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Skeletal muscle gene expression is dependent on combinatorial associations between members of the MyoD
family of basic helix-loop-helix (bHLH) transcription factors and the myocyte enhancer factor 2 (MEF2) family
of MADS-box transcription factors. The transmembrane receptor Notch interferes with the muscle-inducing
activity of myogenic bHLH proteins, and it has been suggested that this inhibitory activity of Notch is directed
at an essential cofactor that recognizes the DNA binding domains of the myogenic bHLH proteins. Given that
MEF2 proteins interact with the DNA binding domains of myogenic bHLH factors to cooperatively regulate myo-
genesis, we investigated whether members of the MEF2 family might serve as targets for the inhibitory effects
of Notch on myogenesis. We show that a constitutively activated form of Notch specifically blocks DNA binding
by MEF2C, as well as its ability to cooperate with MyoD and myogenin to activate myogenesis. Responsiveness
to Notch requires a 12-amino-acid region of MEF2C immediately adjacent to the DNA binding domain that is
unique to this MEF2 isoform. Two-hybrid assays and coimmunoprecipitations show that this region of MEF2C
interacts directly with the ankyrin repeat region of Notch. These findings reveal a novel mechanism for Notch-
mediated inhibition of myogenesis and demonstrate that the Notch signaling pathway can discriminate be-
tween different members of the MEF2 family.

Members of the basic helix-loop-helix (bHLH) family of
transcription factors control development and differentia-
tionof many cell types, including muscle, neural, and hemato-
poietic cells. Skeletal muscle differentiation is regulated by
four bHLH factors—MyoD, myogenin, Myf-5, and MRF4 (49,
74), each of which can initiate myogenesis when expressed in
nonmuscle cells. These factors dimerize with the ubiquitous
bHLH proteins E12, E47, and HEB, known as E proteins, and
activate muscle transcription by binding E boxes (CANNTG)
in the control regions of skeletal muscle genes.

Biochemical and genetic evidence indicates that the myo-
genic bHLH factors activate myogenesis in collaboration with
members of the myocyte enhancer factor 2 (MEF2) family of
MADS (MCM1, agamous, deficiens, and serum response fac-
tor)-box transcription factors (reviewed in references 7, 53, and
64). The MADS box, located at the N termini of MEF2 factors,
is a conserved 57-amino-acid domain responsible for DNA
binding, dimerization, and interaction with myogenic and neu-
rogenic bHLH factors. Immediately adjacent to the MADS
box of the MEF2 factors is a 29-amino-acid region known as
the MEF2 domain which influences DNA binding site speci-
ficity. There are four MEF2 genes in vertebrates, MEF2A, -B,
-C, and -D (10, 12, 35, 43, 44, 45, 57, 73), and a single MEF2
gene in fruit flies (37, 51). MEF2 factors bind as homo- and

heterodimers to the consensus sequence CTA(A/T)4TAG/A in
the control regions of muscle genes and act as transcriptional
activators (12, 24, 57). The different MEF2 factors exhibit
similar activities in transfection assays, but there is evidence
from gene knockout experiments in mice that they play differ-
ent roles in vivo (40, 50).

During embryogenesis, the MEF2 genes are expressed
throughout developing skeletal and cardiac muscle lineages, as
well as in the nervous system (19, 42, 65, 68). MEF2C is the first
member of the family to be expressed in developing muscle cell
lineages, with transcripts appearing in precardiac cells by about
embryonic day 7.75 and in skeletal muscle precursor cells
within the myotome of the developing somites by embryonic
day 8.5. Soon thereafter, the other MEF2 genes are expressed
in overlapping patterns (19). After birth, the expression of
MEF2A, -B, and -D becomes ubiquitous, whereas the expres-
sion of MEF2C becomes restricted to skeletal muscle, brain,
and spleen (43).

Mutational analyses of the myogenic bHLH factors have
shown that their basic regions play a dual role in muscle gene
activation by mediating DNA binding and interactions with a
myogenic cofactor (11, 16). Members of the MEF2 family
appear to fit the criteria for such a cofactor. Myogenic bHLH
factors interact with MEF2 factors, resulting in cooperative
activation of muscle-specific transcription (31, 47). This inter-
action enables either factor bound to DNA to recruit the other
through protein-protein interactions without the necessity of
both factors binding DNA (6, 47). In cells expressing a domi-
nant negative form of MEF2A, MyoD and myogenin are un-
able to activate myogenesis (54) and in Drosophila mutants
lacking MEF2, the myogenic bHLH gene nautilus is expressed
in skeletal myoblasts, but it is devoid of myogenic activity (9,
38). Thus, activation of the skeletal muscle program appears to
require the combined activities of myogenic bHLH and MEF2
factors.

