibody. Jurkats cell extract (JC) was used as a control.

in combination with Smad3 and 4, repressed the activity of
GAL4-MEF2A and GAL4-MEF2C (Fig. 2B and D).

Smad2 and MEF2A are complexed together in C2C12 mt

COS cells were co-transfected with expression vectors for
Smad2, 4, MEF2A and the constitutively-active type I TGF-§
receptor, TBRI(T204D), and cellular extracts were used for co-
immunoprecipitation (Fig. 3A and B). COS cells express low
levels of TGF-P receptors and therefore exhibit little back-
ground from endogenous TGE- signalling (30). To reconsti-
tute TGF-P signalling, COS cells were co-transfected with a
constitutively-active form of the TGF-B type I receptor,
TBRRI(T204D). An interaction between Smad2 and MEF2A
was detected by probing a blot containing immunoprecipitated
MEF2A with the anti-Smad?2 antibody. The reverse experiment
was also done and MEF2A was detected in the Smad2
immunoprecipitate. To determine whether a physical inter-
action exists between endogenous Smad2 and MEF2A in

cultured cells, Smad2 was immunoprecipitated from both mb
and mt and probed with an anti-MEF2A antibody (Fig. 3C).
MEF2A was detected in Smad2 immunoprecipitate from mt
extracts. Conversely, Smad2 was detected in MEF2A immuno-
precipitate from mt but not from mb (data not shown). In addi-
tion, a negative control assay was done using normal mouse
IgG antibody instead of anti-Smad2 antibody showing that
MEF2A does not bind protein Sepharose A gel or mouse IgG
antibodies non-specifically (Fig. 3D). Detection of an associa-
tion between endogenous Smad2 and MEF2A indicates that
endogenous MEF2 activity in mt may be regulated by Smad2
and TGF-.

Smad? is expressed at equal levels in C2C12 mb and mt

It has been previously shown that C2C12 cells express Smadl,
2, 4 and 5 mRNAs and that their expression levels are not
altered by treatment with TGF-f (85). To further extend these
data, an analysis was done over a 6 day time course during the
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Figure 4. MEF2 proteins associate with GST-Smad?2 in vitro. (Top) In a GST
pull-down assay, in vitro translated [3S]methionine-labelled MEF2A (2 pl) or
MEF2C (2.5 pl) was mixed with 5 pug of GST (lanes 3 and 6) or GST—Smad2
(lanes 4 and 7) immobilised on glutathione—agarose beads. After washing,
3S-labelled bound proteins were analysed by SDS—PAGE and autoradio-
graphy. Aliquots of 0.4 ul MEF2A (lane 2) and 0.5 ul MEF2C (lane 5) in vitro
translation reactions were included as references. The arrows indicate the
position of MEF2A or MEF2C. (Bottom) Coomassie blue staining of the gel
shows that comparable amount of the GST or GST—Smad2 proteins were
loaded. The open arrows (lanes 3, 4, 6 and 7) indicate the position of the
corresponding GST or GST-Smad?2 fusion proteins.

differentiation programme from mb to mt. Thus, in order to
determine if the level of Smad2 protein changes during
myogenesis, extracts were examined by western blotting at 2, 4
and 6 days after C2C12 mb had been transferred to differentiation
medium with or without TGF- (Fig. 3E). Smad2 expression
was found to remain constant over the time course, and did not
change with the addition of TGF-f.

In vitro association of Smad2 with both MEF2A and
MEF2C is detected in GST pull-down assays

To further confirm the interaction between Smad2 and MEF2
proteins, we carried out a GST pull-down assay using
immobilised GST and GST-Smad2 fusion proteins and
[**S]methionine-labelled MEF2 (Fig. 4). In vitro translated and
3S-labelled MEF2A or MEF2C were incubated with immobilised
GST or GST-Smad2. After washing, the beads were boiled in
SDS buffer and the supernatants analysed by SDS-PAGE to
determine the presence and amount of associated MEF2
proteins. As seen in Figure 4, MEF2A proteins (lane 4) and
MEF2C proteins (lane 7) were retained by GST-Smad?2, but
not by GST (lanes 3 and 6). These data further confirm a physical
association between Smad2 and MEF2A.

