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Activation of the Myogenic Lineage by MEFSA, a 
Factor That Induces and Cooperates with MyoD 
Sunjay Kaushal,* Jay W. Schneider,"t-ernardo Nadal-Ginard,t 

Vijak Mahdavit 

Muscle enhancer factor-2A (MEF2A), a member of the MADS family, induced myogenic 
development when ectopically expressed in clones of nonmuscle cells of human clones, 
a function previously limited to the muscle basic helix-loop-helix (bHLH) proteins. During 
myogenesis, MEF2A and bHLH proteins cooperatively activate skeletal muscle genes and 
physically interact through the MADS domain of MEF2A and the three myogenic amino 
acids of the muscle bHLH proteins. Thus, skeletal myogenesis is mediated by two distinct 
families of mutually inducible and interactive muscle transcription factors, either of which 
can initiate the developmental cascade. 

W h e n  ectopically expressed, the family of 
muscle bHLH transcription factors- 
MyoD, myogenin, MRF4, and myf5-inde- 
pendently activates the cascade of myogen- 
ic development ( I ) .  The myogenic activity 
of muscle bHLH factors was mapped to 
three amino acid residues located within 
the basic junction domain, which is predict- 
ed to reside within the major groove during 
DNA binding (2, 3). In addition to binding 
DNA as heterodimers with bHLH E-pro- 
teins, the muscle bHLH proteins associate 
with several non-HLH proteins, including 
c-Jun, the retinoblastoma protein (Rb), and 
p107 (4-6). Despite this functional diver- 
sity, gene transfer and gene knockout stud- 
ies have shown that certain features of the 
genetic regulation of myogenesis cannot be 
attributed to the bHLH proteins (1,  7). 

The muscle enhancer factor-2 or related 
to serum response factor (MEF2-RSRF) 
familv, a second class of muscle transcri~- 
tion factors that belong to the MADS s;- 
perfamily (MCM1, agamous, deficiens, and 
human serum response factor), also plays an 
important role in myogenic differentiation. 
Four distinct genes encoding the MEF2 
family (MEFZA, B, C, and D) have been 
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cloned in mammals, two in Xenopus (SLI 
and SLZ), and a single gene in Drosophila 
(D-MEF2) (8, 9). Whereas the muscle 
bHLH factors are expressed only in skele- 
tal muscle cells, the MEF2 factors are pre- 
dominantly, though not exclusively, ex- 
pressed in skeletal, cardiac, and smooth 
muscle and in neuronal cells (8 ,9) .  Like the 

Table 1. Comparison of the efficiency of rnyogen- 
ic conversion after stable transfection of MyoD, 
rnyogenin, or MEF2A in mousef~broblasts. 1OT112, 
3T3-L1, and 3T3-C2 fibroblasts were cotrans- 
fected as described (Fig. 2) and irnrnunostained 
w~th the MHC mAb MF-20 and the ABC-Vectastain 
kit (Vector Laboratories). Myogenic conversion 
represents the number of rnyogenic colonies divid- 
ed by the total number of neor colonies. Control, 
pMSV. 

Muscle Myogenic Total Myogenic 
regulatory colonies colonies conversion 

gene (n) (n ) 

7OT7/2 cells 
Control 0 50 0 
MyoD 17 65 26 
Myogenin 10 35 28 
MEF2A 35 250 14 

Control 
MyoD 
Myogenin 
MEF2A 

Control 
MyoD 
Myogenin 
MEF2A 

3T3-L 7 cells 
0 56 0 
8 20 40 
3 20 10 
5 35 14 
3T3-C2 cells 
0 54 0 
5 15 33 
7 19 37 
3 35 8 
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muscle bHLH protein family, the four 
MEF2 genes (A through D) are sequentially 
expressed during the development of mus- 
cle cells in embryos and in cell culture 
(8-10). Whereas MEF2D accumulates in 
mouse C2C12 myoblasts, MEFZA, B, and C 
can be detected only in differentiated myo- 
tubes. The MEF2 family gains additional 
complexity from tissue-specific splicing of 
exons in muscle and neural cells (8, 9). 

