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The establishment of specialized cell types during devel- 

opment involves commitment  of multipotential stem 

cells to specific lineages and subsequent expression of 

distinct sets of cell type-specific genes. Several gene 

products that regulate cell fate have been identified in 

DrosophiIa and Caenorhabditis elegans, however, the 

mechanisms that establish complex cellular phenotypes 

in vertebrates have been more difficult to approach. The 

recent identification of a family of muscle-specific regu- 

latory factors that can convert fibroblasts to skeletal 

muscle has contributed significant insight into the 

events that regulate myogenesis and has provided a 

framework for understanding the mechanisms that may 

regulate the establishment of diverse cell types during 

development. 

Early evidence for myogenic regulatory genes came 

from experiments in which myoblasts were shown to 

activate muscle genes in a wide variety of nonmyogenic 

cells when heterokaryons were formed between the two 

cell types (Blau et al. 1983; Wright 1984). The existence 

of a "master gene" for the myogenic lineage was also 

foreseen in studies of the mesodermal stem cell line 

C3H10TIA, which can be converted to myoblasts by 

brief exposure to the demethylating agent 5-azacytidine 

(Taylor and Jones 1979). The frequency of conversion of 

10T1A cells to muscle (up to 50%) suggested that one 

locus or a few closely linked loci were activated fol- 

lowing hypomethylation and were responsible for estab- 

lishing the myogenic lineage (Konieczny and Emerson 

1984). This hypothesis was supported by genomic trans- 

fection experiments in which DNA from myoblasts, but 

not from 10TV2 cells, was shown to convert 10TV2 cells 

to myoblasts with a frequency consistent with the in- 

volvement of a single regulatory gene (Konieczny et al. 

1986; Lassar et al. 1986). 

MyoD was the first myogenic regulatory gene to be 

identified. It was isolated by subtraction-hybridization 

of cDNAs representing transcripts expressed in myo- 

blasts but not in proliferating 10TV2 cells (Davis et al. 

1987). MyoD is expressed in myoblasts and skeletal 

muscle tissue but not in smooth or cardiac muscle or 

nonmuscle tissue. When the MyoD cDNA is expressed 

in 10TV2 cells, it gives rise to stable myogenic clones 

with the potential to undergo myogenesis. These initial 

observations supported the appealingly simple conclu- 

sion that a single muscle-specific gene was sufficient to 

generate the complete muscle phenotype, but consider- 

able complexity was soon to follow. 

By transfecting 10T1A cells with demethylated human 

DNA linked to a neomycin-resistance gene, Emerson 

and co-workers obtained evidence for a genetic locus, 

myd, that was also sufficient to generate stable myo- 

genic clones (Pinney et al. 1988). Southern analysis 

showed that myd does not correspond to MyoD or the 

other known myogenic regulatory genes (see below). The 

observation that MyoD was expressed constitutively in 

myd transfectants led to the proposal that these genes 

may function sequentially in a dependent myogenic reg- 

ulatory hierarchy. However, given the ability of MyoD 

and other myogenic regulatory gene products to activate 

one another's expression, it is equally likely that myd 
may lie at an equivalent level or even "downstream" of 

MyoD in a regulatory hierarchy. Until myd is isolated 

and characterized, its precise mechanism of action and 

position in the myogenic regulatory hierarchy will re- 

main untestable. 