Phosphorylated Smad?2 co-localises with MEF2A in the
nucleus of C2C12 mt

It is likely that, as in other cellular systems, TGF-P receptors
are activated by TGF- and are able to phosphorylate both
Smad?2 and 3, allowing them to bind to Smad4 and migrate to
the nucleus. In contrast, Smadl is not TGF-B sensitive. To
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Figure 5. Localisation of MEF2A, Smadl, Smad2, phosphorylated-Smad2
and Smad3 in cultured muscle cells. C2C12 mb were grown in differentiation
media in the absence of exogenous TGF-f (-TGF-) until myotubes formed
after 4 days (left and middle panels). At this point, myotubes were either fixed
for immunofluorescence or exposed to differentiation medium + 2 ng/ml TGF-$3
(+TGF-B) for 24 h (right panels). Mt were fixed and immunostained using
specific antibodies raised against MEF2A, Smad1, Smad2, phospho-Smad2 or
Smad3.

determine the cellular localisation of Smad proteins at different
stages of muscle development, cells were immunostained with
isoform-specific antibodies. Endogenous MEF2A, Smadl,
phosphorylated Smad2 and 3 were detected in mt in the presence
of exogenous TGF-B (Fig. 5). MEF2A is strongly expressed in
the nuclei of mt, and the addition of TGF-f3 does not alter either
localisation or expression levels of MEF2A. In contrast,
Smadl remained cytoplasmic in both the absence and presence
of TGF-P. Interestingly, however, we observed differential
regulation of Smad2 and 3 in differentiating mt. Without the
addition of exogenous TGF-B, phosphorylated Smad?2 trans-
located to the nucleus in differentiating mt. Conversely, Smad3
remained cytoplasmic in differentiating mt, but did localise to
the nucleus when cells were treated with TGF-f. These data
suggest that Smad2-MEF2A cooperativity may exist in later
stages of muscle development. These data also suggest that
Smad2 and 3 are differentially regulated during muscle cell
differentiation.

MEF2A is not retained in the cytoplasm by TGF-3
signalling

In previous studies by De Angelis et al., TGF-3 was found to
induce the re-localisation of MEF2C to the cytoplasm of
myogenic cells (86). To determine whether MEF2A localisation
is dependent on TGF-B signalling through Smad2, C2C12 mb
were co-transfected with green fluorescent protein (GFP) and a
dominant negative Smad2, MADR2(3SA) (Fig. 6). The phos-
phorylation site of MADR2(3SA) has three serines substituted
with alanines and is known to be able to bind to TGF-f3 receptors,
but cannot be phosphorylated (30). After 2 days in growth
medium containing 1 ng/ml TGF-, it was found that MEF2A
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Figure 6. MEF2A is not retained in the cytoplasm by TGF-f3 signalling. (A and
B) C2C12 mb were co-transfected with Flag—pCMVB-MADR2(3SA) and
cytomegalovirus—eGFP using lipofectamine. The expression of GFP was used
to determine which cells had been transfected. Cells were fixed with methanol
and immunostained using either an anti-Flag (aFlag) antibody or an anti-
MEF2A antibody (aMEF2A).

is nuclear, while the dominant negative Smad?2 is cytoplasmic.
This suggests that the MEF2-Smad interaction only occurs
when the Smad? is targeted to the nucleus.

The p38 MAPK phosphorylation sites (Ser387, Thr293,
Thr300) of MEF2C are necessary for Smad2/4 cooperativity

There has been evidence to suggest that there is cross-talk
between TGF-P and p38 MAPK signalling (51). In addition, it
is known that p38 MAPK phosphorylation of MEF2A and
MEF2C TADs modulates MEF2 activity (73,74,76). There-
fore, we tested whether MEF2 mutants that are not phos-
phorylated by p38 MAPK can still cooperate with the Smads
(Fig. 7B). COS cells were transfected with expression vectors
for a constitutively-active TGF-f receptor TPRI(T204D),
Smad2, 3, 4, GAL4-MEF2C, GAL4-MEF2C(S387A) and
GAL4-MEF2C(T293,300A). The MEF2C  mutations
constructed by Han et al., GAL4A-MEF2C(S387A) and GAL4—
MEF2C(T293,300A), are known to bind DNA and activate
transcription of GAL4 reporter genes to the same degree as
wild-type GAL4-MEF2C when co-transfected with p38
MAPK (and constitutively active MKK3) and ERKS5/BMK1
(and constitutively active MEKS), respectively (74,87). It was
found that enhancement of GAL4-MEF2C activity by Smad2/4
only occurred if Ser387, Thr293 and Thr300 are intact,
indicating that phosphorylation of MEF2C by either p38
MAPK or ERK5/BMKI1 is necessary for Smad—-MEF2 cooper-
ativity.