Ectopic expression of myogenin or 
MyoD induces MEF2 activity in many 
nonmuscle cells, which suggests that the 
genes encoding MEF2 are downstream of 
the muscle bHLH genes in the hierarchy 
of myogenic regulators (4, 11 ). However, 
both the mouse myogenin and Xenopus 
MyoDa genes have essential MEF2 DNA- 
binding sites in their control regions, 
which suggests that the MEF2 proteins are 
important regulators of muscle bHLH fac- 
tor gene expression (1 2). During Drosoph- 
ila development, mRNA that encodes D- 
MEFZ appears at the late cellular blasto- 
derm stage preceding the appearance of 
mRNA for nautilus, the homolog of MyoD 
(9). Thus, at least in Drosophika, MEFZ is 
an upstream regulator of myogenic devel- 
opment, although direct induction of the 
endogenous muscle bHLH gene by Dro- 
sophila MEF2 has not been established. 

Functional MEF2 DNA-binding sites are 
essential for the high expression levels of 

many striated muscle genes (1 1, 13). In 
these muscle-specific genes, MEFZ DNA- 
binding sites are often juxtaposed to one 
or more muscle bHLH factor DNA-bind- 
ing sites (E-boxes). This configuration of 
cis elements, which has been conserved 
through millions of years of muscle gene 
evolution, suggests an important and inti- 
mate relation between these two families 
of regulatory factors. Here, we investigated 
the functional and biochemical relation- 
ship of the MEFZA and muscle bHLH 
factors in the regulatory hierarchy of skel- 
etal mvonenesis. 

 he Ascle bHLH proteins can initiate 
the program of skeletal muscle differenti- 
ation when forcibly expressed in non- 
muscle cells (1 ). To test if MEFZA, which 
is a strong transactivator of muscle genes 
(8), can also convert nonmuscle cells into 
skeletal muscle cells, we selected two cell 
lines with little or no endogenous MEFZA 
protein for gain-of-function experiments 
(8). 10T1/2 embryonic mouse fibroblasts 
and CV-1 monkey kidney cells were per- 
manently transfected with expression plas- 
mids for human MEF2A under the control 
of the Moloney sarcoma virus long termi- 
nal repeat and the neomycin resistance 
gene (neor). Transfectant colonies were 
selected in neomycin, tested for ectopic 
MEFZA ex~ression. and examined for 
myogenic differentiation after 5 days in 

Fig. 1. D i i t i a l  induction of skeletal muscle differentiation by stably transfected human MEF2A in 
10T1/2 and CV-1 cells. Cells were cotransfected as described (8) with 10 pg of pMSV-MEF2A (containing 
the muscle-specific axon SEEEELEL) and 0.1 pg of pSV-neo, selected for 2 weeks in Dulbecco's 
modied essential medium (DMEM) with 20% fetal calf serum and G418 (500 &mi), induced to 
differentiate in DMEM with 2% horse serum, and prepared for double immunostaining as described (8). 
(A) MEF2A-transfected 10T112 cells immunostained with MEF2A antiserum (fluorescein, green). (B) 
Same field as in (A), immunostained with MHC mAb (modmine, red). (C) MEF2A-transfected 10T1/2 
cells from a dirent experiment immunostained with MEF2A antiserum (fluorescein). (D) Same field as in 
(C), immunostained with MHC mAb (rhodamine). (E) MEF2A-transfected CV-1 cells immunostained with 
MEF2Aantiserum (rhodarnine). (F) Same field as in (E), immunostained with myogenin mAb (fluorescein). 

differentiation medium. Whereas colonies 
transfected with the neo* plasmid alone 
exhibited no phenotypic changes, a large 
percentage of 10T1/2 colonies cotrans- 
fected with human MEF2A differentiated 
into multinucleated myotubes, whose phe- 
notype was confirmed by double-immu- 
nostaining for human MEFZA and sarco- 
meric myosin heavy chain (MHC) (Fig. 
1). Transfection of MEFZA in CV-1 cells, 
which are blocked in the myogenic differ- 
entiation pathway downstream of the mus- 
cle bHLH factors (1 ), induced the expres- 
sion of myogenin but not of other muscle 
lineage markers. Therefore, like the mus- 
cle bHLH proteins, ectopic expression of 
MEFZA triggered skeletal muscle differen- 
tiation in 10T1/2 but not in CV-1 cells. 

