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ABSTRACT Transforming growth factor b (TGF-b) was
found to inhibit differentiation of myogenic cells only when
they were grown to high density. Inhibition also occurred when
myogenic cells were cocultured with other types of mesenchy-
mal cells but not when they were cocultured with epithelial
cells. It is therefore possible that some density-dependent
signaling mediates the intracellular response to TGF-b.
Within 30 min of treatment, TGF-b induced translocation of
MEF2, but not MyoD, myogenin, or p21, to the cytoplasm of
myogenic cells grown to high density. Translocation was
reversible on withdrawal of TGF-b. By using immune electron
microscopy and Western blot analysis on subcellular frac-
tions, MEF2 was shown to be tightly associated with cytoskel-
eton membrane components. To test whether MEF2 export
from the nucleus was causally related to the inhibitory action
of TGF-b, we transfected C2C12 myoblasts with MEF2C
containing the nuclear localization signal of simian virus 40
large T antigen (nlsSV40). Myogenic cells expressing the
chimerical MEF2CynlsSV40, but not wild-type MEF2C, re-
tained this transcription factor in the nucleus and were
resistant to the inhibitory action of TGF-b. We propose a
mechanism in which the inhibition of myogenesis by TGF-b is
mediated through MEF2 localization to the cytoplasm, thus
preventing it from participating in an active transcriptional
complex.

Transforming growth factor b (TGF-b) exerts a variety of
biological effects in different cells, inducing or inhibiting
proliferation or differentiation. In the case of skeletal myo-
genesis, TGF-b was originally shown to reversibly inhibit
terminal differentiation, without interfering significantly with
cell proliferation (1). However, we and others (2, 3) reported
that embryonic myoblasts are resistant to the inhibitory effect
of TGF-b and postulated a model in which the differential
response to this molecule could be instrumental in the for-
mation of primary and secondary fibers.

More recently we have also shown that the differential
expression of protein kinase Cu (PKCu) in embryonic and fetal
myoblasts may mediate the differential response to TGF-b (4).
However, the understanding of this process is hampered by the
fragmentary information available on the intracellular trans-
ducers that mediate the inhibitory effect of TGF-b on myo-
genic cells (5–8). In the last 2 years much work has concen-
trated on a class of effector molecules, termed SMAD, which
appear to transduce the TGF-b signal from the cell-membrane
receptor to the nucleus (9). However, much of this work has

focused on TGF-b-induced growth arrest and virtually nothing
is known of the intracellular signaling that leads to inhibition
of myogenesis.

In the course of experiments designed to produce expression
of a dominant negative TGF-b receptor in adult mouse
satellite cells, we observed that all selected clones were capable
of differentiating in the presence of high concentrations of
TGF-b, independent of the dominant negative function. To
elucidate this unexpected result, we investigated the effect of
cell density on the TGF-b-induced inhibition of myogenesis.

Here we report that myogenic cells do differentiate in the
presence of TGF-b provided that no cell-to-cell contact is
established at the time during which myoblasts are exposed to
the molecule. Furthermore, we show that this phenomenon
depends on density-dependent MEF2 translocation to a cyto-
plasmic compartment.

MATERIALS AND METHODS

Cell Cultures. Genetically marked or wild-type satellite cells
were isolated from MLC3FynlacZ transgenic mice, expressing
a transgene encoding nucleus-localized b-galactosidase under
the transcriptional control of the myosin light-chain 1y3-fast
promoter as described (3). In these mice, expression is re-
stricted to skeletal and cardiac muscle (16, 17). Primary
satellite cells; C2C12, DyB (18), and L5 myogenic cells; 3T3
and 10T1y2 fibroblasts; and C5 (19) epithelial cells were grown
in DMEM supplemented with 15% fetal calf serum (FCS), 1%
gentamycin, and 0.3 mM b-mercaptoethanol (growth medium,
GM). Myogenic differentiation was induced by transfering the
cells to DMEM supplemented with 2% FCS (differentiation
medium, DM). Unless otherwise indicated, cells were trans-
ferred to DM and after 2 hr treated with TGF-b1 (5 ngyml;
Sigma) in DM for various times.

