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In recent years, skeletal muscle has become an impor- 

tant model for understanding the mechanisms that reg- 

ulate tissue-specific gene expression. The formation of 

skeletal muscle during embryogenesis involves commit- 
ment of mesodermal progenitors to the myogenic lineage 

and subsequent differentiation of skeletal myoblasts into 
terminally differentiated myotubes. Like many cell 

types, skeletal myoblasts do not express markers of ter- 

minal differentiation until they are forced to exit the cell 

cycle in response to environmental cues. Growth factor 

signals play a central role in regulating the program for 
muscle-specific transcription by maintaining myoblasts 

in a proliferative state that is nonpermissive for the ex- 
pression of muscle-specific genes. 

Analysis of the mechanisms that regulate muscle dif- 
ferentiation in tissue culture led to the discovery of the 

four skeletal muscle-specific regulatory factors, MyoD 

(Davis et al. 1987), myogenin (Edmondson and Olson 
1989; Wright et al. 1989), Myf5 (Braun et al. 1989a), and 

MRF4 (Rhodes and Konieczny 1989; Miner and Wold 

1990; Braun et al. 1990), each of which can activate skel- 

etal muscle gene transcription when expressed ectopi- 
cally in a variety of nonmuscle cell types. Although 

many mammalian cell type-specific transcription factors 
have been identified, the myogenic factors are unique in 

their abilities to orchestrate an entire program of tissue- 

specific transcription when introduced into diverse cell 

types. This activity led to the notion that these factors 

function as master regulators of muscle cell fate during 
development. However, recent studies in which these 

genes have been inactivated through homologous recom- 
bination in transgenic mice have resulted in surprising 

phenotypes (or lack thereof) and have necessitated a re- 
evaluation of the potential roles of these factors in the 

control of determination and differentiation in the myo- 
genic lineage. Here, we review the models that emerged 

from studies of the myogenic factors in tissue culture 

and reconsider the potential functions of these factors in 
the embryo in light of recent gene-targeting experiments. 

For more comprehensive reviews on the control of mus- 

cle gene expression, the reader is referred to several re- 
cent reviews (Olson 1990, 1993; Weintraub et al. 1991; 

Buckingham 1992; Sassoon 1992; Emerson 1993; Wright 

1992). 

Myogenic bHLH proteins are regulators of myogenesis 

in tissue culture 

The myogenic regulators MyoD, myogenin, Myf5, and 

MRF4 share -80% amino acid identity within a basic 

helix-loop--helix (bHLH) motif that mediates dimeriza- 
tion and DNA binding. Within their amino and carboxyl 

termini, which function as transcriptional activation do- 

mains, these factors show only limited sequence simi- 
larity. Myogenic bHLH regulatory genes have been iden- 

tified in mammals, birds, frogs, sea urchins, insects, and 

nematodes (Olson 1990; Weintraub et al. 1991; Sassoon 

1992; Emerson 1993). Whereas vertebrate genomes en- 

code the four myogenic bHLH proteins, invertebrates ap- 
pear to express only a single member of this myogenic 

regulatory gene family. Each of the invertebrate factors is 
as similar to the four vertebrate factors in the bHLH 

region as they are to each other. This remarkable con- 

servation, combined with the finding that the myogenic 

factors from sea urchins (Venuti et al. 1991) and nema- 
todes (Krause and Weintraub 1992) can activate myogen- 

esis in mammalian cells, indicates that the mechanisms 
that regulate muscle gene expression are extremely an- 

cient and have been conserved since skeletal muscles 

first emerged in primitive metazoa several hundred mil- 

lion years ago. 

