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Inhibition of Myogenic bHLH and MEF2
Transcription Factors by the bHLH Protein Twist

Douglas B. Spicer, James Rhee, Wang L. Cheung,
Andrew B. Lassar*

The myogenic basic helix-loop-helix (bHLH) and MEF2 transcription factors are ex-
pressed in the myotome of developing somites and cooperatively activate skeletal
muscle gene expression. The bHLH protein Twist is expressed throughout the epithelial
somite and is subsequently excluded from the myotome. Ectopically expressed mouse
Twist (Mtwist) was shown to inhibit myogenesis by blocking DNA binding by MyoD, by
titrating E proteins, and by inhibiting trans-activation by MEF2. For inhibition of MEF2,
Mtwist required heterodimerization with E proteins and an intact basic domain and
carboxyl-terminus. Thus, Mtwist inhibits both families of myogenic regulators and may
regulate myotome formation temporally or spatially.

Members of the bBHLH family of transcrip-
tion factors play important roles in control-
ling cell type determination and differenti-
ation in both vertebrates and invertebrates
(I). Vertebrate skeletal muscle develop-
ment is controlled by four members of this
family: MyoD, Myf-5, myogenin, and MRF-
4. Gene disruption in mice has established
that the myogenic bHLH proteins are nec-
essary for establishment of the myoblast cell
lineage and for proper execution of the
skeletal muscle differentiation program (2).
In addition to the MyoD family, members of
the MEF2 family of transcription factors
also play a role in muscle differentiation.
There are four members of the MEF2 family
of proteins (MEF2A through MEF2D), and
all share a region of homology with the
MADS family of transcription factors and
an adjacent region known as the MEF2
domain (3). MEF2 factors are highly in-
duced during skeletal myogenesis (4), and
many skeletal muscle—specific genes require
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both myogenic bHLH and MEF2 binding
sites for maximal skeletal muscle expression
(3). High-level expression of both myogen-
ic bHLH and MEF2 family members in the
somite are-confined to the myotome (5-7).

Originally identified in Drosophila as a
gene necessary for embryonic gastrulation
and formation of mesoderm (8), Twist is a
bHLH protein that is specifically expressed
in the mesoderm (9). Twist homologs have
been isolated from Xenopus (10), mouse
(11), and chick (12). Vertebrate Twist is
initially expressed throughout the somitic
mesoderm. As the somites develop, Twist is
excluded from the forming myotome but
continues to be expressed in other mesoder-
mal structures such as the dermomyotome,
sclerotome, lateral plate mesoderm, and
cranial neural crest (10—13). The exclusion
of Twist from the myotome suggested that it
may negatively regulate the myogenic
bHLH proteins and that the mutually ex-
clusive expression of these transcription
factors may partition the somitic mesoderm
into alternative cell fates. We now demon-
strate that ectopically expressed mouse
Twist (Mtwist) inhibits skeletal myogenesis
by blocking the activity of both myogenic
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bHLH and MEF2 family members.

Constitutive expression of Mtwist inhibits
myogenic differentiation of myoblast cell
lines (12, 14). To investigate the mechanism
of this inhibition, we compared the ability of
Mtwist to inhibit MyoD-mediated activation
of a muscle creatine kinase promoter—chlor-
amphenicol acetyltransferase (CAT) reporter
construct (MCK-CAT) in cotransfected
C3H10T1/2 cells with that of the dominant-
negative HLH protein Id. Id inhibits MyoD
function by competing with MyoD for dimer-
ization with its bHLH binding partners, E
proteins, and thereby prevents formation of
active myogenic bHLH-E protein het-
erodimers (15). Both Mtwist and Id inhibited
MCK-CAT expression in the presence of
exogenous E12; however, Mtwist was a more
efficient inhibitor than Id (Fig. 1A). With a
fourfold excess of MyoD, Mtwist completely
inhibited the activity of MCK-CAT, whereas
this amount of Id had relatively little effect
(Fig. 1A). Because this level of Id had little
effect on MCK expression, we used this
amount of both Mtwist and Id expression
vehicles in subsequent experiments to evalu-
ate how these proteins differentially inhibit
muscle gene expression. Transfection of
equivalent amounts of Mtwist or Id expres-
sion vehicles led to a steady-state level of 1d
protein that was greater than that of Mtwist
protein (Fig. 1B), indicating that the greater
efficiency of Mtwist-mediated inhibition was
not the result of higher protein levels of
Mtwist versus Id.