Plasmids and Cell Transfection. Plasmid pMEF2CynlsSV40
was obtained by cutting pMEF2C (20) with SphI and XbaI and
inserting an SphIyXbaI-digested double-stranded oligonucle-
otide encoding the nuclear localization signal of simian virus
40 large T antigen (oligonucleotide coding strand sequence
was 59-GCATGCCACCAAAGAAGAAGAGAAAGGTTG-
AAGACCCAGCAACTTGAAGCTTTCTAGA-39). The re-
sulting plasmid encodes a human MEF2C protein in which the
last eight C-terminal amino acids have been replaced with the
simian virus 40 nuclear localization signal (21). C2C12 or
primary satellite cells were transfected by using the polyeth-
ylenimine method as described (22). In all cases 105 cells were
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plated on 60-mm tissue culture dishes and transfected with 10
mg of the indicated plasmid. Cells were transferred to DM (65
ngyml TGF-b1) 24 hr after transfection and processed for
immunofluorescence at various times thereafter.

Immunocytochemistry. Immunofluorescence analysis was
carried out as described (23) using the following antibodies:
MF20, a monoclonal antibody that recognizes all sarcomeric
myosins (24); an anti-MyoD polyclonal antibody (25); rabbit
polyclonal antibodies directed to both MEF2A and C, or to
MEF2B or MEF2D (26); commercial anti-MEF2C and TGF-b
Receptor II and I antibodies (Santa Cruz Biotechnology); an
antibody against b-catenin (Transduction Laboratories, Lex-
ington, KY); and a monoclonal antibody against N-cadherin
(27). Briefly, cell cultures were fixed with 4% paraformalde-
hyde for 10 min at 4°C, washed in PBS, and incubated at 4°C
overnight with the primary antibodies in PBS containing 1%
BSA. At the end of the incubation, the cells were washed with
PBS and incubated for 1 hr at room temperature with rho-
damine-conjugated goat anti-mouse IgG and with fluorescein-
conjugated goat anti-rabbit IgG (1:100 dilution; Sigma). Fi-
nally, cultures were washed, mounted in 75% glycerolyPBS
(pH 7.5), and observed under a Zeiss Axiophot epif luores-
cence microscope.

Immunogold Electron Microscopy. Cultured cells were
fixed in 2.5% glutaraldehyde in Tyrode’s solution (pH 7.4) for
30 min at room temperature, postfixed in 1% OsO4 in Ty-
rode’s, dehydrated in ethanol, embedded in Durcupan, and
then sectioned on a Reichert–Jung ultramicrotome. Ultrathin
sections were collected on uncoated nickel grids, f loated for 10
min on 2% BSA in PBS, washed in 1% BSA in PBS, transferred
onto droplets of primary antibody (polyclonal anti-MEF2
AyC, diluted 1:20), and incubated overnight at 4°C in a humid
chamber. Control sections were incubated in BSA-PBS with-
out primary antibody. The sections were washed six times for
5 min in BSA-PBS and then incubated with 10 nM gold-
conjugated goat anti-rabbit IgG (diluted 1:30; EY Laborato-
ries) for 2 hr at room temperature in a humid chamber. After
several washes in PBS and water, the sections were stained with
uranyl acetate and lead citrate, and examined with a Jeol
1200EX electron microscope.