Myogenic bHLH proteins form heterodimers with 
ubiquitous bHLH proteins, known as E proteins, and ac- 
tivate the transcription of muscle-specific genes by bind- 

ing to the E-box consensus sequence (CANNTG) in mus- 
cle gene promoters and enhancers. Because all of these 

factors bind the same DNA sequence and activate their 
own and one another's expression in transfected cells 

(see below), it has been difficult to ascertain from trans- 
fection experiments whether they possess identical or 

distinct activities. 
Studies in tissue culture have led to a model in which 

the myogenic bHLH proteins activate muscle-specific 
transcription by binding to E boxes in muscle gene con- 
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trol regions or by inducing the expression of intermedi- 
ate myogenic regulators that can activate the expression 
of muscle genes through E-box-independent pathways. 
One such intermediate regulator is myocyte enhancer 
factor 2 (MEF2), which is encoded by a family of four 
genes with products that share homology within a 
MADS domain (Pollock and Treisman 1991; Yu et al. 
1992). The observation that forced expression of myoge- 
nin or MyoD in nonmuscle cells can induce MEF2 
mRNA and protein (Cserjesi and Olson 1991; Lassar et 
al. 1991; Martin et al. 1993) is consistent with the notion 
that MEF2 acts in a regulatory cascade downstream of 
myogenic bHLH proteins. However, the recent discovery 
that MEF2-binding sites are important for transcription 
of the mouse myogenin (Edmondson et al. 1992; Cheng 
et al. 1993; Yee and Rigby 1993) and the Xenopus myoD 
{Leibham et al. 1994) genes suggests that myogenic 
bHLH proteins and MEF2 participate in a regulatory cir- 
cuit involving direct and indirect positive feedback 
loops. The possibility that certain MEF2 isoforms may 
also act upstream of the myogenic bHLH regulatory 
genes has also been suggested (Breitbart et al. 1993). 

In addition to activating the program for muscle-spe- 
cific transcription, myogenic bHLH proteins appear to 
integrate incoming growth factor signals and thereby de- 
termine whether a myoblast will divide or differentiate. 
Growth signals are received in the nucleus by these myo- 
genic regulators through changes in their phosphoryla- 
tion {Li et al. 1992b) or availability of their dimerization 
partners {Jen et al. 1992), and through direct interactions 
with c-Jun {Bengal et al. 1992) or possibly through com- 
petition with c-Jun for common coregulators (Li et al. 
1992a). When external concentrations of growth factors 
decline and these inhibitory inputs diminish, the myo- 
genic regulators acquire the ability to arrest cell growth 
and activate the myogenic program. The recent discov- 
ery that myogenin and MyoD interact directly with the 
retinoblastoma gene product (Gu et al. 1993) defines a 
point in which these cell-specific trans-activators and 
the cell cycle machinery intersect and suggests mecha- 
nisms whereby the control of muscle-specific transcrip- 
tion and cell cycle progression can be coupled. 

Positive and negative autoregulatory interactions 
occur among the myogenic bHLH factors 

When myogenic bHLH proteins are expressed in trans- 
fected cells, they not only activate markers of terminal 
differentiation, but they also induce their own expres- 
sion (Braun et al. 1989b; Thayer et al. 1989). The impor- 
tance of these auto- and cross-regulatory interactions for 
activation of muscle gene expression remains to be es- 
tablished, but it is reasonable to speculate that they may 
be important for amplifying and maintaining the expres- 
sion of these genes in committed muscle cells. The re- 
cent finding that the mouse myogenin gene promoter 
contains an E box that is important for expression of a 
myogenin-lacZ transgene in embryonic limb buds also 
suggests the existence of direct regulatory interactions 

among myogenic bHLH proteins in the embryo (Cheng 
et al. 1993; Yee and Rigby 1993). 

Whereas Myf5 can activate MyoD expression in trans- 
fected fibroblasts, there appears to be a reciprocal rela- 
tionship between the expression of MyoD and Myf5 in 
many muscle cell types. The possibility that MyoD and 
Myf5 might inhibit one another's expression is suggested 
by the observation that either MyoD or Myf5, but not 
both, seem to be expressed in established muscle cell 
lines. In addition, whereas the myoblast mutant cell line 
NFB expresses Myf5 at high levels, it does not express 
MyoD, and transfection of NFB cells with a MyoD ex- 
pression vector results in a decline in Myf5 expression 
(Peterson et al. 1990). Whether this antagonism is medi- 
ated through direct interactions of MyoD and Myf5 with 
the corresponding gene control regions remains to be de- 
termined. 