MCK gene expression is controlled by a
complex muscle-specific enhancer that
binds both myogenic bHLH proteins and
other transcription factors (16, 17). To eval-
uate whether Mtwist specifically inhibits
MyoD function, we assayed the effect of
Mtwist on MyoD trans-activation of a sim-
plified muscle-specific promoter, containing
four reiterated MyoD binding sites (termed
E boxes) upstream of a minimal promoter
(Ex4-CAT). Unlike Mtwist-mediated inhi-
bition of the MCK gene, which remained
repressed upon the addition of exogenous
E12, Mtwist—-mediated inhibition of the ac-
tivity of Ex4-CAT was both less efficient
and could be alleviated by addition of exog-
enous E12 (Fig. 1C). In contrast, Id-mediat-
ed inhibition of both promoters was approx-
imately equivalent and in both cases was
relieved by addition of exogenous E12 (Fig.
1C). Thus, Mtwist (like Id) can inhibit
MyoD-mediated induction of a simplified
muscle reporter (containing only reiterated
E boxes) by titrating E proteins. In agree-
ment with this finding, Mtwist and Id dis-
played equal affinities for E protein interac-
tion in vitro (12), and electrophoretic mo-
bility-shift assay (EMSA) of in vitro—trans-
lated proteins indicated that addition of
equimolar amounts of either Mtwist or Id

inhibited MyoD-E12 heterodimers equiva-
lently from forming and binding a MyoD
binding site, and this inhibition was re-
versed by addition of excess E12 (Fig. 1D).

In contrast to Ex4-CAT, inhibition of
MCK expression by Mtwist was not relieved
by addition of ectopic E proteins. This find-
ing, together with the observation that
Mtwist—-E protein complexes bind only
weakly to a MyoD binding site (Fig. 1D),
suggested that efficient repression of MCK
expression by Mtwist was the result of a
mechanism other than simply E protein
sequestration or MyoD binding site compe-
tition (or both). Many muscle-specific pro-
moters, including MCK, contain binding
sites for both the myogenic bHLH factors
and for MEF2 proteins (3, 16). Because
binding sites for both factors are required
for muscle-specific expression of the MCK
gene (17), we tested whether Mtwist inhib-
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ited MEF2-mediated trans-activation. Co-
transfection of E12 plus Mtwist inhibited
MEF2C trans-activation of a CAT reporter
construct driven by four reiterated MEF2
binding sites upstream of a minimal pro-
moter (MEF2x4-CAT) (Fig. 2A). Maximal
inhibition of MEF2 function by Mtwist re-
quired the presence of exogenous E12 (Fig.
2A), suggesting that repression of MEF2
activity by Mtwist requires heterodimeriza-
tion of the latter with E proteins. In con-
trast, the slight inhibition of MEF2 function
observed after cotransfection with Id was
not augmented by the addition of exoge-
nous E12 (Fig. 2A).

To address whether the MEF2 trans-
activation domain is a target for Mtwist, we
assayed the effects of Mtwist on trans-acti-
vation of a Gal4-dependent reporter by a
construct containing MEF2A fused to the
Gal4 DNA binding domain (Gal4-MEF2).
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Fig. 1. Mtwist inhibits muscle gene expression by a mechanism other than E protein sequestration. (A)
10T1/2 fibroblasts were transfected (26) with 0.5 ng of MCK-CAT (lanes 1 to 11), 0.1 ng of CMV-MyoD
(lanes 2 to 11), 0.1 ug of CMV-E12 (lanes 3 to 11), and a total amount of 0.2 pg of CMV expression
vehicle without an insert and the indicated amount of CMV-driven Mtwist (lanes 4 to 7) or Id (lanes 8 to
11). Duplicate samples (light and dark bars) from a representative experiment are shown. (B) 10T1/2
cells were transfected with equal amounts of CMV expression vehicles driving expression of either MYC
epitope-tagged versions of MyoD (lane 1), Id (lane 2), Mtwist WT (lane 3), or Mtwist mutants as indicated
below lanes (lanes 4 to 7). After 72 hours, protein immunoblot analysis was performed on cell extracts
to detect MYC-tagged proteins. (C) 10T1/2 cells were transfected (26) with 0.5 n.g of MCK-CAT (lanes
110 7), 0.5 png of Ex4-CAT (lanes 8 to 14), 0.1 pg of CMV-MyoD (lanes 2 to 7 and 9 to 14), 0.1 pg of
CMV-E12 (lanes 3, 5, 7, 10, 12, and 14), 0.025 p.g of CMV-Mtwist (lanes 4, 5, 11, and 12), and 0.025
rg of CMV-Id (lanes 6, 7, 13, and 14). (D) EMSA (27) of MEF1 binding site activity with equimolar
amounts of in vitro—translated MyoD (lanes 2 to 8), E12 (lanes 1, 3 to 8, and 10), Mtwist (lanes 4, 5, 9,
and 10), and Id (lanes 6 and 7). Lanes 5 and 7 contain double the amount of E12. M/E and T/E indicate
the mobility of MyoD-E12 and Mtwist-E12 complexes, respectively, bound to the MEF1 oligomer.