Wright et al. (1989) identified a third myogenic regula- 

tory gene, myogenin, based on the prediction that myo- 

blasts that were able to overcome the inhibitory effect of 

5-bromo-2'deoxyuridine (BrdU) on differentiation would 

overexpress factors involved in activation of the differ- 

entiation program. The myogenin cDNA was isolated by 

subtraction-hybridization of cDNA from BrdU-resis- 

tant myoblasts early in the differentiation program 

against cDNA from myoblasts rendered differentiation 

defective with BrdU. Subsequently, cDNAs for mouse 

myogenin (Edmondson and Olson 1989) and the related 

factors, myf-5 (Braun et al. 1989a) and MRF-4, also called 

herculin and myf-6 (Rhodes and Konieczny 1989; Braun 

et al. 1990; Miner and Wold 1990), were isolated inde- 

pendently. All three factors are expressed exclusively in 

skeletal muscle and have the ability to activate myo- 

genesis in transfected 10TV2 cells. The predicted amino 

acid sequences of these factors share -80% homology 

with MyoD within a segment of - 7 0  amino acids, 

which contains a basic domain and a region with ho- 

mology to the myc family of proteins (Fig. 1). Additional 

homology among these factors is found in a cysteine/ 

histidine-rich region immediately amino terminal to the 

basic domain and a serine/threonine-rich region that re- 

sembles a site for phosphorylation near their carboxyl 

termini. 

The conserved basic/myc region of the myogenic 

factors contains an ancient code for myogenesis and has 

been found in related muscle-specific factors from 

mouse (Davis et al. 1987; Edmondson and Olson 1989; 

Miner and Wold 1990), human (Braun 1989a, 1990), rat 

(Rhodes and Konieczny 1989; Wright et al. 1989), 
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Myogenic regulatory gene family 

Figure 1. Structural comparison of the myogenic regulatory factors. A linear representation of each myogenic regulatory factor is 
shown. The region of homology that encompasses the basic ( + + + ) and HLH domains is stippled. The corresponding region of MyoD 
that is sufficient for myogenesis is indicated at the bottom. The serine/threonine-rich region of homology (OH) is indicated by stripes. 
The number of amino acids in each polypeptide is shown at the end of each box. The size of myogenin corresponds to that of mouse 
and human. Only the four mammalian members of the MyoD family are shown. Related factors from other species, such as CMD1 
from chicken (Lin et al. 1989), qmf-1 from quail (de la Brousse and Emerson 1990), and XMyoD, XLMF1, and XLMF25 from Xenopus 
(Hopwood et al. 1989; Scales et al. 1990) are closely related to one or more of these mammalian factors. 

Xenopus (Hopwood et al. 1989; Scales et al. 1990), 

chicken (Lin et al. 1989), quail (de la Brousse and 

Emerson 1990), Drosophila (A. Michelson, S. Abmayr, 

and T. Maniatis; B.M. Paterson; both pers. comm.), sea 

urchin (J. Venuti and W. Klein, pets. comm.), and C. 

elegans (Benezra et al. 1990). This region of MyoD is 

necessary and sufficient for conversion of 10T1A cells to 

myoblasts (Tapscott et al. 1988). However, because it 

also activates expression of the endogenous myogenic 

regulatory factor genes, it is unclear whether it induces 

the complete myogenic program directly or indirectly. 

If members of the MyoD family are virtually identical 

in the conserved basic/myc region, and this region is 

sufficient to activate the complete myogenic program, 

why are there so many of these factors? It is becoming 

clear that many nuclear regulatory proteins belong to 

families that share DNA-binding and dimerization 

motifs but have diverged in other regions. Such multi- 

plicity provides a mechanism for fine-tuning transcrip- 

tional responses while conserving regions of the proteins 

essential for interaction with a common DNA sequence. 

Perhaps domains of the myogenic regulatory factors out- 

side the basic/myc region confer subtle specificities on 

the individual factors that go undetected in the transfec- 

tion assays used to define their functions. In this regard, 

ascribing individual functions to these factors has been 

difficult because of their abilities to activate one an- 

other's expression in transfected cells. Gene disruption 

through homologous recombination will help distin- 

guish the roles of the individual regulatory genes during 

myogenesis in tissue culture and in vivo. 

Myogenic regulatory factors bind muscle-specific 
control regions 

The myc-similarity domain of the myogenic regulatory 

factors shares homology with a variety of regulatory 

gene products, including the Drosophila genes achaete 
scute (Villares and Gabrera 1987), daughterless (Gaudy 

et al. 1988; Cronmiller et al. 1988), hairy (Rushlow et al. 