MyoD and Myf5 are expressed in committed myoblasts, 
whereas myogenin and MRF4 are expressed only 
in postmitotic muscle cells 

As a general rule, either MyoD or Myf5 is expressed in 
proliferating myoblasts, whereas myogenin and MRF4 
are not expressed until myoblasts exit the cell cycle in 
response to mitogen depletion. Myogenin expression has 
been detected in all muscle cell types at the time that 
they differentiate. In later stage muscle fibers, MRF4 be- 
comes up-regulated and myogenin expression declines. 
Thus, MyoD and Myf5 may play similar roles in prolif- 
erating myoblasts, whereas myogenin and MRF4 may be 
required for activation and maintenance of muscle gene 
expression. Because these four proteins bind the same 
DNA sequence with comparable affinities, it is unclear 
how they might selectively activate different gene sets in 
myoblasts and myotubes. One possibility is that their 
unique amino and carboxyl termini may be important 
for specific protein-protein interactions with other tran- 
scription factors that bind different muscle gene control 
regions. Domain-swapping experiments suggest that 
these domains may allow these proteins to discriminate 
between different target genes (Chakraborty and Olson 
1991; Maket  al. 1992). Identifying the specific gene tar- 
gets for each of the myogenic bHLH regulators is an im- 
portant problem for the future. 

The myogenic regulators show unique expression 
patterns in vivo 

Skeletal muscle in vertebrates is derived from the 
somites, which form in a rostral-to-caudal fashion by 
segmentation of the paraxial mesoderm along the neural 
tube (for review, see Buckingham 1992). As they mature, 
the somites first become compartmentalized into the 
sclerotome and dermamyotome, which give rise to car- 
tilage and bone, and appendicular muscle, respectively. 
Subsequently, the dermamyotome separates into the 
myotome and dermatome, which give rise to axial skel- 
etal muscle and the dermis. Myf5 is the first of the myo- 
genic regulatory genes to be expressed during mouse era- 
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bryogenesis, with transcripts appearing in the somite at 
day 8.0 postcoitum (p.c.), immediately prior to somite 
compartmentalization. Myogenin transcripts appear in 
the myotome by day 8.5 p.c., and MRF4 and MyoD are 
expressed in the myotome beginning at day 9.0 and 10.5 
p.c., respectively. In the limb buds, Myf5 transcripts ap- 
pear at day 11.0 p.c., with myogenin and MyoD mRNAs 
expressed about half a day later. MRF4 mRNA does not 
accumulate in muscle fibers in the limbs until birth, 
when it is up-regulated and becomes the predominant 
member of the family to be expressed. Whereas Myf5 is 
expressed before MyoD in mouse embryos, the order of 
expression is reversed in birds (Pownall and Emerson 
1991). These interchangeable expression pattems raise 
the possibility that these proteins may be functionally 
interchangeable as well. 

MyoD is not required for myogenesis in the mouse 
embryo 

A central issue is whether the activities of the mamma- 
lian myogenic bHLH regulators in tissue culture accu- 
rately reflect their functions in the embryo. To approach 
this question, several laboratories have targeted muta- 
tions to the individual myogenic regulatory genes 
through homologous recombination. Remarkably, 
MyoD-null mice are fully viable and show no obvious 
muscle abnormalities (Rudnicki et al. 1992). The only 
effect of MyoD inactivation identified thus far is an ap- 
proximate twofold increase in the level of Myf5 mRNA 
expression in skeletal muscle, consistent with the recip- 
rocal regulation of these genes in tissue culture cells. 
The presence of normal levels of myogenin and MRF4 
transcripts in these MyoD-null mice demonstrates that 
MyoD is not essential for activation of these genes. 