A variety of extracellular signals inhibit skeletal myoblast dif-
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ferentiation by interfering with the activity of myogenic bHLH
proteins. The transmembrane receptor Notch and its cell sur-
face-associated ligand Delta have been shown to prevent myo-
genesis in tissue culture, as well as in Xenopus and Drosophila
embryos (1, 4, 32, 39, 52, 63). Notch proteins contain an ex-
tracellular domain consisting of 34 to 36 epidermal growth
factor (EGF) repeats, a cysteine-rich domain, and three Notch/
lin-12 repeats (reviewed in references 2 and 3) and an intra-
cellular domain composed of six tandem ankyrin/cdc10 re-
peats, flanked by putative nuclear localization signals, followed
by a PEST sequence that mediates protein degradation. Acti-
vation of Notch signalling normally requires binding to trans-
membrane ligands on adjacent cells. The Notch receptor is
processed by proteolytic cleavage in the trans-Golgi network to
generate two fragments, one containing the extracellular do-
main, and the other, the transmembrane and intracellular do-
mains. These two fragments are tethered at the cell surface and
form the signalling-competent heterodimeric receptor (8, 56).
There is evidence of a second ligand-dependent cleavage event
of the intracellular fragment which leads to its nuclear trans-
location (25, 29, 32, 33, 36, 62). The receptor can also be
activated by deletion of the transmembrane and extracellular
regions (reviewed in reference 2).

When Notch is activated by ligand binding, the intracellular
domain, which is released by proteolytic cleavage, interacts
with the transcription factors Suppressor of hairless [Su(H)]
proteins in Drosophila and their vertebrate homologs CBF1/
KBF2/RBP-Jk (25, 28, 29, 41). The resulting complex upregu-
lates genes of the Drosophila enhancer-of-split complex [E(spl)]
and their mammalian homolog HES-1, respectively, which en-
code bHLH proteins that inhibit the activities of other bHLH
proteins. HES-1 has been reported to inhibit the activity of
MyoD (61), and this has been proposed as a mechanism where-
by Notch inhibits myogenesis. However, a mutant form of
Notch that lacks the CBF1-binding domain and cannot induce
HES-1 retains the ability to inhibit myogenesis (63), suggesting
the existence of a CBF1/HES-1-independent pathway through
which Notch inhibits myogenesis.

Activated Notch has been reported to inhibit the myogenic
activity of MyoD without affecting its DNA binding activity
(32). The inhibitory signal from Notch is directed at the DNA
binding domain of MyoD and appears to occur through inter-
ference with the expression or activity of an essential MyoD
cofactor. Here we investigated the possibility that members of
the MEF2 family might be targets for negative regulation by
Notch. We demonstrate that activated Notch can specifically
inhibit the ability of MEF2C to activate myogenesis in coop-
eration with the myogenic bHLH factors. However, there must
also be other mechanisms for Notch-mediated repression of
myogenesis because other members of the MEF2 family, which
also cooperate with myogenic bHLH factors to control muscle
gene expression, are refractory to the effects of Notch. Thus,
Notch signaling provides a mechanism for selective regulation
of MEF2C functions, as well as for the inhibition of myogen-
esis through MEF2-independent mechanisms.

MATERIALS AND METHODS

Plasmids. Expression vectors encoding wild-type and mutant forms of mouse
MEF2C, myogenin, and MyoD have been described (48). To delete the exon of
MEF2C that encodes that Notch-interacting domain, cDNAs encoding amino
acids 1 to 86 and 134 to 465 were synthesized by PCR such that a SacII site was
introduced at the internal junction of the two fragments. The resulting clone,
called alternate MEF2C, encodes amino acids 1 to 86, with the addition of Pro-
Arg at positions 87 and 88, followed by Ala-134 to the carboxyl terminus of
MEF2C. The CMV-NotchIC and CMV-NotchD clones, which were derived from
human Notch2, were the gift of T. Kadesch (University of Pennsylvania) and are
described in Blaumueller et al. (8). The GAL4-Notch clones, derived from

mouse Notch1, were the gift of S. D. Hayward (Johns Hopkins University) and
are described in Hsieh et al. (28).