1989), and Enhancer of split (Klambt et al. 1989), which 

regulate development of the peripheral nervous system, 

twist (Thisse et al. 1988), which participates in the es- 

tablishment of the germ layers, and the widely expressed 

immunoglobulin enhancer-binding factors El2, E47 

(Murre et al. 1989a), E2-2, and E2-5 (Henthorn et al. 

1990). This region of homology has been postulated to 

adopt a he l ix - loop-he l ix  (HLH) conformation in which 

two amphipathic a-helices are separated by an inter- 

vening loop of variable length. Dimerization, a prerequi- 

site for binding of HLH-containing proteins to DNA, is 

mediated by the HLH domain (Murre et al. 1989a, b; 

Davis et al. 1990). Such ubiquitously expressed HLH 

proteins as El2, E47, and the daughterless gene product 

preferentially form heterodimers with cell type-specific 

HLH proteins, such as MyoD, myogenin, and the 

achaete scute complex (AS-C) gene products. HLH 

homo- and heterodimers bind to a consensus sequence 

referred to as an E box (CANNTG), which was first iden- 

tified within the immunoglobulin enhancers (Church et 

al. 1985) and has subsequently been found in regulatory 

regions of most, but not all, muscle-specific genes 

(Buskin and Hauschka 1989), as well as in other cell 

type-specific enhancers (Moss et al. 1988). In addition to 

the enormous potential for regulatory diversity imparted 

by heterodimerization among different combinations of 

HLH proteins, the ability of different HLH heterodimers 

to recognize a common DNA sequence provides oppor- 

tunities for regulation through competition for DNA 

binding. The exact nature of the oligomeric complexes 

in which the myogenic factors participate in vivo re- 

mains to be defined, but in light of the relatively low 

GENES & DEVELOPMENT 1455 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Olson 

efficiency of homodimerization and the presence of nu- 

merous E12-1ike proteins in muscle cells, it is doubtful 

that homodimers of the myogenic factors are the prin- 

ciple biologically active species. 

Members of the MyoD family have been shown to 

trans-activate reporter genes linked to muscle-specific 

control regions in a variety of nonmyogenic cell types in 

which these genes are normally inactive (Braun et al. 

1989a, 1990; Edmondson and Olson 1989; Lin et al. 

1989; Davis et al. 1990; Yutzey et al. 1990). The control 

region for the muscle creatine kinase (MCK) gene has 

been examined in detail and contains two E boxes that 

bind homodimers of the myogenic factors with low af- 

finity and heterodimers formed between El2 and the 

myogenic regulatory factors with high affinity in vitro 

(Buskin and Hauschka 1989; Lassar et al. 1989b; Murre 

et al. 1989b; Braun et al. 1990; Brennan and Olson 1990). 

The E boxes in the MCK enhancer are necessary but not 

sufficient for full enhancer activity, indicating that tran- 

scriptional activation involves interactions between the 

myogenic regulatory factors and other factors that bind 

nearby sites (Gossett et al. 1989). If cooperative interac- 

tions with other transcription factors were mediated by 

domains outside of the basic/myc region, each indi- 

vidual myogenic factor could interact with different 

subsets of transcription factors and thereby selectively 

activate different target genes, depending on the ele- 

ments adjacent to the E boxes in each muscle control 

region. 

Although most muscle-specific regulatory regions 

contain potential binding sites for the myogenic factors, 

a subset of muscle-specific genes such as a-skeletal 
actin (Bergsma et al. 1986) and myosin heavy chain 
(Bouvagnet et al. 1987) does not contain E boxes within 

their cis-regulatory regions. How, then, are these genes 

controlled? Conceivably, the myogenic factors could 

bind sequences other than the CANNTG consensus, 

perhaps as components of complexes with proteins not 

yet identified. Alternatively, or in addition, these factors 

may control some muscle genes indirectly. In this re- 

gard, three nuclear factors from muscle cells, MAPF2 

(Walsh and Schimmel 1987), MEF-2 (Gossett et al. 1989), 

and MCAT-binding factor (Mar and Ordahl 1990), have 

been identified and shown to bind sequences distinct 

from E boxes within muscle-specific control regions. 