The ability of MEFZA to induce myo- 
genic differentiation in these cells was fur- 
ther documented by protein and FWA blot 
of permanently transfected cells (Fig. 2). 
Constitutively expressed human MEFZA 
activated the full program of skeletal myo- 
genesis in 10T1/2 cells, as documented by 
the induction of myogenin, MyoD, MHC, 
and muscle-specific a-actin mFWA (Fig. 
2A). In contrast to 10T1/2 cells, CV-1 cells 
responded to permanent transfection of hu- 
man MEFZA with the induction of myoge- 
nin but not of the other muscle lineage 
markers. Equivalent amounts of human 
MEF2A polypeptide were detected by pro- 
tein blot in permanently transfected 10T1/2 
and CV-1 cells (Fig. 2B). 

The efficiency of myogenic conversion 
induced by MEF2A was compared with that 
induced by MyoD and myogenin in three 
mouse fibroblast cell lines known to be high- 
ly responsive to the muscle bHLH proteins 
( I )  (Table 1). After stable cotransfection 
and induction of differentiation, 10T1/2, 
3T3-L1, and 3T3-C2 d e c t a n t  colonies 
were examined for myogenic differentiation 

Rg. 2 Differential induc- 
tion of muscle-specific 
mRNA in MEF2A-trans- 
fected lOTl/2 and CV-1 A $$gs 
cells (20). (A) RNA blot of 
C2C12 myotubes (mt) w -  
llana 1). MEF2A-trans- - 
iected i 0 ~ 1 / 2  cells (lane 
2), 10T1/2 cells (lane 
3), MEF2A-transfected 
CV-1 cells (lane 4), and 
CV-1 cells (lane 5) hy- 
bridized to radiolabeled 

MHC 

GAPDH 

- 
cDNAs as indicated on 
the left. (8) Protein blot of MRA 
extracts prepared from 1 2 3 4 5  
the same cells as in (A) 
detected with MEF2A antiserum (21). On this 
blot, a faint, nonspecific cross-reactive band is 
present in parental and MEF2A-transfected 
10T1/2 cells. GAPDH, glycerddehyde phosphate 
dehydrogenase. 
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by immunostaining for MHC. Human 
MEF2A induced skeletal myogenesis in 
these fibroblasts in a manner similar, but at 
lower efficiency, to that of the myogenic 
bHLH factors. 

Although constitutive, high-level ex- 
pression of MEF2A in 10T1/2 fibroblasts 
activated skeletal muscle-specific gene 
expression (Figs. 1 and 2), the endogenous 
MEF2A activity in cardiac muscle, smooth 
muscle, and neuronal cells do not. Thus, 
endogenous MEF2A might require a skel- 
etal muscle-specific cofactor to efficiently 
induce the expression of skeletal muscle 
genes. Evidence from DNA binding and 
transfection experiments suggested that 
the MEFZ and the MyoD factors might 
stabilize the binding of each other to col- 
linear DNA sequences and thus might 
cooperate in transactivation. For example, 
the CASTing (cyclic amplification and 
selection of target sequences) protocol 
done with C2C12 myotube extracts and 
the MEFZ antiserum resulted in the coselec- 
tion of adjacent E-box and MER DNA- 
binding sites (14). Similar results were pre- 
viously obtained in a reciprocal experiment 