Cell Fractionation and Immunoblotting. Both control and
TGF-b-treated cells were homogenized in sample buffer,
heated at 100°C for 5 min, and subjected to SDSyPAGE on 8%
polyacrylamide gels. After electrophoretic separation, pro-
teins were transferred to nitrocellulose filters for 2 hr at 4°C
(200 mA). The filters were blocked by incubation with TBST
(50 mM TriszHCl, pH 8y137 mM NaCly0.1% Tween 20)
containing 5% lowfat dry milk for 2–14 hr and then incubated
overnight with the indicated antibodies in tris(hydroxymeth-
yl)aminomethane (TBST). The filters were washed five times
in TBST and incubated for 2 hr with horseradish peroxidase-
conjugated secondary antibodies. After five further washes,
antigen-antibody complexes were visualized with the enhanced
chemiluminescence kit from Amersham. When specified, sam-
ples were incubated for 90 min at 30°C in the presence of 40
units of alkaline phosphatase. To separate the various subcel-
lular fractions, control and TGF-b-treated cells were homog-
enized in 10 volumes of ice-cold buffer (10 mM TriszHCl, pH
7.5y5 mM MgCl2y0.1 units aprotinin). KCl (100 mM) was then
added, and nuclei were collected by centrifugation at 800 3 g.
The supernatant was centrifuged at 100,000 3 g. The resulting
supernatant was harvested and the pellet extracted with the
same buffer supplemented with 1% Nonidet P-40 for 20 min
on ice. The extract was centrifuged again at 100,000 3 g and
the resulting pellet extacted with RIPA buffer [50 mM
TriszHCl,pH 7.5y150 mM NaCly10 mM KCly1 mM EDTAy20
mM NaFy1 mM Na2MoO4y1 mM Na2VO4y5 mM DTTy0.25%
sodium deoxycholatey1% Nonidet P-40y5 mgyml leupeptin,
pepstatin, and aprotininy1 mM PMSF(phenylmethylsulfonyl
f luoride)]. Aliquots of the different fractions, containing 30 mg

of protein, were mixed with an equal volume of sample buffer
and processed as described above.

RESULTS

TGF-b Inhibits Myogenic Differentiation only in the Pres-
ence of Cell-to-Cell Contacts. Preliminary experiments (not
shown) indicated that clones of murine satellite cells differ-
entiate into multinucleated myotubes when exposed to TGF-b
at concentrations up to 10 ngyml, which efficiently inhibit
differentiation of the same cells grown to high density.

To investigate the basis of this phenomenon, genetically
marked satellite cells from MLC3F-nlacZ mice were cultured
at clonal density on a variety of substrates (collagen, laminin,
fibronectin) or on feeder layers of 3T3, 10T1y2 fibroblasts,
C2C12 or DyB myogenic cells, and C5 epithelial cells. After 5
days of clonal growth in GM, the cultures were transferred to
DM, and half of them received 5 ngyml TGF-b. After 3
additional days, all control cultures contained clones of similar
size (50–100 cells) mostly (about 80%) composed of differen-
tiated cells (revealed by expression of b-galactosidase and
myotube formation). In the presence of TGF-b, differentiation
was inhibited in clones growing on fibroblast (Fig. 1 A–C) or
myogenic cell feeder layer but occurred in clones grown on
epithelial cell feeder layers (Fig. 1 B–D) or on various sub-
strates. A quantitative analysis of these data is reported in Fig.
2, which shows that TGF-b inhibits differentiation in a vast
majority (.80%) of the cells grown on mesenchymal feeder
layers (C2C12, 10T1y2) but in less than 30% of the cells grown
on epithelial feeder layers or on plastic (C5, 2). Thus, it
appears that to inhibit myogenic differentiation in vitro, TGF-b
requires high cell densities and that cell-to-cell contact needs
to be established specifically among mesenchymal cells.