SCIENCE e« VOL. 272 ¢ 7]JUNE 1996

1477



Mtwist-E12 cotransfection repressed Gal4-
MEF2 trans-activation of Gal4-CAT by
~T70% (Fig. 2B). This finding, in conjunc-
tion with EMSA analysis which indicated
that Mtwist does not significantly inhibit
binding of MEF2C to its cognate binding
site in either the absence or presence of E
proteins (12), suggested that the transcrip-
tional activation domain of MEF2 is inhib-
ited by Mtwist. Myogenic bHLH proteins
and members of the MEF2 family have re-
cently been demonstrated to directly inter-
act and thereby synergistically activate
muscle gene expression (I18). To assay
whether Mtwist inhibits synergistic gene
activation by MEF2 and MyoD, we assayed
the effect of Mtwist on the activity of Gal4-
MEF2 in the presence of MyoD-E12.
MyoD-E12 cotransfection had no effect on
Gal4-CAT in the absence of Gal4-MEF2;
however, MyoD-E12 plus Gal4-MEF2 syn-
ergistically activated Gal4-CAT threefold
over that observed with Gal4-MEF2 in the
absence of MyoD (Fig. 2B). Cotransfection
of Mtwist completely inhibited synergistic
activation by MyoD-E12 plus Gal4-MEF2,
whereas Id had no effect (Fig. 2B).
Inhibition of Gal4-MEF2 activity by
Mtwist suggested that the transcriptional

activation domain of MEF2 is inhibited by
Mtwist. Therefore, we investigated whether
addition of the VP16 transcriptional acti-
vation domain to MEF2C would render this
transcription factor resistant to Mtwist-me-
diated inhibition. In contrast to wild-type
MEF2C (Fig. 2A), the activity of MEF2C-
VP16 was unabated by cotransfection of
Mtwist in either the absence or presence of
E12 (Fig. 2C). To test whether Mtwist re-
pression of MCK-CAT expression was due
to inhibition of MEF2 function, we evalu-
ated whether cotransfection of MyoD with
MEF2C-VP16, which is immune to inhibi-
tion by Mtwist, could reverse Mtwist-medi-
ated repression of MCK-CAT. Indeed, ad-
dition of exogenous MEF2C-VP16, but not
MEF2C, partially reversed Mtwist-mediated
repression of MCK-CAT (Fig. 2D). We
speculate that MEF2C-VP16 did not fully
restore MCK-CAT activity in this assay
because of residual titration of E proteins by
Mtwist.

To define the regions of Mtwist that are
required to inhibit either MEF2 or MyoD
function (or both), we constructed various
Mtwist mutants containing point mutations
or deletions in either the bHLH domain or
the highly conserved COOH-terminus of

Mtwist. All of the Mtwist mutants were
expressed in cells at approximately the same
level as wild-type Mtwist (Fig. 1B). Intro-
duction of a proline into the second helix
(H2pro) of Mtwist, which prevents dimer-
ization with E proteins (12), or deletion of
either the basic domain (AB) or the con-
served COOH-terminus (AC) of Mtwist re-
duced the ability of this protein to inhibit
MEF2 trans-activation of MEF2x4-CAT
(Fig. 3A). In contrast, introduction of a
proline into the basic domain (Bpro) had
little effect on Mtwist-mediated inhibition
(Fig. 3A). These results suggest that both
an intact bHLH motif and COOH-termi-
nus are necessary for Mtwist-mediated tran-
scriptional repression of a MEF2 reporter
construct. DNA binding by Mtwist is not
required to inhibit MEF2 activity because
Mtwist (Bpro) is unable to bind DNA (12),
yet inhibits MEF2 function.