It is possible that MyoD-null mice might exhibit de- 
fects in aspects of muscle function not examined thus 
far. For example, changes in MyoD expression have been 
implicated in responsiveness of muscle to innervation, 
thyroid hormone, and insulin-like growth factors (Ef- 
timie et al. 1991; Florini et al. 1991; Hughes et al. 1993). 
Perhaps, these mice will be impaired in these responses 
or in other aspects of muscle maturation or regeneration. 
The recent finding that MyoD is preferentially expressed 
in fast-twitch muscle fibers (Hughes et al. 1993) also 
raises the possibility that subtle changes in fiber type 
distribution or expression of muscle protein isoforms 
may occur in the absence of MyoD. It is thus premature 
to conclude that other myogenic factors can substitute 
for all functions of MyoD. 

Targeting of Myf5 affects skeletal but not muscle 
development 

An understanding of the functions of the myogenic 
bHLH regulatory genes in the embryo was further 
clouded by the discovery that mice homozygous for a 
Myf5 mutation also develop normal skeletal muscle but 
die at birth as a result of the absence of the distal parts of 
the ribs, which results in an inability to breathe (Braun et 

al. 1992). The only apparent alteration within the skel- 
etal muscle lineage in these mice is a 2-day delay in the 
initial expression of muscle markers in the myotomes. 
Considering that the somite represents the origin of skel- 
etal muscle in vertebrates, it is remarkable that the com- 
plete complement of skeletal muscle fibers can develop 
following a 2-day delay in myotome formation. 

Despite the fact that Myf5 is the first of the myogenic 
regulators to be expressed during embryogenesis, new- 
born mice lacking Myf5 express normal levels of tran- 
scripts for the other myogenic bHLH regulators. This 
suggests that myogenin, which is normally expressed 
immediately following Myf5 in the myotome and limb 
buds, does not require Myf5 for expression. However, 
until the temporal pattern of expression of MyoD or 
MRF4 is determined in the MyfS-null background, it re- 
mains possible that they become expressed earlier in the 
absence of Myf5 and thereby activate myogenin gene ex- 
pression. 

Why does Myf5 gene inactivation lead to a rib defect? 
One possibility is that formation of the distal portions of 
the ribs requires an inductive interaction between Myf5- 
positive cells in the dermamyotome and the juxtaposed 
sclerotomal precursors from which the ribs are derived. 
Such interactions could conceivably involve the Myf5- 
mediated release by myotomal cells of extrinsic factors 
required for differentiation of sclerotomal cells. In this 
regard, bone morphogenetic protein 2A, which can in- 
duce bone formation, has been localized to the somites 
of mouse embryos (Lyons et al. 1990), as have several 
members of the fibroblast growth factor family (Haub 
and Goldfarb 1991; Niswander and Martin 1992). It is 
also possible that myotomal cells secrete extracellular 
matrix molecules that are permissive for sclerotomal 
cell differentiation (Solursh et al. 1979). None of these 
possibilities, however, adequately explain why ribs are 

the only skeletal elements affected in the Myf5-mutant 
mice. 

Although there has been no direct evidence for induc- 
tive interactions between different compartments of the 
somite, the importance of short-range inductive interac- 
tions for appropriate differentiation of somitic cell lin- 
eages is well established. The formation of vertebral bod- 
ies by sclerotomal cells, for example, is dependent on 
inductive interactions between the neural tube and the 
sclerotome (Hall 1977). Similarly, the neural tube ap- 
pears to play an important role in the induction of myo- 
genic cells within the somites (Rong et al. 1992). 

An alternative explanation for the rib defect in MyfS- 
null mice is that Myf5 may be transiently expressed in a 
common precursor cell of the sclerotome and myotome 
and thereby acts in a cell-autonomous manner to control 
rib development. At the time Myf5 expression is initi- 
ated, the somites have not yet become compartmental- 
ized into the myotome, sclerotome, and dermatome. 
Thus, it is conceivable that Myf5 is transiently expressed 
in a sclerotomal progenitor and is then rapidly extin- 
guished. However, as Myf5 expression has only been de- 
tected in the myotomal region of compartmentalized 
somites, this possibility is unlikely. The generation of 
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chimeric mice containing different contributions of 
wild-type and MyfS-null cells should resolve whether 
Myf5 acts through a cell-autonomous mechanism to in- 
fluence rib development. 