TGF-b Induces Relocalization of MEF2 in the Cytoplasm of
Myogenic Cells Grown to High Density. Because the possibility
exists that the TGF-b receptor is down-regulated in myogenic
cells grown at low density, we investigated the expression of
TGF-b receptor II and I by Western blot analysis and immu-
nofluorescence. No qualitative or quantitative changes were
observed after the addition of TGF-b to myogenic cells grown
at either high or low density (Fig. 3). Likewise, the levels of
proteins such as N-cadherin involved in cell adhesion appeared
unchanged(data not shown). We then investigated the pres-
ence of muscle-specific nuclear transcription factors, such as

FIG. 1. Density-dependent inhibition of myogenesis by TGF-b.
Morphology of satellite cell clones from MLC3F-nLacZ mice grown
on 3T3 fibroblasts (A and C) or C5 epithelial cells (B and D) in the
continuous presence of 5 ngyml TGF-b for 14 days and then stained
with 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-Gal) for b-galac-
tosidase activity. At low magnification (A and B) no differentiated
clones (i.e., b-galactosidase-positive) can be seen on a 3T3 feeder layer
(A), whereas many clones are visible on C5 cells (B). At higher
magnification, undifferentiated, round-shaped satellite cells are visible
on the 3T3 fibroblasts (C). (Bar 5 50 mm.)
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MEF2 or MyoD, which are known to be expressed in myogenic
cells during proliferation or at the onset of differentiation
(such as myogenin). C2C12 were transferred to DM and after
2 hr were treated with 5 ngyml TGF-b. Fig. 4 shows that 30 min
after exposure of C2C12 cells (grown to high density) to
TGF-b, MEF2A andyor MEF2C were virtually absent from
the nucleus, whereas immunoreactivity (unlocalized but stron-
ger than background staining of fibroblasts) was found in the
cytoplasm (Fig. 4B). Control cells grown to high density (Fig.
4A) and cells treated with TGF-b at low density (Fig. 4C)
showed the expected nuclear localization of MEF2. The effect
is specific, because myogenin (Fig. 5), MyoD, and p21 (not
shown) persisted in the nucleus irrespective of TGF-b treat-
ment. MEF2 relocalization was evident after 30 min but not
after 15 min, lasted for at least 24 hr, and was reversible on
removal of TGF-b. It was observed also with other members
of the MEF2 family, such as MEF2D, although we could never
detect MEF2B in either treated or untreated C2C12 cells (data
not shown). Treatment of cells with TGF-b after the onset of
differentiation (more than 8 hr after transfer to DM) had no
effect. The lack of TGF-b effect is not unique to C2C12
because it was also observed in L5 rat and Dy8 murine
myoblasts (not shown).

A better morphological definition of this phenomenon was
achieved by using immune electron microscopy of myogenic
cells treated as described above. The analysis confirmed the
abundance of MEF2, as revealed by gold particles, in the
chromatin of control cells (Fig. 6A), whereas very few particles
persisted in the nuclei of TGF-b treated cells (Fig. 6B).
Remarkably, most of the gold particles were detected in the
cytoplasm of TGF-b-treated cells (Fig. 6C), often associated
with either membranes or filamentous structures of a size
compatible with that of intermediate filaments.

To confirm biochemically the relocalization of MEF2 after
exposure of C2C12 cells to TGF-b, homogenates of both
control and treated cells grown to high density were separated
into cytosolic, nuclear, and insoluble (mainly membrane and
cytoskeletal) fractions. The insoluble fraction was first ex-
tracted with 1% Nonidet P-40, to solubilize hydrophobic
proteins, and then with RIPA buffer, to solubilize tightly
bound proteins. Each fraction was then subjected to electro-
phoretic separation, transferred to nitrocellulose membranes,
and reacted with antibodies against MEF2AyC. Fig. 7A shows
that treatment with TGF-b induces a dramatic decrease in
MEF2AyC from the nucleus (Fig. 7A, lanes 3 and 4) and a
concomitant increase in the fractions insoluble in Nonidet
P-40 (Fig. 7A, lanes 7 and 8) and solubilized by RIPA buffer
(Fig. 7A, lanes 9 and 10). Thus, biochemical analysis confirmed
the immunocytochemical data, indicating that after treatment
of myogenic cells with TGF-b a nuclear transcription factor is
specifically translocated out of the nucleus. Remarkably,
TGF-b treatment does not change the overall amount of

FIG. 3. Western blot analysis of TGF-b Receptor II and I in C2C12
myogenic cells grown at high(HD) or low density (LD) and exposed
for 30 min to solvent (2) or 5 ngyml TGF-b (1).