Fig. 3. MEF2A and muscle bHLH proteins cooper- 
ate in the transactivation of muscle reporter genes 
(22). (A) TK-CAT reporter gene constructs contain- 
ing wild-type or mutant E-box or MEF2 DNA-bind- 
ing sites from the MCK gene enhancer were tran- 
siently transfected in C2C12 myotubes. (B) Report- 
er constructs with binding site sequences from the 
MLC1/3 enhancer were transfected in C2C12 
myotubes as in (A). (C) The same reporter con- 
structs as in (A) were transfected in neonatal rat 
cardiocytes. (D) Expression plasmids for MEF2A or 
myogenin (Myog.) in pCMV were cotransfected with 
reporter constructs containing synthetic binding 
sites from the MLC1/3 enhancer upstream from 
TK-CAT as in (6) or the natural promoter-enhancer 
seauences from the mouse MCK fD3300MCKCAT1 
or bogenin (pMyol84CAT) in CV-1 cells: 
Relative CAT activity represents the experimental 
CAT activity divided by the activlty of TK-CAT, 
p3300MCKCAT, or pMyol84CATalone. Each re- 
sult represents four different experiments in dupli- 
cate. None, TK-CAT; E, single E-box-TK-CAT; 
E-E, double E-box-TK-CAT; M, single MEF2 site- 
TK-CAT; M-M, double MEF2 siteTK-CAT; E-M, 
E-box and MEF2 siteTK-CAT; E-M(mt), E-box 
and mutant MEF2 site-TK-CAT; E(mt)-M, mutant 
E-box and MEF2 siteTK-CAT; E(mt)-M(mt) dou- 
ble mutant siteTK-CAT; and +5 bp or +10 bp, 
insertion of 5 or 10 base pairs between the E-box 
and MEF2 site. 

with a myogenin antiserum (15). 
To gain insight into the potential inter- 

action between MEF2A and muscle bHLH 
proteins, we performed a series of transfec- 
tion experiments (Fig. 3). Constructs con- 
taining E-box (E) or MEFZ (M) DNA- 
binding sites from the gene, enhancers of 
muscle creatine kinase (MCK) or myosin 
light chain 113 (MLC1/3) fused to the thy- 
midine kinase promoter-chloramphenicol 
acetyltransferase (TK-CAT) reporter gene 
were transiently transfected in skeletal mus- 
cle cells. Whereas MCK reporter genes con- 
taining either a single E-box or a single 
MEFZ binding site were inactive in C2C12 
myotubes, reporters containing duplicated 
copies of either element (E-E or M-M) were 
active (Fig. 3A). Maximal reporter activity 
was achieved when a single E-box site was 
combined with a single MEFZ site (E-M). 
The cooperative effect of the E-M reporter 
was abrogated by mutation at either E-box 
or MEF2 site. Identical results were ob- 
served with MLC1/3 E-box and MEF2 bind- 
ing sites (Fig. 3B). Furthermore, physical 
separation of the MLC1/3 E-box and MEFZ 
sites by an additional half or full turn of the 

€(rnt):~(mt) J 
E-M (15 bpI .- 

E.M (+I0 bp) 

0 2 4 6 8 

C 
MCK 

M-M I I 
E-M Z 
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None 
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double helix had no effect on the transcrip- 
tional activity of the corresponding reporter 
genes. These results, which extend previ- 
ously reported data (16), document a se- 
quence-specific cooperative activation of 
reporter genes bearing adjacent E-box and 
MER DNA-binding sites in differentiated 
skeletal muscle cells. 

Certain E-box-containing muscle genes 
are expressed at high levels in cardiac as 
well as skeletal muscle cells, even though 
cardiac muscle cells lack functional equiv- 
alents of the muscle bHLH factors. Cardio- 
cvtes. therefore. ~rovide a natural control 
fir &e cooperatke activation of the E-M 
reporter gene. When transfected in primary 
cardiocytes from neonatal rats, the M-M 
reporter gene was highly active, but the 
E-M reporter was silent (Fig. 3C). Thus, 
both MEF2A and muscle bHLH factors are 
required for the cooperative gene activation 
in skeletal muscle cells. These results also 
suggest that cardiac muscle cells achieve 
high-level muscle gene expression by a dif- 
ferent mechanism. 

We tested whether the cooperative ef- 
fect between the E-box and the MEFZ 
DNA-binding sites observed in skeletal 
myotubes was mediated by their corre- 
sponding transacting factors, or whether ad- 
ditional muscle-specific factors might be re- 
quired. The MLC1/3 reporter plasmids were 
cotransfected with expression plasmids en- 
coding myogenin, MEFZA, or both factors 
in CV-1 cells, which lack both endogenous 
muscle bHLH and MEFZ activities (Fig. 
3D). Compared to either MEF2A or myo- 
genin alone, the highest reporter activity 
was obtained when both factors were co- 

