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ABSTRACT Myogenin belongs to a family of regulatory
factors that can activate myogenesis when transfected into
nonmyogenic cells. A conserved DNA sequence, known as an E
box, serves as the target for binding and trans-activation by
myogenin. Using 10T2 fibroblasts that constitutively express a
transfected myogenin cDNA, we show that myogenin accumu-
lates in the nucleus but is unable to initiate myogenesis when cells
are maintained with transforming growth factor P (TGF-13) or
high serum. Although the final effect of TGF-f and high
serum-inhibition ofmyogenesis-was the same, their effects on
the DNA-binding properties of myogenin in vitro differed.
TGF-fi did not affect the ability of myogenin to bind DNA,
whereas serum diminished the in vitro DNA-binding activity of
myogenin. The helix-loop-helix (HLH) protein Id, postulated to
inhibit DNA binding of other HLH proteins, was induced by
high serum but not by TGF-13. The presence of Id correlated
with the failure of myogenin to bind the muscle creatine kinase
enhancer in vitro. These findings suggest that serum can inhibit
myogenesis by attenuating the DNA-binding activity of myoge-
nin, possibly as a consequence ofId protein expression, whereas
TGF-fi acts through a mechanism distal to DNA sequence
recognition by myogenin and independent of Id.

Expression of a differentiated skeletal muscle phenotype
involves the generation of determined myoblasts from multi-
potential stem cells and the subsequent activation of an array
of muscle-specific genes. Myoblast differentiation is nega-
tively regulated by serum and peptide growth factors, such as
transforming growth factory (TGF-,3) and fibroblast growth
factor (1-5). How growth factor signals coordinately sup-
press a battery ofunlinked muscle-specific genes is unknown.
A family of skeletal muscle-specific regulatory factors,

MyoD (6), myogenin (7, 8), myf-5 (9), and MRF4/herculin/
myf-6 (10-12), has recently been identified and shown to
possess the ability to activate myogenesis when transfected
into fibroblasts (for review see ref. 13). These factors share
homology within a basic domain and an adjacent helix-loop-
helix (HLH) motif that mediate DNA binding and dimeriza-
tion, respectively (14-16). Each of these factors binds the
DNA sequence CANNTG, known as an E box, which is
present in the control regions of numerous muscle-specific
genes (12, 14, 16-22). The affinity of myogenic HLH proteins
for the E box consensus sequence is increased dramatically
in the presence of the widely expressed E2A gene products
(E12 and E47), with which they form heterodimeric com-
plexes (14, 16, 17, 21, 23).
Although the myogenic HLH proteins can each activate

muscle-specific genes in transfected fibroblasts, their ability
to do so depends on withdrawal of serum and mitogenic
factors from the medium (6, 7, 9, 24, 25). The HLH protein
Id, which is down-regulated during myogenesis, has been

postulated to mediate the inhibitory effects of serum on
MyoD actions (26). Id can heterodimerize in vitro with E12
and MyoD, but it lacks a basic domain and consequently
generates heterodimers that cannot bind DNA. Overexpres-
sion of Id in transfected cells can also inhibit trans-activation
ofthe muscle creatine kinase (MCK) enhancer by MyoD (26).
Whether Id inhibits binding of HLH proteins to their target
sequences in vivo and whether it alone is sufficient to mediate
the negative effects of serum and peptide growth factors on
myogenesis, however, remain to be demonstrated.

In the present study, we show that high serum and TGF-3
inhibit the ability of myogenin to activate myogenesis, but
these inhibitors differentially affect the DNA-binding activity
of myogenin measured in vitro. Although serum diminishes
the DNA-binding activity of myogenin, possibly through
induction of Id protein, TGF-,B acts through a mechanism
distal to DNA sequence recognition by myogenin and inde-
pendent of Id.

MATERIALS AND METHODS
Cell Culture. C2 (27), 1OT'/2, 1OTFL2-3 (28), and BC3H1

(29) cells were maintained in Dulbecco's modified Eagle's
medium (DMEM)/20% fetal bovine serum [growth medium
(GM)]. To initiate differentiation GM was replaced with
DMEM containing 2% horse serum or 0.5% fetal bovine
serum [differentiation medium (DM)].