Does the presence of normal skeletal muscle in MyoD- 
and Myf5-null mice mean that the functions of these 
regulatory genes in skeletal muscle are redundant? The 
recent creation of mice lacking both MyoD and Myf5 
suggests that the function of these genes are overlapping. 

MyoD - / - ,  Myf5 - / -  mice produce no detectable 
muscle gene products (Rudnicki et al. 1993). That myo- 
blast markers such as desmin also fail to be expressed in 
these mice suggests that MyoD and Myf5 act early in the 
myogenic lineage and determine myoblast identity. 
Whether inactivation of both genes prevents commit- 
ment of mesodermal progenitors to the myogenic lineage 
or prevents expression of muscle markers in committed 
myoblasts is difficult to determine. 

Myogenin is essential for normal muscle development 

in vivo but not in vitro 

In sharp contrast to MyoD and My/5, two recent reports 
have demonstrated that mice with targeted mutations in 
the myogenin gene display severe skeletal muscle defi- 
ciencies IHasty et al. 1993; Nabeshima et al. 1993). myo- 
genin-mutant animals survive fetal development but die 
perinatally, and muscle-forming regions throughout the 
bodies of mutant neonates and embryos have far fewer 
myofibers. Thus, the results of both studies provide dra- 
matic evidence for the essential role of myogenin in 
muscle development. Although muscle differentiation is 
disrupted in myogenin-null mice, muscle tissues appear 
relatively normal at a gross level, indicating that myo- 
genin is not required for positional information involved 
in muscle tissue morphogenesis. 

In newborn mutant mice, regions where muscle would 
normally be present are populated by sparse myofibers 
and mononucleate cells that do not stain positively for 
myosin heavy-chain or filamentous actin, indicating 
that they are not differentiated muscle cells lacking the 
ability to fuse (Hasty et al. 1993). Residual myofibers 
with seemingly normal sarcomeric organization are rou- 
tinely observed throughout the body of the mutant neo- 
nates. In addition, the neonates have significant skeletal 
deformities, although these may be secondary to the ab- 
sence of skeletal muscle. 

Nabeshima et al. (1993) described 13.5- and 14.5-day 
embryos and reported that the extent of muscle disorga- 
nization in mutant mice at these earlier stages differs in 
three regions. On the basis of their observations these 
investigators propose that migratory myogenic precursor 
cells are more dependent on myogenin than are cells that 
will form the myotome and, subsequently, axial mus- 
cles. Such differences were not observed in mutant neo- 
nates (Hasty et al. 1993). 

The myogenin-mutant mice provide a way of discern- 
ing whether myogenin is strictly required for the expres- 
sion of all muscle-specific genes or whether individual 
genes may be regulated by specific myogenic bHLH pro- 

teins, myogenin-mutant neonates do not express appre- 
ciable levels of transcripts for several muscle-specific 
structural genes, but they do express others (Hasty et al. 
1993). These findings suggest that the expression of dif- 
ferent muscle-specific genes can be uncoupled and that 
myogenin is essential for the regulation of a subset of 
genes in vivo. In addition, the mutant mice express re- 
duced levels of MRF4 but normal levels of MyoD. 
Whether the diminished expression of MRF4 reflects a 
direct role for myogenin in regulating the MRF4 gene or 
whether cells producing MRF4 are absent or reduced re- 
mains to be determined. Most noteworthy is that myo- 
genin is not strictly required for MyoD expression. In 
addition, because wild-type levels of MyoD transcripts 
are present in the myogenin-mutant neonates, MyoD is 
apparently not sufficient for normal muscle differentia- 
tion in the absence of myogenin. Cells within myogenic 
regions of mutant 14.5-day embryos contain MyoD pro- 

tein at levels comparable with wild-type embryos, fur- 
ther implying that the absence of myogenin does not 
affect MyoD expression. The presence of MyoD in the 
cells of mutant animals implies that rnyogenin is not 
required for the commitment of cells to the myogenic 
lineage but, rather, is important for terminal differenti- 