The reporter plasmids 4R-tk-CAT and MEF2x2-CAT have been described
previously (48). 4R-tk-CAT contains four tandem copies of the right E box from
the MCK enhancer linked to the thymidine kinase (tk) basal promoter and
MEF2x2-CAT contains two tandem copies of the MEF2 site from the MCK
enhancer linked to the b-myosin heavy-chain (MHC) promoter. RSV-CAT and
pSV2CAT contain the Rous sarcoma virus or the simian virus 40 promoters and
enhancers, respectively. PG5E1b-CAT contains five tandem copies of the GAL4
binding site linked to the E1b promoter upstream of CAT and was used as a
reporter for experiments with GAL4-Notch fusions.

Cells and transfections. 10T1/2 mouse fibroblasts were grown in Dulbecco
modified Eagle medium (DMEM) (Gibco-BRL, Gaithersburg, Md.) supple-
mented with 10% fetal calf serum (FCS). Cells were transfected by the calcium
phosphate method. The total amount of plasmid DNA was equivalent in all
transfections. Methods used for mammalian two-hybrid assays and assays for
synergy between myogenic bHLH and MEF2 factors were as described previ-
ously (6).

For CAT assays, 10T1/2 fibroblasts were seeded into 60-mm-diameter dishes
and transfected for 16 h, after which the cells were rinsed in phosphate-buffered
saline (PBS) to remove excess precipitate, and cells were maintained in growth
medium. The ratios and amounts of plasmid DNA are indicated in the figure
legends. At 48 h posttransfection, cells were harvested, and freeze-thaw cell
lysates were made in 0.25 M Tris (pH 7.5). The amount of protein in each sample
was determined by protein assay (Bio-Rad, Hercules, Calif.), and chloramphen-
icol acetyltransferase (CAT) assays were performed with an equal amount of
total protein.

For differentiation assays, 10T1/2 fibroblasts were seeded into 35-mm-diame-
ter dishes that had been coated in 0.1% (wt/vol) gelatin (Sigma, St. Louis, Mo.)
and then were transfected with 3 mg of EMSV-myobHLH, EMSV-myogenin, or
EMSV-MyoD; 1 mg of CMV-MEF2 expression vectors; and 3 mg of CMV-
NotchIC or NotchD. The amount of total DNA added in each transfection was
constant and was maintained by the addition of pcDNAI or EMSV. Cells were
transfected for 20 h, excess precipitate was rinsed off, and cells were maintained
for an additional 24 h in growth medium. Cells were then transferred to differ-
entiation medium (DMEM supplemented with 2% horse serum [Gibco-BRL])
and maintained for 5 more days, with daily changes of medium. For immuno-
staining, cells were fixed in cold methanol at 220°C for 8 min, followed by
rehydration in PBS and incubation with an a-myosin heavy-chain (MHC) anti-
body, MY-32 (1:400 dilution; Sigma) for 1 h. MHC-positive cells were detected
by peroxidase staining by using the HistoStain SP kit (Zymed, San Francisco,
Calif.).

Gel mobility shift assays. Coupled in vitro transcription-translation reactions
were performed with 0.5 mg of plasmid DNA and TNT reticulocyte lysates with
T7 polymerase (Promega, Madison, Wis.). The efficiency of translation was
determined by performing duplicate translation reactions in the presence of
Trans-[35S] (DuPont-NEN). As a probe, we used a double-stranded oligonucle-
otide corresponding to the muscle creatine kinase (MCK) MEF2 site (24) that was
end labeled with [g-32P]ATP (Dupont-NEN) and T4 polynucleotide kinase (New
England Biolabs, Beverly, Mass.). For each DNA binding reaction, 2 mg of the
total translation products was added to a 20-ml total reaction mixture along with
40,000 cpm of probe in binding buffer (40 mM KCl; 15 mM HEPES, pH 7.9; 1
mM EDTA; 0.4 mM dithiothreitol, 50% [vol/vol] glycerol), and 2 mg of poly(dI-
dC) (Pharmacia Biotech, Piscataway, N.J.). Binding reactions were carried out
for 20 min at room temperature, and protein-DNA complexes were analyzed on
5% 0.53 TBE polyacrylamide gels.