Gel-Mobility-Shift Assays. Preparation of nuclear extracts
and gel-mobility-shift assays were done as described (17, 30).
Unless indicated otherwise, 4 Ag of protein was used in each
assay. This amount corresponds to 2.2 x l05 nuclear equiv-
alents for 10/T½ cells, 1.0 x 105 nuclear equivalents for
undifferentiated 1OTFL2-3 and C2 cells, and 0.8 x 105 nuclear
equivalents for differentiated 1OTFL2-3 and C2 cells. The
probe corresponds to the right, high-affinity, E box in the
MCK enhancer (17, 18, 22, 31), The nonspecific oligomer
used in competition assays corresponded to the region of the
MCK enhancer encompassing the left, low-affinity, E box
(17, 18, 31).
Immunoprecipiation and Immunofluorescence. Immuno-

staining for myosin was done as described (7). Myogenin
immunofluorescence was measured as described (17) by
using a mixture of affinity-purified antibodies directed against
synthetic peptides corresponding to segments of myogenin.
Labeling ofcultures with [35S]methionine, followed by immu-
noprecipitation of myogenin from nuclear extracts, was done
as described (17) by using aliquots of extracts containing 1 x
107 cpm. Immune complexes were denatured in SDS sample
buffer, resolved by SDS/PAGE, and processed for fluorog-
raphy.

Abbreviations: DM, differentiation medium; GM, growth medium;
HLH, helix-loop-helix; MCK, muscle creatine kinase; TGF-13, trans-
forming growth factor type (3; Tn-T, troponin T.
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RNA Isolation and Analysis. RNA isolation and Northern
analysis was done as described (3), using 32P-labeled probes
for rat troponin T (Tn-T) (32), mouse myogenin (7), mouse
MyoD (6), canine MCK (33), and mouse Id (26). Levels of
individual transcripts were quantitated by densitometry.

RESULTS
Serum and TGF-j3 Block Differentiation of 1OTI/2 Cells that

Constitutively Express Myogenin. We showed previously that
myogenin-transfected 10T1/2 cells that were rapidly prolifer-
ating in the presence of high serum did not express endoge-
nous muscle-specific genes until they became quiescent in
low-serum medium, indicating that serum could override the
actions of myogenin (7, 28). To further explore the mecha-
nism(s) whereby growth signals suppressed myogenin ac-
tions, we selected the cell line 1OTFL2-3, which was derived
from 10T1/2 cells by stable transfection of a myogenin cDNA
linked to the Moloney sarcoma virus long terminal repeat (7).
The level of myogenin expression, measured by immuno-
precipitation from nuclear extracts of [35S]methionine-
labeled cells, was equivalent in proliferating and differenti-
ated 10TFL2-3 cells and was similar to that in differentiated
C2 myotubes (Fig. 1). As reported (17), antibodies directed
against peptide epitopes specific to myogenin recognized two
polypeptides ofMr 32,000 and 34,000 in nuclear extracts (Fig.
1). The identity of these proteins as myogenin was confirmed
by the ability of cognate peptides to compete for immuno-
precipitation (Fig. 1).
To determine whether cell proliferation was required for

growth factor-dependent repression of myogenin actions, we
tested whether TGF-f3, a nonmitogenic inhibitor of myogen-
esis (2, 4, 5, 34), could repress differentiation of 1OTFL2-3
cells in the absence of serum. Fig. 2 shows that 10TFL2-3
cells form multinucleate myotubes that stain for myosin upon
serum withdrawal. However, when these cells were exposed
to low-serum medium containing TGF-,B, they remained
mononucleate, and there was no detectable expression of
myosin or other muscle-specific gene products. Because the
rate of myogenin synthesis in 1OTFL2-3 cells was identical
with and without TGF-,8 (data not shown), we conclude that
TGF-p8 acting at the cell surface can silence myogenin activity
and that repression does not require cell proliferation.
Serum and TGF-,B Do Not Block Transport of Myogenin to

the Nucleus. To determine whether serum or TGF-f3 sup-
pressed the activity of myogenin by preventing its transport
to the nucleus, we analyzed the subcellular distribution of
myogenin in 10TFL2-3 cells by immunofluorescence. Nuclei
of 1OTFL2-3 cells maintained in GM (Fig. 3) or DM with