Fig. 4. Direct association of MEF2A and myoge- 
nin in C2C12 myotubes (23). Whole-cell extracts 
of C2C12 myotubes or 10T1/2 cells were immu- 
noprecipitated with the first antibody (1st Ab) and 
hmunoblotted with the second antibody (2nd Ab) 
as shown. Because of different amounts of input 
protein (25 and 100 pg, respectively), the signals 
obtained in the direct immunoblots (lanes 1 and 5) 
are not directly comparable to the co-immunopre- 
cipitations. PI, preimmune serum for MEF2A poly- 
clonal or a control unrelated mAb (PAbl 01) for the 
myogenin monoclonal antibody. Size markers are 
on the left in kilodaltons. 



transfected. Although MEFZA activated 
the endogenous myogenin gene when per- 
manently transfected in CV-1 cells, the 
level of transiently induced myogenin was 
apparently inadequate to induce coopera- 
tive transcriptional activation in this assay. 
Similar results were obtained with reporter 
constructs containing the native MCK en- 
hancer and the myogenin promoter (Fig. 
3D). Taken together, these results show 
that in the presence of their respective col- 
linear cis elements, myogenin and MEF2A 
activate muscle gene transcription in a co- 
operative manner, which is largely indepen- 
dent of the precise spacing and sequence of 
the E-box and MEF2 DNA-binding sites. 

To determine whether MEFZA and myo- 
genin are associated in vivo, even in the 
absence of exogenously added DNA, we 
performed a series of co-immunoprecipita- 
tion experiments (Fig. 4). Equal amounts of 
C2C12 myotube extracts were incubated 
with either the MEFZA antiserum or pre- 
immune serum, and the resulting pellets 
were washed, then analyzed by immunoblot 
with a myogenin monoclonal antibody 
(mAb). The MEFZA antiserum specifically 
co-immunoprecipitated myogenin from the 
C2C12 myotube extract. In the reciprocal 
experiment, the myogenin mAb specific- 
ally co-immunoprecipitated MEF2A from 
C2C12 myotubes. Neither antibody copre- 
cipitated these factors from 10T112 non- 
muscle cells. Although the precise stoichi- 
ometry of MEF2A and myogenin and the 
possible participation of other factors in this 
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complex remain to be established, MEF2A 
and myogenin directly associate in C2C12 
myotubes. 

The domains of each polypeptide re- 
quired for this interaction were mapped by 
in vim protein binding experiments (Fig. 
5). Full-length, in vitm-translated MEFZA 
efficiently bound' to a fusion protein of glu- 
tathione-S-transferase (GST) and MyoD, 
but did not bind to a GST fusion protein 
containing the bHLH domain of the E- 
protein E2-2C (Fig. 5, A and B). Deletions 
of the MEFZA polypeptide had little effect 
on GST-MyoD binding as long as the 
MADS domain remained intact. An inter- 
nal deletion mutant [DM(57-322)] con- 
taining only the MADS domain and a 
portion of the distal COOH-terminus of 
MEFZA retained significant binding activ- 
ity. Thus, the MADS domain of MEF2A is 
both necessary and sufficient for binding 
to MyoD. The specificity of this binding 
was shown by the inability of MyoD to 
interact with a related MADS family 
member, serum response factor (SRF). 
Furthermore, even in the presence of a 
high concentration of ethidium bromide 
(an agent known to disrupt DNAdepen- 
dent protein-protein interactions), full- 
length MEFZA efficiently and specifically 
bound GST-MyoD (1 7). To confirm these 
results, we performed reciprocal binding ex- 
periments with in vitro-translated MyoD 
and GST-MEFZA (Fig. 5, C and D). Full- 
length MyoD, myogenin, and MRF4 effi- 
ciently bound GST-MEFZA. Among the 

Binding 
to MyoD 

MyoD mutants tested, only the internal 
deletion mutant encompassing the basic 
junction and first helix domains [DM(102- 
135)l failed to bind to GST-MEFZA. To- 
gether, these results document that binding 
to MEFZA is mediated by the basic and first 
helix domains of muscle bHLH factors. 