DISCUSSION

In this report, we document a novel interaction between the
MEEF2 transcription factors and the Smad downstream effectors of
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Figure 7. The Smad2-MEF2 interaction is dependent on p38 MAPK phos-
phorylation sites in MEF2C and in mt, the endogenous MEF2 activity is
increased by the addition of TGF-B. (A) COS cells were co-transfected with
pSV-Bgal, pCMV5B—Smad2, pCMV5B-Smad3, pCMV5B-Smad4,
pCMVS5B-TRRI(T204D), GAL4(DBD), GAL4—MEF2C(87-442), GAL4—
MEF2C(S387A), GAL4-MEF2C(T293,300A) and 5xGAL4-luc as indicated.
The construct GAL4—MEF2C(S387A) contains a replacement of serine 387
for alanine and GAL4-MEF2C(T293,300A) contains the exchange of two
threonines for alanines at positions 293 and 300. Cells were harvested 72 h
after transfection for luciferase assays. (B and C) C2C12 cells were co-transfected
with pSV-Bgal, pMT2, pMT2-MEF2A, pMEF2-luc, GAL4-MEF2A, GAL4—
MEF2C, GAL4(DBD) and 5xGAL4-luc as indicated. Twenty-four hours later
the medium was replaced with growth medium. One day later, growth medium
was replaced with differentiation medium, which was replaced every 2 days. Mt
formed after 4 days, at which point the medium was replaced with differentiation
medium and either 2 ng/ml TGF-f (+) or an equal volume of TGF-f diluent (-).
Cells were harvested after 24 h for luciferase assays. (A-C) B-galactosidase
activities were used to normalise for transfection efficiency. Two or more sets
of experiments were performed with comparable results. Each data point is a
mean of triplicate samples from single experiments and the error bars represent
the SEM.



the TGF-B signalling pathway. The MEF2-Smad interaction may
confer a unique TGF-B-regulated sub-programme of MEF2-
dependent gene expression. Since TGF-B superfamily
members are potent regulators of mesodermally-derived cells,
this interaction could subserve a variety of subcellular
processes. In addition, these data indicate that the MAPK and
TGF-f signalling pathways intersect at the level of the MEF2
proteins, suggesting the possibility of cross-regulation between
the two signalling pathways. Emerging recognition of the
association of the Smads with different transcriptional co-
factors, such as MEF2, could, in part, underlie the high degree
of divergence in TGF-B-activated programmes of gene expres-
sion. Moreover, this could also explain why the responses to
TGF-B are highly dependent on cellular context, in that the
host cell-specific complement of Smad interacting transcrip-
tional regulators will largely determine the outcome of TGF-3
signalling pathway activation. Our observations suggest that
Smads and MEF2 function in concert in response to TGF-f3
signalling but, in addition, both have other binding partners,
which presumably have discrete functions. Therefore, there
may be considerable complexity in determining competition
between heterologous binding partners. Consistent with this
view, our studies indicate that only a fraction of the MEF2 pool
is complexed with the Smads.

Integration of TGF-J signalling with MAP kinase
signalling pathways

Our observation that mutation of the MEF2 phospho-acceptor
sites on MEF2C renders it incapable of cooperating with the
Smads is intriguing. In the case of SH2 domain interactions
with phosphotyrosines on receptors or cytoplasmic proteins,
SH2 domains bind to target phosphopeptides with high affinity
(K4 = 10-100 nm) whereas they have virtually no affinity for
the unphosphorylated peptide motif. Thus, the majority of the
binding energy for the interaction is derived from the tyrosine
phosphorylated peptides. In the case of the Smad—MEF?2 inter-
action, based on our current data, our hypothesis is that the
Smads interact with the serine/threonine phosphorylated
C-terminus of MEF2 but have no affinity for the unphos-
phorylated form. Thus, the phosphorylation of MEF2 by p38
MAP kinase and ERK5/BMKI1 may precede or stabilise the
Smad-MEF?2 interaction. This model infers that signalling to
MEF2 requires phosphorylation and translocation of the
Smads and also MAP kinase catalysed phosphorylation of the
MEF?2 transactivation domain.