2-3 C2
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FIG. 1. Immunoprecipitation of myogenin from myogenin-
transfected 1OT'/2 cells and C2 myotubes. C2 or IOTFL2-3 cells were
labeled with [35S]methionine, and myogenin was immunoprecipi-
tated from nuclear extracts with anti-myogenin antibodies without
(-) or with (+) cognate peptides. Antigen-antibody complexes were
resolved on 10%6 SDS gels followed by fluorography. Positions of the
two forms of myogenin (arrowheads) and Mr markers are indicated;
only the portion of the gel containing myogenin is shown.

FIG. 2. TGF-,8 blocks differentiation of myogenin-transfected
1OT'/2 cells. 1OTFL2-3 cells were transferred to DM with or without
TGF-/3 at 5 ng/ml, as indicated. Four days later, cultures were fixed
and stained for myosin heavy chain. (Upper) Phase-contrast photo-
micrographs. (Lower) Immunofluorescence photomicrographs.

TGF-p (data not shown) showed a similar pattern of nuclear
immunostaining to nuclei of C2 myotubes, indicating that
serum and TGF-,f do not block the actions of myogenin by
preventing its transport to the nucleus.
Serum and TGF-, Differentially Affect the Ability of Myo-

genin to Bind DNA. To further investigate the mechanism
through which growth factor signals blocked the actions of
myogenin, we used gel-mobility-shift assays to examine
whether serum or TGF-P3 altered the ability of myogenin to
interact with its target sequence in the MCK enhancer (17,
21). Fig. 4A shows that a DNA probe encompassing the
high-affinity E box from the MCK enhancer gave rise to a
major DNA-protein complex, designated complex 1 (lanes
1-3) with extracts from C2 myoblasts in GM. Upon transfer
to DM, complex 1 reproducibly diminished in intensity, and
a second major complex appeared (designated complex 2,
lanes 4-6). We also observed minor complexes, primarily
with extracts from differentiated cells, that migrated as
diffuse bands above complex 1. The pattern of DNA-protein
complexes generated with extracts from proliferating

FIG. 3. Myogenin nuclear
localization in myogenin-trans-
fected 10T1/2 cells and differen-
tiated C2 myotubes. C2 cells
were exposed to DM for 4 days,
during which extensive myo-
tubes were formed (Upper).
1OTFL2-3 cells were maintained
in GM under conditions that pre-
vented expression of muscle-
specific genes (Lower). Cultures
were fixed and analyzed for
myogenin expression by indi-
rect immunofluorescence.

Developmental Biology: Brennan et A

I



3824 Developmental Biology: Brennan et al.

1OTFL2-3 cells in GM was similar to that of C2 myoblasts
(Fig. 4A, lanes 8-10). Transfer of 1OTFL2-3 cells to DM led
to the appearance of complex 2 (Fig. 4A, lanes 11-13, and C,
lane 2). Extracts from 10T1/2 cells gave rise only to complex
1 inGM andDM (Fig. 4A, lane 7; ref. 7). Sequence-specificity
of binding was confirmed by competition experiments with
homologous and heterologous DNA used as competitors
(denoted S and N, respectively, in Fig. 4A).
The possible presence of myogenin in the DNA-protein

