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The MyoDprotein is sufficient to orchestrate the coordinated
expression of most, if not all, of the skeletal myogenic program
in cell types derived from all three germ layers of the embryo.
As such the regulation of MyoDexpression and protein activity
creates a nodal point, or master switch, that integrates the ge-
netic and environmental influences on a cell. The expression
and activity of the MyoDprotein is regulated, in part, by inter-
action with members of a large family of proteins related to
MyoD by sequence homology, the helix-loop-helix (HLH)'
proteins. This review will focus on the regulation of skeletal
myogenesis by MyoDand related myogenic HLHproteins.

Expression of a Single Gene is Sufficient
to Activate Myogenesis
The notion that a small number of genes, or a single gene, was
capable of orchestrating an entire program of differentiation
was postulated by Holtzer and colleagues based on the kinetics
of the inhibition of myogenesis and erythrogenesis by the thy-
midine analog 5-bromo-2'-deoxyuridine (BrdU) (1-3). The crit-
ical observation that a large percentage of cells of the mouse
fibroblast line C3HlOTl/2 (lOTl/2 cells) could be stably con-
verted to myoblasts by a brief treatment with the DNAdemeth-
ylating agent 5-azacytidine (4, 5) provided additional evidence
that a single gene was sufficient to activate myogenesis. This
was directly demonstrated by genomic transfection experi-
ments in which transfection of DNAisolated from myoblasts
could convert l OT1/2 cells to muscle at a frequency consistent
with the transfer of a single myogenic locus, whereas transfec-
tion with lOT1/2 cell DNAfailed to convert lOT1/2 cells to
muscle (6, 7).

Subtraction hybridization screening was then used to iden-
tify myoblast-specific transcripts. One of the cDNAs that was
expressed only in skeletal muscle was capable of directly con-
verting l OT1/2 cells to myoblasts without the necessity for
treatment with azacytidine (8). This gene, MyoD, met the re-
quirement for sufficiency of a single locus to convert a cell to a
myoblast. To date, four different, but related (see below)
genes have been cloned from muscle cells: MyoD, myogenin,
myf-5, and MRF4/Herculin/Myf6 (8-14). Each is sufficient to
activate the myogenic program when expressed in a nonmuscle
cell line and together they comprise the MyoDfamily of myo-
genic regulatory genes. At present, while quantitative differ-
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I. Abbreviations used in this paper: bHLH, basic helix-loop-helix;
BrdU, 5-bromo-2'-deoxyuridine; HLH, helix-loop-helix, MCK, mus-
cle creatine kinase.

ences have been demonstrated (15), it is unclear whether they
have qualitatively different functions.

The question arises, however, as to whether fibroblast cell
lines, such as lOT 1/2, are cryptically committed to myogenesis
and the activity of MyoDand related genes is only permissive
for the expression of the muscle phenotype. This is apparently
not the case because muscle specific genes can be activated by
forced expression of MyoD(using a strong viral promoter) in a
large number of cell lines, including neuroblastoma, mela-
noma, hepatoma, and teratocarcinoma (16). In addition, pri-
mary cultures of retinal pigment epithelial cells, chondrocytes,
and dermal fibroblasts can be converted to skeletal muscle cells
that are morphologically and biochemically indistinguishable
from normal muscle cells (17). To the extent that it has been
analyzed, the endogenous differentiation program of these
converted cells has been extinguished. This suggests not only
that MyoDis sufficient to activate the myogenic program with-
out the a priori cooperation of other muscle-specific factors,
but also that the myogenic regulatory genes are capable of in-
teracting with and suppressing the tissue-specific regulatory
factors of the other cell types tested, even though these cells
would not ordinarily express the myogenic genes.