FIG. 4. Immunofluorescence analysis of MEF2 localization in
control (A) and TGF-b-treated C2C12 myogenic cells, grown at high
(B) or low (C) density. Hoechst staining of the nuclei in the corre-
sponding fields is shown in D, E, and F. (Bar 5 15 mm.)

FIG. 5. Immunofluorescence analysis of myogenin localization in
control (A) and TGF-b-treated (C) C2C12 myogenic cells. Hoechst
staining of the nuclei in the corresponding fields is shown in B and D.
Note that after 2 hr in DM, only a minority of cells (arrow) have
accumulated myogenin in the nucleus. This accumulation is, however,
unchanged by treatment with TGF-b. (Bar 5 15 mm.)

FIG. 2. Quantitative analysis of the differential inhibition of myo-
genesis by TGF-b in satellite-cell clones from MLC3F-nLacZ mice,
grown on feeder layers of C2C12 myogenic cells (C2C12), 10T1y2
fibroblasts (10T1y2), C5 epithelial cells (C5) or on plastic (2). After
4 days of culture in the continuous presence of 5 ngyml TGF-b, cells
were stained for b-galactosidase activity, and the number of positive
cells per clone was scored in 20 randomly selected microscopic fields
of at least five different cultures. Error bars: SEM in control (open
bars) and TGF-b-treated cultures (shaded bars).
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MEF2AyC protein, nor its overall phosphorylation status (Fig.
7B).

Inhibition of Myogenesis by TGF-b Can Be Prevented by
Forcing the Expression of MEF2 into the Nucleus. To test
whether MEF2 relocalization was causally related to TGF-b-
dependent inhibition of myogenesis, we constructed a plasmid
expression vector carrying a MEF2C chimeric protein in which
the nuclear localization signal of simian virus 40 large T
antigen had been substituted for the eight C-terminal amino
acids of wild-type MEF2C. Attempts to select stable transfec-
tants with this vector, as well as with a control vector expressing
wild-type MEF2C, were unsuccessful. However, efficient tran-
sient transfection could be achieved by the polyethylenimine
transfection method (30% of C2C12 cells were transfected,
based on the expression of a lacZ reporter gene; data not
shown). Cells transfected with the MEF2CynlsSV40 construct
expressed the MEF2C protein in the nucleus both in the
absence (Fig. 8 A–C) or in the presence (Fig. 8 D–F) of TGF-b
and began to differentiate as revealed by accumulation of
sarcomeric myosin; in contrast, cells transfected with wild-type
MEF2C and treated with TGF-b translocated the protein to
the cytoplasm essentially the same as control untransfected
cells (data not shown). After 5 days in culture, about 70% of
cells expressing MEF2CynlsSV40 had differentiated (Fig. 9B),
essentially at the same rate as control cultures (Fig. 9A). In the
continuous presence of TGF-b, 30% of cells transfected with
MEF2CynlsSV40 still achieved a differentiated phenotype

(Fig. 9 D), compared with less than 3% differentiated cells
observed in control cultures (Fig. 9C). Cells transfected with
a vector expressing wild-type MEF2C behaved the same as
control untransfected cells (data not shown). Thus, myogenic
cells in which the expression of MEF2C is forced into the
nuclear compartment became resistant to the inhibitory action
of TGF-b.