complexes formed with the MCK probe was tested using
anti-myogenin antibodies. Addition of the antibodies to ex-
tracts from C2 or 1OTFL2-3 myotubes resulted in a diminu-
tion of complex 2 and the appearance of a minor complex at
the top of the gel, which appears to represent a tertiary
complex between the antibodies and complex 2 (Fig. 4B).
Myogenin peptides corresponding to the antibody epitopes
eliminated the tertiary complex and interfered with antibody
disruption of myocyte-specific complex 2, confirming that
myogenin is a component of both complexes. Addition of
anti-myogenin antibodies to the gel-mobility-shift assay had
no effect on the formation ofcomplex 1, indicating that it does
not contain myogenin (Fig. 4B, lanes 1 and 2).
That extracts from 1OTFL2-3 cells maintained in GM

showed little evidence of the myogenin-containing complex
(complex 2), despite equivalent levels of myogenin protein to
extracts prepared from differentiated 1OTFL2-3 cells, sug-
gests that myogenin accumulates in the nucleus of prolifer-
ating 1OTFL2-3 cells in a form that does not bind efficiently
to the MCK enhancer until serum has been withdrawn. In
contrast to the apparent absence of the myogenin-dependent
complex in extracts from proliferating 1OTFL2-3 cells in GM,
nuclear extracts from 1OTFL2-3 cells exposed to DM con-

taining TGF-,3 showed levels of the myogenin-dependent
complex (complex 2) equivalent to extracts from differenti-
ated 1OTFL2-3 cells (Fig. 4C, lanes 2-6). Thus, myogenin can
bind to its target sequence in extracts from cells that are
blocked from differentiating by TGF-pB. The ability of myo-
genin to bind DNA, therefore, appears to be differently
affected in proliferating and quiescent cells arrested in the
differentiation pathway by serum or TGF-,3, respectively.

Expression of Id Protein Inversely Correlates with the Abil-
ity of Myogenin to Bind the MCK Enhancer. Because the
HLH protein Id has been postulated to mediate the negative
effects of serum on myogenesis by inhibiting the ability of
MyoD to bind DNA (26), we examined whether the pattern
of Id expression in 1OTFL2-3 cells was consistent with its
possible involvement in growth factor-dependent repression
of myogenesis. Myogenin mRNA was expressed at a high
level in 1OTFL2-3 cells independent ofdifferentiation (Fig. 5).
In contrast, Id mRNA was expressed in proliferating
1OTFL2-3 cells in GM and was down-regulated upon transfer
to DM. The extent of down-regulation of Id expression after
transfer to low-serum medium did not change in the presence
of TGF-f3. Thus, Id mRNA expression was inversely corre-
lated with the ability of myogenin to bind DNA-i.e., in the
presence of high serum, Id levels were high and the DNA-
binding activity of myogenin was low; in the presence of low
serum, Id levels were low, and the DNA-binding activity of
myogenin was high. The decline in Id expression in quies-
cent, undifferentiated 1OTFL2-3 cells in the presence of
TGF-,B suggests that down-regulation of Id is linked to
cell-cycle withdrawal rather than activation of the differen-
tiation program and that TGF-f3 does not block the actions of
myogenin through an Id-dependent mechanism.
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FIG. 4. Analysis of DNA binding activity of myogenin in nuclear extracts. Gel-mobility-shift assays were done with an end-labeled probe
encompassing the right E box from the MCK enhancer (17). Aliquots of nuclear extract containing 4 ,tg of protein were used for 1OTI/2 and C2
cells, and 8 ,ug was used for 1OTFL2-3 cells. (A) Specificity offactor binding to the labeled oligomer was determined in the absence (-) or presence
(+) of a 100-fold molar excess of unlabeled homologous (designated S) or heterologous (designated N) oligomer. Lanes: 1-3, C2 myoblast
extracts; 4-6, C2 myotube extracts; 7, extracts from 1OTY2 cells in DM; 8-10, extracts from 1OTFL2-3 cells in GM; 11-13, extracts from 1OTFL2-3
cells in DM. (B) The effect ofanti-myogenin antibodies on formation ofDNA-protein complexes with the labeled probe was tested in the absence
(-) or presence (+) of cognate myogenin peptides. Complex 1, which is ubiquitous, and complex 2, which contains myogenin, are indicated.
Lanes: 1 and 2, C2 myoblast extracts; 3-5, C2 myotube extracts; 6-8, extracts from 1OTFL2-3 cells in DM. (C Left), nuclear extracts were