Consistent with the ability of MyoD and
Mtwist to either positively or negatively
affect MEF2 function, both GST-MyoD
and GST-Mtwist interacted with in vitro—
translated MEF2, whereas GST-Id did not
(12). Furthermore, Mtwist could be coim-
munoprecipitated with MEF2C in extracts
made from COS cells that had been co-

Fig. 2. Mtwist inhibits MEF2-mediated trans-activation. (A) 10T1/2

) A 120 B 400
cells were transfected (26) with 0.5 pg of MEF2x4-CAT (lanes 1 to
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transfected with epitope-tagged MEF2C
and Mtwist (Fig. 3B). To determine wheth-
er the ability of various Mtwist mutants to
inhibit MEF2 function correlated with their
capacity to interact with MEF2, we immu-
noprecipitated epitope-tagged MEF2C and
assayed for coprecipitation of the cotrans-
fected Mewist proteins. Both Mtwist (Bpro)
and Mtwist (AB) interacted with MEF2C at
least as well as wild-type Mtwist (Fig. 3B).
In contrast, Mtwist (H2pro) and Mtwist
(AC) were inefficiently coimmunoprecipi-
tated with MEF2C (Fig. 3B). Thus, the
HLH and COOH-terminus of Mtwist are
required both for interaction with MEF2
and inhibition of MEF2 activity. The basic
domain, however, is required for inhibition
of MEF2 function but not for interaction
with MEF2 (Fig. 3, A and B).

As another means of testing whether
suppression of muscle differentiation by
Mtwist correlated with inhibition of MEF2
function, we examined the effects of the
Mtwist mutants on MyoD trans-activation
of MCK-CAT. In the presence of exoge-
nous E12, the same regions of Mtwist nec-
essary for inhibition of MEF2 function (that
is, the basic region, the HLH domain, and
the COOH-terminus) were also required for
inhibition of MCK gene expression (Figs.
3C and 4A). In contrast, in the absence of
exogenous E12, only an intact Mtwist HLH
domain was required to inhibit MCK tran-
scription (Fig. 3D). Thus, when endogenous
E proteins are rate-limiting, E protein titra-
tion by Mtwist is sufficient to inhibit myo-
genesis. However, when ectopic E proteins
are supplied in excess, inhibition of myo-
genesis by Mtwist requires suppression of
MEF?2 trans-activation.

Finally, we investigated whether inhibi-
tion of myogenesis was a conserved func-
tion of Twist. In Drosophila, Twist has been
characterized as a positive regulator of both
gastrulation and mesoderm gene expression
during embryogenesis (9, 19); however, lat-
er in development Twist expression is spe-
cifically maintained in the precursor cells of
the adult skeletal muscles before differenti-
ation of these cells (20). It has recently
been shown that Drosophila MEF2 (D-
MEF2) is also expressed in these precursor
cells (21) and that their differentiation is
dependent on D-MEF2 activity (22).
Therefore, we tested the effect of Drosophila
Twist (Dtwist) expression on MEF2 activity
using the assays described above. We found
that Dtwist inhibited both MEF2C trans-
activation of MEF2x4-CAT (Fig. 3A), and
MyoD trans-activation of MCK-CAT in
the presence of exogenous E protein (Fig.
3D), to the same extent as Mtwist, suggest-
ing that negative modulation of both myo-
genic bHLH and MEF2 activities may be a
conserved function of Twist.

We have shown that Mtwist, like Id,
can titrate E proteins away from myogenic
bHLH factors. However, in addition to E

protein sequestration, Mtwist is also able
to inhibit MEF2-mediated trans-activa-
tion. E protein interaction, but not DNA
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Fig. 3. The ability of Mtwist mutants to inhibit muscle gene expression in the presence of exogenous E
proteins correlates with their ability to inhibit MEF2 function. (A) 10T1/2 cells were transfected (26) with
0.5 ng of MEF2x4-CAT (lanes 1 to 8), 0.2 pg of CMV-MEF2 (lanes 2 to 8), 0.1 pg of CMV-E12 (lanes 2
to 8), 0.05 pg of CMV-Mtwist WT (lane 3), CMV-Mtwist mutants (lanes 4 to 7), or CMV-Dtwist (lane 8).
(B) COS cells were transfected with 0.5 ng of CMV-FLAG epitope-tagged MEF2C(1 to 105), 1.0 pg of
CMV-E12, and 1.0 pg of CMV-MYC epitope-tagged Mtwist WT or mutants as indicated. Forty-eight
hours after transfection, cell extracts were harvested, MEF2-associated proteins were immunoprecipi-
tated with antibody to FLAG, and protein immunoblot analysis was performed to detect Mtwist (MYC
tag) and MEF2 (1-105 FLAG) (28). The bottom panel contains total cell lysate equivalent to one-tenth the
input amount of extract used in the immunoprecipitations. (C) 10T1/2 cells were transfected (26) with 0.5
g of MCK-CAT (lanes 1 to 9), 0.1 ug of CMV-MyoD (lanes 2 to 9), 0.1 pg of CMV-E12 (lanes 3 to 9),
and 0.05 ug of CMV-Mtwist WT (lane 4), CMV-Mtwist mutants (lanes 5 to 8), or CMV-Dtwist (lane 9). (D)
10T1/2 cells were transfected (26) with 0.5 pg of MCK-CAT (lanes 1 to 7), 0.1 ug of CMV-MyoD (lanes
2 t0 7), and 0.05 pg of CMV-Mtwist WT (lane 3) or CMV-Mtwist mutants (lanes 4 to 7).