DISCUSSION

TGF-b-Mediated Inhibition of Myogenesis Is Density-
Dependent. The data reported in this work show that the
inhibition of myogenesis caused by TGF-b is density-
dependent. Inasmuch as TGF-b is thought to prevent prema-
ture differentiation of myoblasts in the developing embryo, it
is not surprising that its action may require cell-to-cell contact.
In this respect it is interesting to note that any mesenchymal
cell, and not necessarily a committed myoblast, can provide
this contact; in fact, during muscle histogenesis any single
myoblast is surrounded by other myoblasts that may be at the
same or at a different developmental stage, as well as by
fibroblasts and endothelial cells. This is at variance with a
community (28),in which a cell needs to be surrounded by
identical sister cell to define a field of committed precursors.
The requirement for interactions among mesenchymal cells
suggests that the effect may be mediated by crosstalk between
the TGF-b receptor and the N-cadherin complex (29). The

FIG. 6. Electron micrograph showing the immunogold localization of MEF2 in a control and TGF-b-treated C2C12 myogenic cells. The reaction
products (shown by an arrow) accumulate in the chromatin of nuclei (n) in control (A) but not in TGF-b-treated (B) cells. In the latter cells, reaction
products are mainly restricted to the cytoplasmic (c) cellular compartment (C). The gold particles (shown by double arrow in C) appear mainly
associated with membranes and cytoskeletal filaments. Cells unreacted with primary antibody are shown in D. (Bar 5 0.5 mm.)
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idea of crossalk mediation is also supported by preliminary
experiments with a peptide that reproduces the homophylic
binding site of N-cadherin, suggesting that occupancy of this
site is a prerequisite for the myoblasts to be inhibited by TGF-b
(unpublished data). Attempts to coimmunoprecipitate the two
molecules were unsuccessful, suggesting that the interaction is
not direct but probably mediated by some as-yet-unknown
intermediate molecule. One or more tyrosine phosphatases
may be intermediates because several of these enzymes have
been reported to be a target for the TGF-b receptor kinase
activity (30). Perhaps more importantly, after 30 min of TGF-b
treatment, at least two proteins of the N-cadherin complex
become dephosphorylated, but only in myoblasts grown to high
density (De Angelis et al., unpublished data). One of these
proteins was identified as b-catenin but, as in this report,
attempts to demonstrate a direct binding of b-catenin to MEF2
have been unsuccessful both in vivo and in vitro, again indi-
cating that interaction may be indirect.

MEF2 Leaves the Nucleus After Exposure of Myoblasts to
TGF-b. Strikingly, it is MEF2, a transcription factor normally
required for full transcriptional activation of myogenic genes,
that is relocated from the nucleus to a membrane-cytoskeletal
fraction after TGF-b treatment of myogenic cells grown at
high density. Only denaturing detergents can solubilize MEF2
from the membrane-cytoskeletal fraction. This unexpected
finding provides an explanation for the difficulties experienced
in attempting to establish whether a direct binding of MEF2 to
b-catenin may be induced by TGF-b binding to the membrane

FIG. 9. Immunofluorescence analysis of untrasfected C2C12 myo-
genic cells (A and C) or C2C12 cells transfected with the pMEF2y
nlsSV40 vector (B and D). Twenty-four hours after transfection, cells
were treated with solvent only (A and B) or 5 ngyml TGF-b (C and D)
for 4 days and then stained with antisarcomeric myosin MF20. Hoechst
staining of the nuclei is shown in E–H. (Bar 5 15 mm.)