ation. 
The residual myofibers in the myogenin-mutant mice 

raise the possibility that certain muscle fiber types, for 
example, fast- or slow-twitch fibers, require myogenin 
for differentiation while others do not. Relevant to this is 
a recent report indicating that myogenin transcripts ac- 
cumulate preferentially in slow-twitch muscles in the 
hindlimb of the adult rat while MyoD transcripts are 
enriched in fast-twitch muscles (Hughes et al. 1993). 
However, preliminary results using antibodies to differ- 
ent myosin heavy chain isoforms suggest that the resid- 
ual myofibers present in the mutant embryos are not a 
subset of fast- or slow-twitch myofibers (J. Venuti, E. 
Olson, and W. Klein, unpubl.). Our view of the myoge- 
nin-mutant phenotype is that some aberrant myofibers 
missing essential muscle-specific gene products may 
form and subsequently degenerate. However, it is also 
apparent that the complete complement of myofibers 
fails to differentiate, and undifferentiated cells remain in 
their place. Finally, normal myofibers found in low num- 
bers are always present despite the absence of myogenin. 

Why does the myogenin mutant show such a profound 
muscle phenotype compared with the MyoD and Myf5 
mutants? One possibility is that the myogenin protein 
possesses functions not shared with MyoD or Myf5. If 
this is the case, this uniqueness would most likely be 
contained within the amino- or carboxy-terminal do- 
mains of myogenin, which are distinct from those of the 
other factors. Alternatively, myogenin may be expressed 
in muscle cells at a specific time and place during em- 
bryogenesis that is important for muscle formation. The 
expression pattern of myogenin in the embryo overlaps 
with but is distinct from those of the other myogenic 
regulators. The recent identification of DNA sequences 
upstream of the myogenm gene that direct myogenin 
expression during embryogenesis (Cheng et al. 1992, 
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1993; Yee and Rigby 1993) should make it possible to 
test the latter possibility by placing other myogenic 
bHLH genes under control of the myogenin gene pro- 
moter and expressing them in place of myogenin within 
the myogenin-null mice. 

The large numbers of unfused cells present where 
muscle fibers would normally be suggest that the ab- 
sence of myogenin may block these cells from terminal 
differentiation. It would be interesting to know whether 
such cells are still capable of receiving external cues and 
exiting from the cell cycle or if they continue to actively 
proliferate. One approach to investigating the properties 
of the undifferentiated cells is to isolate and culture my- 
oblasts from myogenin-mutant embryos. Surprisingly, 
myoblasts from mutant limbs behave identically to 
wild-type myoblasts. They proliferate normally under 
conditions of high serum, and, remarkably, they differ- 
entiate into myotubes when forced to exit the cell cycle 
(Nabeshima et al. 1993; D. Edmondson, W. Klein, and E. 
Olson, unpubl.). Differentiated myotubes from mutants 
show normal sarcomeric structure and undergo sponta- 
neous contraction, implying that they express normal 
levels of contractile proteins and other terminal muscle- 
specific gene products not seen in the mutant animals. 
We are thus left with the interesting conclusion that the 
mutant myoblasts are competent for terminal differen- 
tiation in the absence of myogenin, but they are some- 
how suppressed from doing so in vivo. 

The ability of myogenin-null myoblasts to differenti- 
ate in vitro, but not in vivo, suggests that the environ- 

ment of the embryo is not permissive for the other myo- 
genic regulators to activate the myogenic program. Per- 
haps the block to myogenesis in vivo is mediated by 
influences such as exogenous growth factors, the extra- 
cellular matrix, or cell-cell interactions, which are lost 
in culture. It will also be interesting to determine 
whether one or more of the three remaining myogenic 
bHLH proteins become upregulated when myogenin- 
null myoblasts are placed in culture and thereby com- 
pensate for the absence of myogenin, at least in vitro. 