MyoD is a Muscle-specific Transcription Factor
In vitro gel shift assays have demonstrated that MyoDprotein
binds DNAthat contains a core consensus sequence specified
by CANNTG(18). Paired MyoD binding sites are essential
parts of several characterized enhancers of muscle-specific
genes (18-21). MyoDbinds cooperatively to the paired sites in
the muscle creatine kinase (MCK) enhancer and deletion analy-
sis has shown that the NH2-terminal 50 amino acids are neces-
sary for this cooperativity (19). In enhancers that contain two
MyoDbinding sites both are necessary for full enhancer activ-
ity, arguing for the functional importance of cooperative bind-
ing. In contrast, some enhancers, such as that for alpha-cardiac
actin, contain a single identified MyoDbinding site (22). In this
case the adjacent CArG and SPl binding sites can functionally
substitute for the second MyoDbinding site, because the en-
hancer activity is dependent on the presence of all three sites.

The predicted protein sequence of MyoDshares a region of
homology with the other myogenic regulatory genes as well as
with other tissue-specific and ubiquitous transcription factors.
Mutational analysis of MyoDhas shown that this region is both
necessary and sufficient for biological activity and for se-
quence-specific DNAbinding (23). This region has the poten-
tial to form two amphipathic alpha-helices separated by a non-
helical loop, referred to as the (HLH) motif (24). Many
members of the HLHprotein family, including the MyoDfam-
ily of myogenic regulatory genes, have a region rich in basic
amino acids that is immediately amino-terminal to the HLH
domain, which we will refer to as basic helix-loop-helix
(bHLH) proteins. Murre et al. (25) demonstrated that tissue-
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specific bHLH proteins form heterodimers with the protein
products of a ubiquitously expressed bHLH gene, E2A. The
E2A gene, by differential splicing, encodes for at least three
different bHLH proteins, E12, E47, and ITF1 (25, 26). These
three proteins bind to the kappa-E2 enhancer of the kappa light
chain immunoglobulin gene with a specificity for the same core
CANNTGmotif as MyoD. MyoD and related myogenic
bHLH proteins have a relatively weak binding affinity to the
CANNTGsites in the MCKenhancer, whereas the hetero-
dimer formed with an E2A protein binds with much higher
affinity (25, 27, 28). A detailed mutagenesis study of the MyoD
and E2A proteins showed that the HLHdomain mediates pro-
tein-protein interactions, whereas the basic region interacts
with DNA(28, 29).

Four separate genes have been identified that code for re-
lated bHLHproteins that bind to the E-boxes of the immuno-
globulin enhancers: TFE3 (30), ITF2 (26), TFEB(31), and E2A
(24). All four genes are transcribed in both B cells and non-B
cells. In this review we will focus on the E2A proteins because
their role in myogenesis has been most extensively studied. It
should be stressed, however, that these other members of the
E-box binding subfamily of bHLHproteins may provide addi-
tional combinatorial complexity to the regulation of the myo-
genic bHLH proteins.

Fusion proteins utilizing the Gal 4 DNAbinding domain
(which can bind to Gal 4 binding sites upstream of a reporter
chloramphinicol acetyl transferase [CAT] gene) fused to por-
tions of either MyoD(Weintraub, H., unpublished data), myf-
5, or the E2A proteins (26, 32) have been used to demonstrate
that these bHLH proteins have an activation domain separate
from the bHLHregion. In the case of MyoDand E-box binding
proteins ITFl and ITF2, the activation domain maps to the
amino-terminal region, the same region in MyoDthat partici-
pates in cooperative binding. For myf-5 both the amino-ter-
minal and carboxyterminal domains share function as activa-
tion domains.

Analysis of the binding site preferences for MyoDand E2A
proteins shows that each has a slightly different preferred half-
site, giving homo- and heterodimers slightly different preferred
binding sequences (33). A simple combinatorial model, there-
fore, would use the availability of a dimerization partner to
target a preferred binding site and the bound complex would
position the activation domains to interact with proteins that
mediate transcription. Mutations of the MyoD basic region,
however, showed that, compared to wild-type MyoD, some
mutants bind with similar or better affinity to the MyoDbind-
ing sites in the MCKenhancer but do not activate transcription
(28), arguing that the NH2-terminal activation domain of
MyoDis usually "hidden" from the transcriptional machinery
and that the "exposure" of the activation region can be regu-
lated independently of DNAbinding. This is supported by ex-
periments where the GaI 4-MyoD fusion protein is used to acti-
vate a {Gal-CAT reporter. Here the MyoDactivation domain
can be dramatically unmasked by deletion of other sub-regions
of MyoD(Weintraub, H., unpublished data).