prepared from 1OTFL2-3 cells in GM or DM with and without TGF-,B for 72 hr, as specified, and used in gel-mobility-shift assays as described.
(C Right) Nuclear extracts from 1OTFL2-3 cells in DM with TGF-f were used in the gel-mobility-shift assay. Brackets indicate diffuse slowly
migrating complexes that remain to be defined.
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TGF-/3, despite high levels of myogenin expression. These
results show that TGF-f3 can uncouple myogenin expression
from induction of other muscle-specific genes.
As observed in 1OTFL2-3 cells, Id mRNA was expressed

at a high level in proliferating BC3H1 myoblasts in GM. Upon
transfer to DM, Id mRNA was down-regulated to a basal
level within 8 hr. TGF-j3 had no effect on the pattern of Id
expression. Thus, down-regulation of Id expression is an
early event in the differentiation program that precedes the
expression of genes that are known targets for activation by
myogenin.

a

FIG. 5. Id mRNA is expressed at a
high level in the presence of serum but
not TGF-,3. Total cellular RNA was iso-
lated from 1OTFL2-3 cells in GM or after
transfer to DM with (+) and without (-)
TGF-f8 for 72 hr. Expression of the indi-

* cated mRNAs was determined by North-
ern analysis. Ethidium bromide staining
of the gel (Bottom) confirmed that equiv-
alent quantities of RNA were applied to
each lane.

We also examined the expression of MyoD in 1OTFL2-3
cells. As reported (28, 40), MyoD mRNA was not expressed
in the presence of high serum but was up-regulated upon
transfer to DM (Fig. 5). It is interesting to note that MyoD
was also expressed in the presence ofTGF-,3, whereas genes
associated with terminal differentiation, such as Tn-T (Fig. 5)
and myosin (Fig. 2) were not. These results suggest that
TGF-p8 selectively suppresses "downstream" muscle-
specific genes and has a less dramatic effect on regulatory
interactions between myogenin and MyoD (see below).
TGF-fi Can Uncouple Myogenin Expression from Expres-

sion of Other Muscle-Specific Genes. We also asked whether
TGF-p was also able to block the actions ofmyogenin in other
established muscle cell lines. Fig. 6 shows that myogenin
mRNA was rapidly induced in the BC3H1 muscle cell line
after serum withdrawal and was followed by induction of
MCK and Tn-T mRNAs. In the presence of TGF-,B, myoge-
nin expression was reduced, but myogenin mRNA eventually
increased. Myogenin protein was induced in parallel with
myogenin mRNA (data not shown). In contrast, MCK and
Tn-T mRNAs remained at low levels in the presence of

DISCUSSION
Our results show that myogenin can accumulate in the nuclei
ofcultured cells in a functionally inactive form when the cells
are maintained in the presence of TGF-f3 or serum. Although
the final effect of TGF-f3 and serum-inhibition of myogen-
esis-is the same, these inhibitors appear to affect the in vitro
DNA-binding activity of myogenin in different ways. In
extracts from proliferating cells maintained in high serum, the
ability ofmyogenin to bind the MCK enhancer was impaired.
In contrast, myogenin was able to bind the MCK enhancer in
extracts from quiescent cells arrested in the differentiation
pathway by TGF-/3. These results suggest that TGF-,o inhibits
the actions ofmyogenin through a mechanism independent of
DNA sequence recognition, whereas high serum may block
myogenesis through inhibition ofthe DNA-binding activity of
myogenin.
The apparent inability of myogenin to bind DNA in ex-

tracts from proliferating myoblasts that express Id at high
levels and the acquisition of DNA-binding activity when Id
levels declined upon exposure to low-serum medium is
consistent with the postulated role of Id as a negative
regulator of DNA binding (26). Moreover, cells that were
arrested in the differentiation pathway by TGF-,8 did not
express significant levels of Id mRNA and contained a
species of myogenin capable of binding DNA in vitro. The
absence of Id, combined with the ability of myogenin to bind
DNA in the presence of TGF-p, argues against a role for Id
in the mechanism whereby TGF-,f inhibits myogenesis.
The failure of myogenin to bind the MCK enhancer in