The relationship of these factors to the HLH-containing 

myogenic factors, as well as the exact positions of these 

factors in the myogenic regulatory hierarchy, remains to 

be defined. 

Mutagenesis of MyoD indicates that the basic domain 

and HLH are sufficient for binding to the MCK enhancer 

and that these domains are functionally distinct (Davis 

et al. 1990). The HLH is important in specifying partners 

for heterodimerization and does not seem to contain in- 

formation required specifically for myogenesis, as the 

corresponding region of the Drosophila T4 AS-C gene 

product can substitute for this region and activate myo- 

genesis (Davis et al. 1990). The basic domain of MyoD is 

essential for sequence-specific DNA binding and activa- 

tion of myogenesis (Davis et al. 1990). Interestingly, 

substitution of the basic domain of MyoD with the cor- 

responding domains of El2 or Drosophila T4 AS-C re- 

sults in chimeric proteins that heterodimerize with E12 

and bind the MCK enhancer, but they do not activate 

the enhancer or convert 10TIA cells to myoblasts. These 

results indicate that the specificity for myogenesis is en- 

coded by the basic region of MyoD and that this "activa- 

tion function" depends on, but can be distinguished 

from, DNA binding. 

How can the basic domain of MyoD activate tran- 

scription from muscle control regions while the corre- 

sponding domains of other HLH proteins cannot? This 

domain could serve as a site for interaction with an ac- 

cessory protein essential for muscle-specific transcrip- 

tion. Alternatively, the basic domain could undergo a 

post-translational modification essential for transcrip- 

tional activation, or its interaction with the DNA could 

induce a conformational change in the protein leading to 
activation. 

Members of the MyoD family are regulated differently 

The pattern of expression of the myogenic regulatory 

factors during embryogenesis suggests they may be used 

at different developmental stages and perhaps play dual 

roles in determination and differentiation within the 

myogenic lineage. Establishment of muscle during ver- 

tebrate embryogenesis involves induction of primary ec- 

toderm to mesoderm, a portion of which segregates to 

the somites. Subsequently, myogenic precursor cells mi- 

grate into the developing limb bud. Myogenin tran- 

scripts are detected at high levels in the somite myo- 

tome 2 days before the appearance of MyoD or other 

muscle-specific genes, suggesting that the initial specifi- 

cation of muscle may be independent of MyoD (Sassoon 

et al. 1989; Wright et al. 1989). A quail myogenic factor, 

qmf-1, which may be a composite between MyoD and 

myf-5, is also expressed in the embryonic myotome and 

appears initially in the dorsal medial lip of the somite 

dermatome; this may be the initial site for myogenic 

lineage determination (de la Brousse and Emerson 1990). 

Paradoxically, cells that invade the limb bud and ulti- 

mately differentiate into muscle initially show no ex- 

pression of myogenin or MyoD but later express both 

coordinately. Several lines of evidence indicate that the 

fate of these cel ls-- to  become muscle- - i s  already de- 

termined, suggesting they were derived from cells in the 

somite that do not express myogenin or MyoD or, more 

likely, that cells from the somite myotome repress the 

expression of these factors as they migrate into the limb 

bud. In contrast to the early expression of myogenin and 

MyoD, MRF-4 is not expressed until after birth, when it 

increases to the highest level of the myogenic factors 

(Rhodes and Konieczny 1989; see also Braun et al. 1990; 

Miner and Wold 1990). 

MyoD mRNA is present at low levels in Xenopus oo- 
cytes and is rapidly up-regulated in early gastrulae in re- 

gions of prospective mesoderm, where it is the earliest 

marker for mesoderm induction so far identified (Hop- 

wood et al. 1989; Scales et al. 1990). In later stage 
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Xenopus embryos, MyoD expression is restricted to the 

developing somites and declines after somitogenesis. 

Given the apparent roles of peptide growth factors and 
the homeotic genes Mix.1 and Xhox.3 in generating 

muscle in Xenopus embryos (Ruiz i Altaba and Melton 

1989), this should be an important system for eluci- 

dating the regulatory cues that impinge on the myogenic 
regulatory genes early in embryogenesis. 