Competition between HLHProteins Regulates Myogenesis
Replicating myoblast cell lines express both myogenic bHLH
proteins and the E2A proteins in their nucleus, yet they fail to
activate the myogenic program. Whereas MyoDactivates some
myoblast-specific genes in the replicating cell, the genes charac-

teristic of terminal differentiation are activated only after the
removal of growth factors (8). Onepossible mechanism of nega-
tively regulating the activity of the myogenic bHLHproteins is
by decreasing the available pool of E2A proteins through di-
merization with the HLHprotein Id (34). This protein shares
the HLHdomain but lacks an adjacent basic region. It has been
demonstrated in vitro that Id dimerizes with the E2A protein
products with a relatively high affinity, using the HLHregion
as a dimerization motif. By competing for HLHdimerization
regions Id can prevent the formation of MyoD:E2A protein
oligomers. Because Id lacks a region equivalent to the DNA
binding domain of the bHLHproteins, Id containing heterooli-
gomers do not bind the core CANNTGsequence. In vivo it has
been demonstrated that forced expression of Id protein will
inhibit the activity of MyoD on a reporter gene and inhibit
myogenic conversion of C2 myoblasts. Similar inhibition is
attained by overexpressing a MyoDprotein with a deletion of
the basic region (28), supporting the interpretation that Id in-
hibits the activity of the myogenic HLHproteins by competing
with them for dimerization with the E2A proteins. Like the
E2A proteins, Id is expressed in a wide variety of cell types
suggesting that a similar mechanism is used to modulate bHLH
activity in other lineages. In many of these lineages, including
muscle, when the cells are induced to differentiate the level of
Id mRNAdeclines (34).

The in vitro DNAbinding assays suggested heterodimeriza-
tion of the MyoDfamily of myogenic bHLH proteins with an
E2A protein may be crucial for functional activity. Further-
more, gel retardation assays using nuclear extracts made from
myotubes demonstrated that protein complexes are present
that can bind to the MCKenhancer (1 8), and that these com-
plexes contain both an E2A protein and either MyoDor myo-
genin (Weintraub, H., and A. B. Lassar, unpublished data). To
determine whether the heterodimer is necessary for transcrip-
tional acitivity, an in vivo assay of transcriptional activation by
hetero- or homooligomers was performed by overexpressing
MyoDor E2A proteins in COScells (Weintraub, H., and A. B.
Lassar, unpublished data). In this case the level of expression is
thought to be high enough to make the amount of endogenous
E2A proteins rate limiting. Expression of either MyoDalone or
an E2A protein alone did not significantly activate a reporter
construct containing the multimerized MyoDbinding sites as
an enhancer, even though nuclear extracts demonstrated the
presence of DNAbinding homooligomers. However, MyoD
and E2A proteins acted synergistically when transfected to-
gether. The activity correlated with the presence of MyoD:E2A
heterooligomers in the nuclear extracts.

A second in vivo demonstration of the importance of E2A
protein interaction with the myogenic bHLH proteins was ac-
complished by inhibiting E2A protein synthesis by expressing
an antisense E1 2 construct in lOT 1/2 cells (Weintraub, H., and
A. B. Lassar, unpublished data). The ability to convert clones
of antisense E12 expressing lOT 1/2 cells to muscle either by
treatment with 5-azacytidine or with a MyoDexpressing retro-
virus directly correlated with the residual level of E2A protein,
demonstrating a genetic interaction between the myogenic
bHLHand the E2A gene.

Cell Cycle
Withdrawal from the cell cycle is part of the terminal muscle
differentiation program that can be regulated by MyoD. Mu-
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tants of the MyoDprotein have been used to demonstrate that
the cell cycle effect of MyoDcan be separated from the ability
of MyoD to induce differentiation (35, 36). Mutations of the
basic region (the DNAbinding domain) do not interfere with
the cell cycle arrest that is mediated by MyoD; whereas, an
intact HLH region is required. This suggests that the MyoD
HLHregion interacts with proteins mediating cell cycle control
independently of DNAbinding. MyoDcan cause GI arrest in a
large number of tissue culture cell types, even those that will
not differentiate into muscle; it will also arrest cells trans-
formed by known viral oncogenes such as ras.