extracts from proliferating myoblasts is consistent with the
behavior of the myocyte enhancer binding factor MEF-1,
which shares antigenicity with MyoD and is only detectable
in myotubes (18, 22). Similarly, in vivo footprinting experi-
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FIG. 6. TGF-f blocks the ac-

tions of myogenin in BC3H1 cells
but does not maintain Id expres-

50 sion. (A) Proliferating BC3H1 cells
were transferred from GM to DM
with and without TGF-13 (5 ng/ml)
for the indicated times. Total cel-
lular RNA was isolated from cul-

100 tures under each condition, and

expression of the indicated
_ mRNAs was determined by

Northern (RNA) analysis. (B)
Levels of expression of each

_ mRNA under each condition were
quantitated by densitometry. Val-
ues are expressed relative to the
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ments have shown that the high-affinity E box in the MCK
enhancer is occupied only in myotubes, despite high levels of
MyoD expression in myoblasts (35). Paradoxically, we ob-
served an additional enhancer-binding complex (complex 1)
with extracts from myoblasts and 10T1/2 cells. We do not
know the identity of the protein(s) contained in this complex,
but it is conceivable they could compete for occupancy ofthe
E box in vivo. The failure to detect this binding activity by in
vivo footprinting (35) suggests that in vivo and in vitro
DNA-binding assays may not always correlate.
Our results demonstrate that the activities of myogenic

HLH proteins are profoundly influenced by extracellular
signals. There is evidence to suggest that this is not simply a
tissue culture phenomenon but rather may reflect regulatory
mechanisms operative during embryogenesis. In the devel-
oping somite, for example, myogenin is expressed 2 days
before other muscle-specific genes (8, 36). TGF-j8 is present
in embryonic somites before muscle formation (37) and could
potentially inhibit certain of myogenin's activities at this
stage of embryogenesis, thus delaying induction of "down-
stream" muscle-specific genes. This action would allow the
population ofcommitted myogenic precursors to be amplified
before terminal differentiation. Similarly, MyoD is expressed
during Xenopus embryogenesis much earlier than other mus-
cle-specific genes, suggesting that MyoD activity is subject to
negative control (38, 39).

It is intriguing that TGF-,3 completely suppressed expres-
sion ofgenes associated with terminal differentiation, even in
the presence of high levels of exogenous myogenin, whereas
TGF-,8 inhibited endogenous myogenin expression only par-
tially in BC3H1 cells, and it allowed expression of MyoD in
1OTFL2-3 cells. These results suggest that the TGF-,B path-
way discriminates between the myogenic regulatory factor
genes and downstream muscle-specific genes that are targets
for activation by myogenic HLH proteins. Perhaps binding of
myogenin to the control regions ofthe regulatory factor genes
is sufficient to activate the autoregulatory loop (28, 40, 41) in
the presence of TGF-,3, whereas binding to the control
regions of genes associated with terminal differentiation is
not sufficient. Suppression of myogenin and MyoD expres-
sion by TGF-f3 has been observed in some muscle cell lines,
but the extent of suppression seems to vary depending on the
cell line and exact culture conditions (24, 42).
Our results show that TGF-,p can block the actions of

myogenin through a mechanism independent ofDNA binding
and Id, but these experiments do not indicate how this
repression is achieved. Given the ability of TGF-p8 to coor-
dinately suppress a large array of genetically unlinked mus-
cle-specific genes, we favor the hypothesis that the effects of
TGF-,B are directed at the myogenin protein itself or at a
component of the transcriptional machinery required by
myogenin to activate its target genes. Indeed, recent identi-
fication of a transcription-activation domain near its carboxyl
terminus (J. Schwartz, T. Chakraborty, and E.N.O., unpub-
lished work) may provide a mechanism for modulating the
transcription-activating potential of myogenin independent
of DNA binding.
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