There is already evidence that the Ras- and the Smad-
mediated pathways can interact at different levels, indicating
the possibility of reciprocal regulation between ligand—-receptor
complexes activating these pathways (1). In support of this
idea, it has been shown that the TGF-B-associated kinase
(TAK1) can also activate the MKK3-p38 MAP kinase
pathway (50,51). In addition, Smad3 has been shown to be
inactivated through phosphorylation in the proline-rich linker
domain by epidermal growth factor stimulation via the Erk
MAP kinases (88). Of note is a recent report that ATF-2, a p38
MAP kinase target, has also been shown to require signalling
by p38 MAPK to be TGF-J responsive (50,51).
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Role for TGF-3 family members in the genetic hierarchy
controlling MEF2

Perhaps the clearest view of the genetic role of the MEF2
factors is in Drosophila, where homozygous null mutations in
the single D-MEF2 gene result in a complete abrogation of the
differentiation programme for cardiac, visceral and skeletal
muscle (89,90). In the genetic hierarchy leading to D-MEF2
expression, the tinman gene is a key regulator of D-MEF2
expression and its deletion extinguishes D-MEF2 expression
(91). Interestingly, the tinman gene is enhanced by the
Drosophila TGF-f family member decapentaplegic (DPP).
Therefore, it is possible that DPP signalling could initiate the
cascade leading to D-MEF2 expression while also activating
transcriptional co-regulators in the form of the MAD genes. A
vertebrate homologue of tinman exists, NKx2.5, which is
involved in the differentiation programme of cardiomyocytes
(92,93). Our data suggesting a direct physical association
between the MEF2 and Smad proteins, and also the genetic
evidence suggesting the importance of MEF2 and DPP in
embryonic muscle specification, raise several important issues.
It will be interesting to determine if DPP signalling in
Drosophila also activates MAD co-regulators for D-MEF2
function. Moreover, based on the role of DPP in Drosophila,
there may be a TGF-f family member that activates NKx2.5
expression in vertebrates and this could lead to the expression
and modulation of MEF2 activity. Clearly, elucidation of these
questions may lead to important observations concerning the
role of TGF-P signalling in muscle gene regulation.

Regulation of muscle gene expression by TGF-[3 signalling

Skeletal muscle cells are known to be highly responsive to
TGF-f signalling. In these studies we show that the endog-
enous MEF2 proteins are co-localised with the Smad proteins
in the nuclei of differentiated mt. These data suggest a possible
role for TGF-P signalling in the control of gene expression in
differentiated muscle cells. Conversely, in mb, prior to the
initiation of differentiation, the Smads are cytoplasmic and
MEF?2 proteins are not expressed at high levels (Z.A.Quinn,
unpublished data). It is known that if mb are stimulated with
exogenous TGF-f this inhibits the differentiation programme,
which leads to the nuclear accumulation of Smads (present
study). The mechanism of mb inhibition seems to be mediated
by transcriptional down-regulation of the MyoD gene and
constitutive MyoD expression can rescue myogenesis in the
face of TGF-B signalling (Z.A.Quinn, unpublished data).
Taken together, these observations suggest that once the differ-
entiation programme is initiated and MEF2, functioning as a
Smad co-regulator, is expressed, the inhibitory effect of TGF-
B is lost and the association of the Smads with the MEF2
proteins promotes rather than inhibits the differentiation
programme. One property of the MEF2-Smad interaction is
that the Smads and MEF2 are spatially separated binding part-
ners in which juxtaposition by regulated re-location allows the
interaction to occur; the cooperative association thus being
formed between the nuclear localised Smads and the phospho-
rylated MEF2 protein. A recent study has provided evidence
that the subcellular localisation of MEF2C can be modified by
TGF-f signalling and that a possible cytoplasmic tethering
factor might be involved (86). In our studies we have no
evidence to suggest that MEF2A is regulated in this manner.



740  Nucleic Acids Research, 2001, Vol. 29, No. 3

First, TGF-J treatment does not change the nuclear localisation
of MEF2A and second, a Smad2 dominant negative that is
permanently retained in the cytoplasm does not change this
pattern. Therefore, the expression of MEF2 proteins may be a
key switch in converting Smad-dependent TGF-J signalling in
muscle cells from an inhibitory to a stimulatory differentiation
signal.

In summary, investigation of transcriptional activation by
the Smads has revealed a high degree of complexity involving
multiple proteins and diverse promoter elements. In this report
we identify a novel interaction between the Smad proteins and
the MEF2 transcriptional regulatory proteins that could
mediate transcriptional responses to TGF-f in a variety of cell

types.
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