An intriguing property of the myogenic regulatory 

factors is their ability to autoregulate their own and ac- 

tivate one another's expression. Such regulatory interac- 

tions may serve to reinforce the decision to differentiate 
and confer stability to the myogenic phenotype. For 

reasons that are unclear, 10TIA cells are especially per- 

missive for cross-activation of the myogenic factors, 

whereas most other cell types do not support these regu- 

latory interactions (Braun et al. 1989b; Thayer et al. 

1989). Within most established muscle cell lines, only 

subsets of the myogenic regulatory factors are expressed, 

suggesting that other cellular factors can influence regu- 

latory interactions among members of the MyoD family. 

For example, either MyoD or myf-5, but not both, is ex- 

pressed constitutively in many muscle cell lines (Davis 

et al. 1987; Braun et al. 1989a, b). In contrast, myogenin 

is repressed until myoblasts are triggered to differentiate 

and is then rapidly up-regulated in every muscle cell line 

that has been examined (Edmondson and Olson 1989; 

Wright et al. 1989). MRF-4 is not expressed in most es- 

tablished muscle cell lines, which is consistent with its 

possible role in later development (Rhodes and Kon- 

ieczny 1989; see also Braun et al. 1990; Miner and Wold 

1990). The mechanism that accounts for selective ex- 

pression of certain members of the MyoD family in 
some cell types is unknown. 

Could different combinations of the four known myo- 

genic regulatory factors contribute to the unique proper- 

ties of different muscle cell types or provide the basis for 

myofiber diversity? The phenotype of the BC3H1 muscle 
cell line supports this notion. These cells express myo- 

genin and most other muscle-specific genes, but they do 

not express MyoD nor do they commit to terminal dif- 
ferentiation or form multinucleate myotubes (Ed- 

mondson and Olson 1989). Expression of an exogenous 

MyoD cDNA in BC3H1 cells can rescue their ability to 

form terminally differentiated myotubes, suggesting 

that the actions of myogenin and MyoD are not entirely 

redundant and that MyoD may be required for certain 

aspects of the differentiation program (Brennan et al. 
1990). 

Antagonism between growth factors and the MyoD 
family 

In myoblasts, the decision to differentiate appears to be 

determined by a balance between positive signals, elic- 

ited by members of the MyoD family, and negative 

signals, generated by exogenous growth factors. High 

concentrations of serum or certain peptide growth 

factors, for example, can block expression of muscle-spe- 
cific genes in cells that express myogenic factors consti- 

Myogenic regulatory gene family 

tutively (Davis et al. 1987; Edmondson and Olson 1989; 

Vaidya et al. 1989). Conversely, high levels of MyoD ex- 
pression can suppress cell growth and lead to differentia- 

tion, even in the presence of high concentrations of mi- 

togens or activated oncogenes (Konieczny et al. 1989; 
Lassar 1989a). 

How might members of the MyoD family suppress 
proliferation? Inhibition of cell growth could be a conse- 

quence of differentiation or it could be an independent 

phenomenon. Perhaps members of the MyoD family in- 

teract directly with the control regions of genes required 

for proliferation or interfere with the actions of growth 

factor-inducible early gene products, such as fos, myc, or 
jun. Expression of the myogenic regulatory factors at 

high levels also could suppress growth by "squelching" 

(Ptashne 1988) or "transcriptional interference" (Meyer 

et al. 1989), as a consequence of their interaction with 

cellular factors required for proliferation. 

The mechanism through which growth factors over- 

ride the actions of the myogenic regulatory factors is 
also an enigma. MyoD and myogenin are known to be 

phosphorylated, which raises the possibility that 

changes in their phosphorylation might account for the 

inhibitory effects of growth factors on their actions. At 

present, however, the domains of these proteins that are 

phosphorylated and the kinases for which they are sub- 

strates have yet to be defined. Growth factors also could 

block the actions of the myogenic factors through in- 
duction of inhibitory cellular factors. 