Regulation of MyoDExpression
Evidence exists that both positive and negative trans acting
factors regulate the transcription of MyoD. Positive autoregula-
tion has been demonstrated for MyoD, myogenin, Myf-5, and
MRF4/herculin/Myf-6 (12, 13, 37, 38). In addition to autoregu-
lation, the expression of any one of the MyoDfamily.of bHLH
genes can, to some extent, activate the expression of other
members of the myogenic bHLHgroup. This complex positive
autoregulation circuitry may serve both to amplify the level of
transcription and possibly to maintain a commitment to the
myogenic lineage.

MyoDexpression is repressed by trans acting factors in pri-
mary fibroblasts. The MyoDgene is located on the short arm of
human chromosome 11 (39). Whenchromosome 11 is trans-
ferred from primary human fibroblasts to lOT1/2 cells or B78
melanoma cells, the human MyoDlocus on chromosome 11 is
activated (40), and, in lOTl/2 cells, autoactivation also leads to
the turn-on of the mouse MyoDgene. In contrast, in hetero-
karyons and whole-cell hybrids between fibroblasts and lOT 1/
2 cells the MyoD locus is not activated until specific human
chromosomes are lost, suggesting that an important regulatory
mechanism is the suppression of MyoDtranscription in trans
mediated by loci on separate chromosomes, probably on chro-
mosomes 4 and 8 (40). When the transferred human chromo-
some 11 is lost, the endogenous mouse myogenic regulatory
genes can maintain their own expression.

The MyoD gene contains a CpG island that is virtually
devoid of methylation in normal tissues and primary cell cul-
tures (41). However, in the establishment of cell lines this CpG
island becomes heavily methylated and, presumably, the
MyoDgene becomes inactivated by this cis acting mechanism.
It is possible that this methylation is selected for because of the
loss or inactivation of trans acting repressors of MyoD tran-
scription. lOT 1/2 cells seem not to contain such repressors be-
cause introduction of an unmethylated MyoDgene via chro-
mosome 11 transfer leads to MyoDactivation. In this regard it
is interesting to speculate that the expression of MyoD, and
subsequently other muscle genes, in some tumors or cell lines
may reflect the loss or inactivation of myogenic repressor genes
in a previously transformed cell rather than the transformation
of a cell previously committed to the muscle lineage.

Growth Factors, Oncogenes, and the Regulation
of Myogenesis
Myogenesis is known to be inhibited by a large number of
factors including a variety of activated oncogenes, serum,
TGF-Beta, FGF, TPA, butyrate, and BrdU. These factors
could target any of the several identified steps necessary for
myogenesis: the transcription and translation of myogenic

bHLH genes, the transport of the proteins to the nucleus, di-
merization or oligomerization with other bHLH proteins,
DNAbinding, the unmasking of an activation domain, and the
interaction of this domain with other, as yet unidentified, tran-
scription factors. It becomes possible, therefore, to determine
which of the growth factors and oncogenes that affect myogen-
esis interact with the HLHproteins and to map their activity
relative to a specific step in HLH function.

One mechanism by which serum factors may block differ-
entiation is by prohibiting the formation of bHLH hetero-
dimers, for example by maintaining expression of the Id pro-
tein. Id expression is maintained in myoblasts by serum and in
the absence of serum Id levels in myoblasts decline (34). It is
not known whether Id is directly controlled by fos or if its
regulatory regions contain a serum-responsive element. In vivo
footprinting of the MCKenhancer shows that the MyoDbind-
ing sites are not occupied in the replicating MM14myoblast,
but that with induction of differentiation by low serum me-
dium, the sites become filled (42). Because both MyoD and
E2A proteins are present in the myoblast, there must be regula-
tion of either the formation of a complex or its ability to bind
DNA. One study has shown that MyoD:E2A complexes in nu-
clear extracts are first detectable after withdrawal of serum fac-
tors (43), consistent with the notion that one of the mecha-
nisms by which serum factors inhibit differentiation is by pre-
venting MyoD:E2A dimer formation, possibly by maintaining
high levels of Id protein. In contrast, another study (Weintraub,
H., and A. B. Lassar, unpublished data) using different extrac-
tion techniques, finds MyoD:E2A complexes in replicating
cells despite the presence of Id protein, suggesting that other
mechanisms of regulation may also be important.