A Binds to Inhibits B
MEF2- MCK- MyoD/E
Mtwist protein E12 DNA MEF2 CAT CAT
wT bHLH + [+ |+ + | +
Bpro o |+ - + + + F— MiwisvE Mel::)crleesgi?)%e
AB | + - + - - L
H2pro P - - - - - MEF2
AC + | + - - -

Fig. 4. Mtwist inhibits myogenesis by blocking the function of both MEF2 and myogenic bHLH transcription
factors. (A) Summary of the activities of the Mtwist mutants. Mutants were assayed for heterodimerization
with E12 (72), binding to a MEF1 site (12), binding to MEF2 protein (Fig. 3B), inhibition of MEF2x4-CAT in the
presence of exogenous E12 (Fig. 3A), and inhibition of MCK-CAT in the presence of exogenous E12 (Fig.
3C). (B) The myogenic bHLH proteins are able to activate MEF2 transcription and synergistically activate
muscle gene expression in cooperation with MEF2. Mtwist—E protein complexes act to inhibit the activity of
myogenic bHLH factors and MEF2 by inhibiting DNA binding or trans-activation function, respectively. In
addition, we speculate that Mtwist inhibits synergistic activation of downstream genes by myogenic bHLH
and MEF2 family members by blocking the interaction between these two families of myogenic regulators.
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binding, by Mtwist is necessary for both
interaction with MEF2 and inhibition of
MEF?2 function. The basic domain and the
COQOH-terminus of Mtwist are also re-

quired for inhibition of MEF2 trans-acti--

vation. Interaction of Mtwist with MEF2,
however, requires the HLH domain and
COOH-terminus but not the basic domain
of Mtwist. Together, these findings sug-
gest that whereas the Mtwist HLH domain
and COOH-terminus are required for in-
teraction with MEF2, residues in the basic
domain are specifically required to inhibit
MEF2 trans-activation. Others have dem-
onstrated that members of the MyoD fam-
ily can similarly interact with MEF2 (18),
and that these families of transcription
factors can synergistically activate muscle
gene expression (18, 23). On the basis
of these observations, we speculate that
interaction of MEF2 with a bHLH-E pro-
tein heterodimer can either negatively
(Mtwist) or positively (MyoD) affect MEF2
function, and that competition for this in-
teraction with MEF2 will determine wheth-
er a cell differentiates or not (Fig. 4B).
Negative modulation of MEF2 function by
Mtwist does not rule out the possibility that
this factor may in addition act as a positive
regulator of gene expression, as is the case
for Dtwist (19, 21).

Vertebrate Twist is initially expressed
throughout the epithelial somite and is
subsequently excluded from the forming
myotome (10-13). In contrast, high-level
somitic expression of the myogenic bHLH
and MEF2 family members is restricted to
the myotome (6, 7). Because myogenic
differentiation is controlled by positive
feedback regulation within and between
the myogenic bHLH and MEF2 families of
proteins (3), and low levels of the myo-
genic bHLH proteins are expressed in the
presegmented mesoderm and epithelial
somites (6), expression of Twist may act as
a restraint to ensure that this positive
regulatory loop is neither initiated prema-
turely nor in nonmyotomal tissues. Expres-
sion of Twist in the cranial neural crest
(10-12) may similarly serve to restrain the
activity of other bHLH proteins or MEF2
family members.

The phenotype of the Mtwist —/—
mice has recently been reported; these
mice die at around 10.5 to 11 days of
gestation and show gross cranial neural
tube defects (24). In addition, the somites
are disorganized and show a high degree of
apoptosis, consistent with a role for
Mtwist in either promoting the survival or
segregation of somitic cells to alternative
fates (or both). Although low levels of
myogenin are expressed in somites lack-
ing Mtwist (24), it is not clear whether
this expression is spatially normal (that is,
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restricted to the myotome). Furthermore,
because other bHLH genes that share ex-
tensive homology to Twist are also ex-
pressed in the somite (25), it is pos-
sible that these genes share overlapping
function with Twist and thereby temper
the effects of Twist deficiency in the
somite.
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