One candidate for a mediator of the negative effects of 

growth factors on myogenesis is a novel HLH protein 

called Id (inhibitor of DNA binding), which is expressed 

in a wide range of cell types and is down-regulated 

during differentiation of myoblasts (Benezra et al. 1990). 

Id can heterodimerize with El2 and, to a lesser extent, 

with MyoD, but it lacks a basic domain, which has been 

postulated to lead to negative regulation through the 

formation of nonfunctional heterodimers that cannot 
bind DNA. Down-regulation of Id during myogenesis 

has been proposed to release E 12,. for heterodimerization 
with MyoD, thereby leading to activation of the differ- 

entiation program. Inhibition of the DNA-binding ac- 

tivity of MyoD in myoblasts is consistent with in vivo 
footprinting experiments, showing that the high-affinity 

E box in the MCK enhancer becomes occupied only after 

myoblasts have been triggered to differentiate by with- 

drawal of serum, despite high levels of MyoD expression 

prior to differentiation (Mueller and Wold 1989). 

The actions of the MyoD family are governed by other 
cellular factors 

The dependence of the myogenic regulatory factors on 
dimerization for activation of myogenesis suggests that 

their actions can be dictated by the repertoire of cellular 

factors with which they can interact. This prediction is 

supported by studies of the susceptibility of different 

cell types to myogenic conversion. Although 10T1A cells 

and fibroblasts of mesodermal origin are clearly the 

most susceptible to the actions of MyoD, forced expres- 
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sion of MyoD will also activate some aspects of myo- 

genesis in determined cell types from all three germ 

layers, including fibroblast, melanoma, neuroblastoma, 

adipocyte, and, perhaps, some types of liver cells (Lin et 

al. 1989; Weintraub et al. 1989). In many of these cell 
types, however, only certain aspects of the differentia- 

tion program are activated transiently. There are also 

certain cells of nonmesodermal origin such as HeLa, 

HepG2 (liver), and CV-1 (kidney), which appear refrac- 

tory to myogenic conversion by MyoD (Weintraub et al. 
1989; Schafer et al. 1990). The failure of MyoD to acti- 

vate myogenesis in these cells suggests that the factors 

with which it cooperates are not ubiquitous or that there 

are negative factors present in some cell types. Indeed, 

heterokaryon experiments have provided evidence for 

positive and negative factors, which might or might not 

be HLH proteins, that can determine cellular responsive- 

ness to MyoD and myogenin {Schafer et al. 1990). 
It is intriguing that in some cell types, such as mela- 

noma, neuroblastoma (Weintraub et al. 1989), and osteo- 

sarcoma (Chen and Jones 1990), the endogenous differ- 

entiation program and the myogenic program under con- 

trol of MyoD appear to be compatible, whereas in other 
cell types, such as adipocytes, the endogenous develop- 

mental program is extinguished by forced expression 

of MyoD (Weintraub et al. 1989). Could the ability of 
MyoD to extinguish certain differentiation programs re- 

flect competition between MyoD and other cell type- 
specific HLH proteins for interaction with El2? This 

question could potentially be answered by using mu- 

tants in the basic domain of MyoD or its relatives, 

which retain the ability to heterodimerize. Such mu- 

tants would be predicted to extinguish endogenous de- 

velopmental programs without activating myogenesis if 

the inhibitory effects of MyoD reflect competition for 

interaction with endogenous HLH proteins. 

Can the MyoD family account for all aspects of 
myogenesis? 

10T1A cells have provided an adventitious system for 

identifying and characterizing the HLH family of myo- 

genic regulatory factors. However, there seems little 
doubt that other tissue-specific factors act upstream, 

downstream, and, perhaps, in parallel with members of 

the MyoD family. The recent demonstration that avian 

retroviruses expressing v-ski can activate myogenesis in 

quail embryo fibroblasts supports this notion (Col- 

menares and Stavnezer 1989). The behavior of myoblasts 

exposed to BrdU also suggests the existence of regula- 

tory factors that act upstream of the MyoD family. In- 
corporation of BrdU into myoblast DNA extinguishes 