In contrast to the effect of serum, TGF-beta blocks myo-
genesis in serum free medium (43, 44), where Id expression is
turned off. Whereas its activity in part can be attributed to the
decline in the levels of MyoD and myogenin, TGF-beta will
block the activity of myogenin even when myogenin expres-
sion is maintained from a transfected expression vector (43,
44). In this latter case, nuclear extracts demonstrate the pres-
ence of myogenin:E2A complexes that bind the MCKen-
hancer sequences in gel retardation assays (43). This would
suggest that TGF-beta is working through a mechanism dis-
tinct from preventing heterooligomer formation, either by pre-
venting DNAbinding in vivo or preventing the ability of the
bound ocmplex to activate transcription. Activated ras and
overexpression offos also inhibit both the transcription of the
myogenic bHLH genes and interfere with the activity of their
proteins (45). The effect of these agents on transcription of
MyoDcould be a manifestation of the interference with MyoD
protein function, because the MyoDfamily of bHLHgenes use
positive autoregulatory feedback to maintain high levels of ex-
pression. It is not yet known whether ras, fos, and TGF-beta
mediate their effects at the same or different steps in the func-
tion of myogenic bHLH proteins. None of these "reagents"
inhibits the ability of Gal-MyoD fusion proteins to activate a
Gal-CAT reporter construct (Weintraub, H., and A. B. Lassar,
unpublished data), suggesting that inhibition occurs at a step
before transcriptional activation, perhaps DNAbinding.

The thymidine analogue BrdU blocks myogenic differen-
tiation when incorporated into the DNAofthe replicating myo-
blast apparently without effecting the ability of the MyoDfam-
ily of bHLH proteins to activate transcription of the muscle
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structural genes (46). Transcription of MyoDand myogenin is
extinguished in BrdU-substituted cells, but forced expression
of MyoD in a BrdU-substituted cell will activate both myo-
genin and the genes of terminal differentiation. The endoge-
nous MyoDgene, however, remains insensitive to trans activa-
tion, indicating that flrdU is blocking at a level that is up-
stream, either in cis or trans, of the MyoDgene. The fact that
the effect of BrdU on MyoDtranscription is reversible provides
evidence that the commitment to the muscle lineage is not just
maintained by the positive autoregulatory circuit of the myo-
genic bHLH genes because these genes are turned off in the
presence of BrdU. Instead, another element, again either in cis
or trans, must provide a memory of the commitment to make
muscle.

The myc proteins also contain a bHLHdomain and c-myc
binds to the core CANNTGbinding sequence of the other
bHLHproteins expressed in skeletal muscle (47). The myc pro-
teins have not been shown to dimerize in vitro with the E2A
proteins, any of the MyoD family of bHLH proteins, or with
Id. C-myc is expressed in skeletal myoblasts and shows a de-
cline in steady-state mRNAlevels when myoblasts are induced
to differentiate (48). Overexpression of c-myc can inhibit myo-
genesis (49). The mechanism by which MyoDand c-myc inter-
act is not understood, but it is interesting to note that the two
also play antagonistic roles in regulating cell cycle where the
HLHdomain of MyoDis thought to be functionally important
(see above).

As more is learned about the regulation of MyoDactivity it
will be interesting to map the activity of the different steps of
bHLH function in primary tumors and transformed cell lines.
Most, if not all, rhabdomyosarcomas express MyoD mRNA
and protein (39, 50, 51), yet the MyoDprotein is not sufficient
to fully activate terminal differentiation in these tumors.
Whereas loss of heterozygosity on the short arm of chromo-
some 11 characterizes embryonal rhabdomyosarcomas (50),
the locus responsible is distinct from the MyoD locus (39)
(which is also oh the short arm of chromosome 1 1) and, pre-
sumably, represents an antioncogene of the muscle lineage.
Forced expression of MyoD in rhabdomyosarcoma cells can
activate the expression of some aspects of the terminal muscle
differentiation but is insufficient to activate all of the muscle
program or to rescue the transformed phenotype (52).