Detailed mapping experiments have 
identified three amino acid residues within 
the basic junction domain of muscle bHLH 
factors that encode the myogenic activity of 
this protein family (3). To determine if 
these amino acids of MyoD are required for 
the interaction with MEFZA, we tested chi- 
meric proteins containing different swap 
domains of El2 and MyoD for their ability 
to bind GST-MEF2A (Fig. 5, E and F). 
Substitution of the nonmyogenic basic or 
basic junction domains of the E-protein El2 
for the equivalent domains of MyoD abol- 
ished GST-MEFZA binding. In contrast, 
substitution of the myogenic basic junction 
domains or the basic domain alone of 
MyoD for the equivalent domains of El2 
conferred the ability to bind GST-MEFZA. 
Moreover, three point mutations in the ba- 
sic junction domain of E12, which convert 
this E-protein into a myogenic factor, im- 
part the ability to bind GST-MEFZA. Thus, 
the myogenic properties of the different 
bHLH chimeras correlated perfectly with 
their ability to physically associate with 
MEFZA. 

These results demonstrate that human 
MEFZA is a determination factor for the 
skeletal muscle cell lineage, an activity that 
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on GST-MyoD (lanes 1 to 10) or GST-E2-2C (E-protein) resins. (B) Summary 
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previously distinguished the muscle bHLH 
family of transcriptional factors. Gain-of- 
function experiments in nonmuscle cells 
have shown that Inurine MEF2C and 
MEF2D also induce the muscle bHLH fac- 
tors, thus providing evidence that myogenic 
activity is shared by each member of the 
MEF2 family (18). Once activated, in- 
creased amounts of muscle transcription 
factors are achieved by positive feedback 
loops that coordinately induce the expres- 
sion of the genes encoding muscle bHLH 
and MEF2. In CV-1 cells, the ability of 
MEF2A to activate the endogenous myoge- 
nin but not other muscle bHLH factor or 
structural genes provides evidence that a 
portion of the regulatory feedback loop can 
be dissociated from the induction of myo- 
genic differentiation. Furthermore, the re- 
sults in CV-1 cells are consistent with the 
identification of an MEF2 DNA-binding 
site in the mouse myogenin gene promoter 
that is essential for appropriate expression 
of a myogenin reporter gene in cultured 
muscle cells and transgenic mice (12). 

The data presented here further demon- 
strate an intimate functional relation be- 
tween the families of MEF2 and muscle 
bHLH proteins that is an integral aspect of 
the myogenic regulatory cascade. The 
MEF2A and muscle bHLH factors enhance 
each other's ability to bind adjacent MyoD 
and MEF2 DNA-binding sites. Moreover, 
once bound, these factors cooperatively ac- 
tivate the transcription of muscle genes. The 
MADS domain of MEF2A specifically rec- 
ognizes those amino acid residues of the basic 
junction domain that encode the myogenic 
activity of the muscle bHLH factors. The 
significance of this interaction for myogen- 
esis is emphasized by the ability of the 
MADS domain of MEF2 to discriminate be- 
tween myogenic and nonmyogenic basic 
junction domains. Muscle bHLH proteins, 
on the other hand, can discriminate between 
the MADS domain of MEF2A and that of 
the ubiquitously expressed MADS protein 
SRF. Because E-box binding sites are present 
in a wide variety of genes (most of which are 
not expressed in skeletal muscle cells), at 
least one additional recognition event is re- 
quired to specify that muscle bHLH factors 
activate only skeletal muscle genes. Our data 
suggest that association with MEF2 provides 
the additional specificity required by the 
muscle bHLH proteins for exclusive activa- 
tion of skeletal muscle genes. In cultured 
cells, activation of the MEF2 DNA-binding 
site in the gene encoding myogenin is regu- 
lated by a posttranslational modification of 
the MEF2 proteins (19). Our data suggest 
that the direct physical association with 
muscle bHLH proteins might be required for 
this posttranslational event. This hypothesis 
provides for a highly complex network of 
combinatorial interactions among four dis- 

tinct muscle bHLH proteins and numerous 
alternatively spliced products of the four 
MEF2 genes. We further propose a general 
model wherein the MEF2 family partici- 
pates in the differentiation pathways of 
cardiac muscle, smooth muscle, neural, 
and perhaps other cells by inducing the 
expression of, and directly associating 
with, cell type-specific transcriptional 
regulators in these lineages. 
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