the expression of MyoD (Tapscott et al. 1989), whereas 

when BrdU-inhibited myoblasts are placed in medium 

lacking BrdU, they rapidly recover the ability to differ- 

entiate (Wright 1982) and re-express MyoD. Thus, there 

must be a memory of the determined state that would 

appear to be independent of the MyoD family. Similarly, 

expression of activated ras and los extinguishes the ex- 

pression of MyoD and myogenin, yet myoblasts trans- 

formed with these oncogenes continue to express a 

subset of muscle-specific genes (Konieczny et al. 1989; 
Lassar et al. 1989a; Shih et al. 1990) and can reactivate 
the complete differentiation program upon removal of 

the oncogenic signal (Holtzer et al. 1975; Gossett et al. 

1988). Myoblast cell lines that are determined, but do 

not express MyoD or myogenin until they have initiated 
differentiation, also suggest that additional factors are 

responsible for maintaining myoblasts in the lineage 

(Montarras et al. 1989). 

Is the MyoD family a model for the regulation of 
diverse cellular phenotypes ? 

Do genes analogous to those of the MyoD family regu- 

late cell fate in other lineages? Obvious cell types to con- 

sider are smooth and cardiac muscle, which express sev- 

eral muscle-specific genes that are regulated by the 
MyoD family in skeletal muscle. It is tempting to specu- 

late that similarities between these different muscle cell 

types reflect a common underlying regulatory scheme, 

but genes sharing homology with the MyoD family have 

not yet been detected in smooth or cardiac muscle by 
low stringency hybridization to the known members of 

the MyoD family; this suggests that if such regulatory 

genes exist, they have diverged considerably from those 

that regulate the skeletal muscle lineage. 

Several observations suggest the involvement of HLH 

proteins in cell types other than muscle. In addition to 

the positive roles played by products of the AS-C and the 

daughterless gene product in Drosophila neurogenesis, 

there is recent evidence for negative HLH proteins anal- 

ogous to Id that antagonize their actions (Ellis et al. 

1990; Garrell and Modolell 1990; see also Benezra et 

al. 1990). The presence of E boxes in numerous cell type- 

specific enhancers (Church et al. 1985; Moss et al. 1988; 

Murre et al. 1989a) also suggests that the associated 

genes will be regulated by HLH proteins. Finally, the 

ubiquitous expression of E12 and E47 suggests that cell 

type-specific partners for heterodimefization, analogous 

to the myogenic regulatory factors, may participate in 

enhancer regulatory systems that modulate gene expres- 
sion in a wide range of cell types. 

Future prospects 

Despite significant inroads into the identities of factors 

that can activate the muscle differentiation program in 

tissue culture, numerous unanswered questions remain. 

What are the functional differences between the known 

members of the MyoD family? What are the identities 

and mechanisms of action of the different factors that 

cooperate with, and antagonize the actions of, the myo- 

genic regulatory factors? Are the proteins with which 
the MyoD family members interact in cell culture the 

same as those in vivo, or do they represent just a small 

subset? What are the normal developmental cues that 
trigger commitment to the myogenic lineage during em- 

bryogenesis, and what roles do the known myogenic reg- 
ulatory factors play within the developing somite? Do 

1458 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


the myogenic regulatory factors play dual roles in deter- 

mina t ion  and differentiation and, if so, how do they dis- 

cr iminate  between the genes that  must  be activated in 

each developmental  state? What is the molecular  basis 

for the antagonism between the actions of growth 

factors and members  of the MyoD family? Do the mech- 

anisms that  control myogenesis operate in other cell 

types? 

Clearly, members of the MyoD family do not  funct ion 

alone but  participate in a regulatory network that  in- 

volves dynamic interplay among a variety of positive 

and negative factors. The components  of the regulatory 

circuitry of myogenesis have begun to be defined only 

wi th in  the l imited context  of a subset of tissue culture 

cells. Further investigation into the relevance of these 

observations to normal  embryogenesis will  undoubtedly 

not  only shed light on the molecular  basis of the myo- 

genic phenotype but also on the fundamental  mecha- 

nisms responsible for the specification of cell fate in di- 

verse lineages during development.  
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