FIG. 7. Western blot analysis of expression, phosphorylation, and
subcellular distribution of MEF2 in control and TGF-b-treated C2C12
myogenic cells. (A) Control and TGF-b-treated C2C12 myogenic cells
were homogenized in hypotonic buffer, and nuclei (lanes 3 and 4) were
isolated by low-speed centrifugation. The cytoplasmic fraction was
further separated by high-speed centrifugation in a cytosolic soluble
fraction (lanes 1 and 2), and a pellet that was then sequentially
extracted with Nonidet P-40 (lanes 5 and 6) and with RIPA buffer
(lanes 9 and 10). Lanes 7 and 8 represent the pellet of the Nonidet P-40
extraction before the final extraction with RIPA buffer. Thirty mi-
crograms of protein for each fraction from control (2) and treated (1)
cells were subjected to SDSyPAGE, transferred to nitrocellulose
filters, and reacted with the anti-MEF2AyC polyclonal antibody. (B)
Control (2) and TGF-b-treated (1) cells were homogenized in sample
buffer; 30 mg of protein from control (2) and treated (1) cells were
subjected to SDSyPAGE, transferred to nitrocellulose filters, and
reacted with the anti-MEF2AyC polyclonal antibody. Other 30-mg
aliquots of were pretreated with 40 units of alkaline phosphatase
(AP)for 90 min at 30°C and similarly processed.

FIG. 8. Double immunofluorescence analysis of C2C12 myogenic
cells transfected with the pMEF2ynlsSV40 vector. Twenty four hours
after trasfection, cells were treated with solvent only (A–C) or 5 ngyml
TGF-b (D–F) for 24 hr and then stained with antisarcomeric myosin
MF20 (A and D) and anti-MEF2A-C (B and E) antibodies. Hoechst
staining of the nuclei is shown in C and F. Note nuclear staining of
MEF2A-C in TGF-b-treated, transfected cells, part of which have
already undergone differentiation, similar to untransfected control
cells.

12362 Developmental Biology: De Angelis et al. Proc. Natl. Acad. Sci. USA 95 (1998)



receptor; in fact, the conditions required for MEF2 solubili-
zation would probably result in the disruption of any protein–
protein interaction.

Recent evidence suggests that shuttling between the nucleus
and the cytoplasm represents a rapid and efficient mechanism
for regulating the activity of a transcription factor. For exam-
ple, it was recently shown that the transcription factor NF-ATc,
which plays a key role in the activation of many early response
genes, translocates from the cytoplasm to the nucleus in
response to a transient rise in intracellular calcium and im-
mediately returns to the cytoplasm when the intracellular
calcium level falls (31). A similar regulation has been reported
for a number of nuclear proteins such as the Rev protein of
HIV (32), the cAMP-dependent protein kinase inhibitor, pKI
(33), or TFIIIA (34). Translocation to the cytoplasm depends
on the presence of nuclear export signals consisting of highly
divergent amino acid sequences that apparently have in com-
mon a short repeat of hydrophobic residues with defined
spacing (35, 36). Therefore, it is not surprising that primary
sequence analysis of MEF2s have not revealed reliable simi-
larities to known nuclear export signals; functional assays will
be needed to identify protein domains specifically involved in
MEF2 nuclear export.

Expression of MEF2C containing a strong nuclear localiza-
tion signal efficiently overcomes the inhibitory effect of
TGF-b. This finding provides direct evidence for the causal
relation between TGF-b inhibition of differentiation and
MEF2 relocalization to the cytoplasm.

Regardless of the mechanism, once translocation of MEF2
out of the nucleus occurs, the transcription factor would then
be unavailable for participation in an active transcriptional
complex, thus preventing transactivation of myogenin and
downstream genes once differentiation is initiated by serum
removal. Our findings also help to explain previous reports
showing that the inhibitory effect of TGF-b, at variance with
fibroblast growth factor or serum, does not depend on the
ability of basic helix–loop–helix transcription factors to bind
their cognate DNA binding sites (6); indeed, it has been shown
that fully efficient transcription of muscle-specific genes may
require the coexistence of both basic helix–loop–helix and
MEF2 proteins in the same transcriptional complex (37).
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M., Vivarelli, E., Bouchè, M., Molinaro, M., Ferrari, S. & Cossu,
G. (1994) Development (Cambridge, U.K.) 120, 925–933.

4. Zappelli, F., Willems, D., Osada, S., Onho, S., Wetsel, W. C.,
Molinaro, M., Cossu, G. & Bouchè, M. (1996) Dev. Biol. 180,
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