Similar examples of partial MyoD activity are also docu-
mented in nonmuscle cell lines. For example, MyoDwill not
activate the full MCKenhancer in CVI cells (16) but will acti-
vate either the alpha-cardiac actin enhancer (22) or a construct
containing multimerized MyoDbinding sites (Weintraub, H.,
unpublished data). In some cells, such as CV1 and HepG2
cells, where MyoDwill not activate the MCKenhancer, forma-
tion of heterokaryons with lOT 1/2 cells will lead to expression
of the reporter construct ( 16, 53). Whereas the factors responsi-
ble for this complementation have not been identified, it is
apparent that some immortalized cell lines, as well as rhabdo-
myosarcomas, repress the activity of the myogenic bHLHpro-
teins. Understanding how this repression occurs in both muscle
and nonmuscle lineages may lead to commonmechanisms of
cell transformation.

Perspective
The sufficiency of a single gene to activate the skeletal muscle
program in many differentiated cell types indicates that the

complex interplay of genetic information that occurs during
development converges on the suppression or activation of the
MyoD family of bHLH genes. As might be anticipated the
activation of these genes and the activity of their proteins are
regulated at multiple levels. It is likely that many of the same
mechanisms that regulate the expression and activity of myo-
genic bHLHgenes will apply to the regulation of cell differen-
tiation in many other lineages. In Drosophila neurogenesis, for
example, lineage-restricted transcripts of the bHLH genes of
the achaete-scute complex positively interact with a generally
expressed E2A homologue, daughterless, and negatively inter-
act with extramacrochaete, an HLH gene similar to Id (54).
The apparent ubiquity of Id and E2A expression, and the abil-
ity of MyoDoverexpression to extinguish the endogenous pro-
gram of several different cell types suggests that the regulation
of differential gene expression by HLH proteins is a general
mechanism. In this regard, it is important to note that the
MyoD family of myogenic bHLH genes is expressed only in
skeletal muscle, not in smooth or cardiac muscle. Because all
three muscle types express many of the same muscle structural
genes it is likely that a parallel network of regulatory genes
exist. Whether these will also be bHLH genes remains to be
seen. The pivotal role that MyoDand related HLHgenes play
in development is underscored by their conservation during
evolution. Homologues of MyoD have been cloned from X.
laevis, D. melanogaster, and C. elegans (55-59).

More immediate clinical implications exploit the use of the
MyoD family of myogenic bHLH proteins to convert fibro-
blasts to myoblasts for the purpose of research, diagnosis, and
treatment. It is possible to convert fibroblasts or amniotic cells
to skeletal muscle for the purpose of studying a muscle-specific
protein, such as dystrophin or acetylcholine receptor proteins.
For researchers this means that a readily available source of
primary human tissue-primary human fibroblasts-can be
converted to skeletal myoblasts to study the molecular biology
of muscle cells in both normal and abnormal genetic back-
grounds. Diagnostically the conversion of amniotic cells to
myoblasts may be a useful adjunct to DNA-based prenatal
screening. For example, in the case of Duchenne's muscular
dystrophy, point mutations in the dystrophin gene that cause
either early termination or lead to rapid protein degradation
may not be detected by conventional DNA-based screening
techniques, but would be expected to show abnormal protein
amount or size in a protein-based screening procedure. An-
other diagnostic use noted above is the classification of soft
tissue tumors based on the expression of myogenic bHLHpro-
teins. To date, no muscle disease has been linked to bHLH
genes, but given the redundancy implied by their overlapping
activities it remains possible that subtle manifestations of phe-
notype instability may result from a mutation in one of the
myogenic bHLH genes. Finally, using MyoD-mediated con-
version, a large supply of myoblasts can be generated from
donor fibroblasts for the purpose of myoblast transplantation,
either to supply new muscle mass for the treatment of muscular
dystrophies or as a vehicle to produce genetically engineered
bioactive molecules for the treatment of systemic disease.
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