Genes encoding myogenic bHLH factors in invertebrate 
organisms can be deleted without preventing muscle 

gene expression 

Because the myogenic bHLH factors are conserved in 
species spanning vast phylogenetic distances, organisms 
outside of vertebrates offer a particularly useful compar- 
ative approach for studying the functions of these fac- 
tors. In Caenorhabditis elegans, the cell lineages leading 
to the 85 striated body wall muscle cells can be traced 
precisely back to four of the six founder cells of the early 
embryo. Unlike vertebrate skeletal muscle formation, 
where extrinsic influences are essential, at least some of 
the C. elegans body wall muscle cells form in a cell- 
autonomous fashion, suggesting the segregation of an 
early determinant during embryogenesis. Although the 
initial commitment step appears to be quite different, C. 
elegans nonetheless contains a myogenic bHLH factor, 
CeMyoD, which is stably expressed in all body wall 

muscle cells shortly after each cell arises (Krause and 
Weintraub 1992). From the expression patterns in vivo 
and myogenic activity in mammalian fibroblasts, it is 
likely that CeMyoD is an important regulator of muscle 
gene expression in body wall muscle cells. Surprisingly, 
animals homozygous for small deficiencies that remove 
the CeMFoD gene make the correct number of body wall 
muscle cells, although sarcomeric organization is some- 
what disorganized compared with that of wild-type mus- 
cle (Chen et al. 1992). Although the deficient strains are 
recessive embryonic lethals, it is probable that lethality 
arises from other genes deleted from this region. A min- 
imum conclusion from these results is that zygotic ex- 
pression of CeMyoD is not required for development of 
body wall muscle. Because it is unlikely that a related 
bHLH gene exists in C. elegans, these results are difficult 
to assess in light of current thinking about the role of the 
myogenic bHLH regulators. One possibility is that the 
homozygous mutant embryos have a low level of mater- 
nal CeMyoD (or CeMyoD mRNA) that is sufficient to 
initiate the myogenic program. A second explanation is 
that the genetic pathways leading to muscle differentia- 
tion "downstream" of CeMyoD can be activated by 
other regulatory genes unrelated to CeMyoD. 

In Drosophila, muscle cells are derived from meso- 
derm cells that invaginate along the ventral midline. A 
single bHLH factor, encoded by a gene termed nautilus 
or Dmyd, has homology to the mammalian myogenic 
factors and is expressed transiently in a subset of myo- 
genic precursor cells that may represent the founder my- 
oblasts of each segment (Michelson et al. 1990; Paterson 
et al. 1991). Recent experiments indicate that Droso- 
phila embryos containing homozygous deficiencies that 
delete the nautilus gene (and perhaps other surrounding 
genes) show disorganized muscle but, nevertheless, ex- 
press the muscle-specific structural genes actin and my- 
osin (S. Abmayr, R. Drysdale, A. Michelson, and M. Bate, 
pets. comm.). Thus, nautilus, like CeMyoD, is not 
strictly required for muscle gene expression. 

A potential explanation for muscle gene expression in 
the absence of nautilus may lie in MEF2, which is ex- 
pressed in muscle cell precursors prior to nautilus during 
Drosophila embryogenesis (B. Lilly, S. Galewsky, A.B. 
Firulli, and R. Schulz, unpubl.; H. Nguyen and B. Nadal- 
Ginard, pers. comm.). Because MEF2 can activate muscle 
gene expression in the absence of myogenic bHLH pro- 
teins {Gossett et al. 1989; Yee and Rigby 1993), it may 
partially activate the myogenic program in the absence 
of nautilus. Perhaps a similar mechanism accounts for 
muscle gene expression in C. elegans mutants lacking 
CeMyoD. 

What is the function of the myogenic bHLH proteins 
in development? 

Based on gain-of-function assays in tissue culture, it is 
clear that the myogenic bHLH proteins can activate the 
complete myogenic program. However, whether these 
proteins function at the determination step, to mediate 
the initial commitment of mesodermal stem cells to the 
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Figure 1. Hypothetical regulatory pathway for muscle determination and differentiation. According to this model, either Myo]9 or 
Myf5 become expressed as a consequence of myogenic lineage determination. MyoD and Myf5 autoactivate their expression, but they 
may negatively regulate one another. Myoblast-specific genes would be regulated in proliferating myoblasts by MyoD or MyfS. Upon 
depletion of exogenous growth factors, MyoD or Myf5 would activate (directly or indirectly) expression of myogenin, which activates 
myotube-specific genes. During myofiber maturation, myogenin expression declines and MRF4 is up-regulated to control myofiber- 
specific genes. The model does not take into account potential changes in regulation of the myogenic factors that may occur when one 
is removed from the regulatory circuitry by homologous recombination. 

myogenic lineage, or act as muscle-specific transcription 

factors that activate terminal differentiation when extra- 

cellular influences are permissive for cell cycle with- 
drawal, has been debated. From the gene-targeting exper- 

iments reported thus far, we can begin to place these 

genes within a genetic pathway leading to myogenesis. 

Because mutations in Myf5 and MyoD have no observ- 
able effect on muscle formation, whereas mutations in 

myogenin have strong effects, and because Myf5 and 

MyoD are often expressed prior to myogenin in muscle 

cells in vitro, it is likely that myogenin lies downstream 

of Myf5 and MyoD. This is not meant to imply that the 

pathway to muscle differentiation is linear but only that 
certain early events of muscle differentiation require ei- 

ther Myf5 or MyoD while certain later events require 
myogenin. As discussed above and depicted in Figure 1, 

Myf5 and MyoD may perform similar functions in com- 

mitted myoblasts. The fact that MyoD is expressed later 
than Myf5 in development may simply reflect temporal 

differences in individual populations of myoblasts. Some 

myoblasts may initiate their differentiation program 
early and utilize Myf5, whereas later populations use 

MyoD. The absence of muscle markers in double ho- 

mozygous Myf5/MyoD mutant  mice is also consistent 
with a common early function of Myf5 and MyoD and 

indicates that myogenin is unable to perform the "up- 
stream" functions normally performed by these factors. 

We think it unlikely that either Myf5 or MyoD is nec- 

essary for the initial commitment  of the pluripotent me- 
soderm cell to a myogenic fate, as myogenic lineage 

commitment appears to be a stable decision, whereas the 
expression of these myogenic regulators is subject to reg- 
ulation by activated oncogenes and 5-bromo-2'-deoxyu- 

ridine, which inhibit myogenesis (Lassar et al. 1989; 
Tapscott et al. 1989}. Moreover, there is substantial ev- 

idence for the existence of committed myogenic cells in 

limb buds of vertebrate embryos that do not express any 
of the myogenic bHLH regulators (Sassoon et al. 1989). 

Rather, MyoD and Myf5 may be expressed as a conse- 

quence of myogenic lineage commitment  and may be 

involved in maintaining myoblast identity by regulating 
myoblast-specific genes. The recent demonstration that 

MyoD activates myogenin gene expression but not 
markers of terminal differentiation is consistent with 

this view (Hollenberg et al. 1993). Accordingly, myoge- 

nin could act as a necessary regulator downstream of 

these early events and could be directly activated by 

Myf5 or MyoD as well as by alternative mechanisms yet 

to be identified. It is possible that MRF4 plays the same 

role as myogenin after birth. It is also possible that MRF4 
is downstream of myogenin in the muscle differentiation 

program. Either possibility would predict that an MRF4- 
mutant mouse would show skeletal muscle deficiencies. 

Because the myogenic bHLH proteins function within 

a network of regulators, it is not unreasonable to expect 
that non-bHLH proteins, such as MEF2, which function 

in this network, may also be altered when the regulatory 

balance among these genes is disrupted through gene tar- 

geting and may therefore constitute an alternate path- 
way leading to muscle gene activation. An important 

challenge for the future will be to identify and define 

these alternate pathways. Finally, as other cell-specific 

trans-activators become identified, it will be important 

to determine whether the regulatory strategies leading to 
myogenesis reflect common mechanisms for the control 
of cell fates in other lineages or whether the bHLH myo- 

genic regulators represent a unique set of functions that 

have evolved solely for skeletal muscle. 
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