Immunoprecipitations and Western blots. In vitro translations were per-
formed with the TNT T7 translation kit from Promega. Translation products
were labeled with Trans-[35S] (DuPont-NEN).

For immunoprecipitations, COS cells were plated at 2 3 105 cells/ml in 10-cm
dishes. Cells were transfected by calcium phosphate precipitation by using a total
of 10 mg of DNA per plate. At 48 h after transfection, plates were rinsed twice
in ice-cold PBS, and then 1 ml of ice-cold NTT lysis buffer (140 mM NaCl; 50
mM Tris, pH 7.5; 1 mM EDTA; 0.1% Triton X-100; 10% glycerol) containing the
complete protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, Ind.)
was added to each plate. Cells were scraped from plates into 1.5-ml tubes and
incubated for 15 min on ice to lyse them. Lysed cells were vortexed and centri-
fuged for 15 min in a microfuge at 4°C to remove cellular debris. The lysate was
transferred to a new tube for immunoprecipitation. Each lysate received 2 ml of
M2 anti-FLAG antibody (Eastman Kodak) and 25 ml of protein A/G-Plus aga-
rose (Santa Cruz Biotechnology). Lysates were then incubated for 4 h at 4°C with
shaking, followed by centrifugation and then three washes in NTT buffer. Im-
munoprecipitates were then separated by sodium dodecyl sulfate (SDS)–12%
polyacrylamide gel electrophoresis (PAGE).

Gels were transferred to Immobilon-P membrane in BS-N transfer buffer (48
mM Tris, 39 mM glycine; pH 9.2) by using the Bio-Rad semidry transfer appa-
ratus. Membranes were blocked by incubation for 1 h at room temperature in
Tris-buffered saline (TBS) containing 5% Carnation nonfat dry milk. The mem-
brane was rinsed in TBS with 0.05% Tween 20, followed by incubation for 1 h in
TBS–0.05% Tween 20–1% bovine serum albumin (BSA) with a 1:100 dilution of
anti-hemagglutinin (anti-HA) antibody coupled to horseradish peroxidase
(HRP) (Boehringer Mannheim). The membrane was then washed four times for
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10 min each in TBS–0.05% Tween 20–1% BSA and exposed to Renaissance
chemiluminescence reagents (DuPont-NEN) for 1 min and exposed to hyperfilm.

AnkR-HA encompasses the ankyrin repeat domain and intracellular amino
acids immediately N terminal to this domain of human Notch2 cloned into
pCDNA1. The hemagglutinin epitope of influenza virus (YPVDVPDYA) was
added by using a double-stranded oligonucleotide at the C terminus of the pro-
tein. MEF2C-FLAG was cloned into pCDNA1 and the FLAG epitope (DYK-
DDDDK) was added in frame at the EcoRI site such that the C-terminal 28
amino acid residues are missing and replaced with the FLAG epitope.

For immunoprecipitation, proteins were diluted in NTT buffer (0.14 M NaCl,
0.05 M Tris [pH 7.5], 0.1% Triton X-100, 1 mM EDTA, 10% glycerol) containing
a complete protease inhibitor cocktail (Boehringer Mannheim) and were immu-
noprecipitated for 4 h at 4°C with M2 a-FLAG antibody (Eastman Kodak Co.,
Rochester, N.Y.). Immunoprecipitated proteins were recovered with protein A/G-
Plus agarose (Santa Cruz Biotechnology), and the agarose beads were washed in
NTT buffer containing inhibitors. Proteins were analyzed on SDS–10% PAGE
with Benchmark prestained molecular-weight markers (Gibco-BRL).

RESULTS

Notch blocks cooperative activation of myogenesis by myo-
genin and MEF2C. Previous studies suggested that activated
Notch blocked the ability of myogenic bHLH factors to acti-
vate myogenesis by interfering with an essential cofactor (32).
Because members of the MEF2 family act as cofactors for
myogenic bHLH proteins, our initial interest was to determine
whether MEF2 factors could be targets for the inhibitory ac-
tivity of Notch. To examine the effect of Notch on myogenesis,
we used several mutant forms of Notch. NotchIC comprises
the intracellular domain of Notch (Fig. 1) that is localized to
the nucleus and signals constitutively (8). NotchD represents
the entire receptor with the ankyrin repeats deleted (Fig. 1)
and has been shown to function as a dominant negative inhib-
itor of ligand-dependent Notch signalling (58). However, this
mutant protein retains the intracellular region required for
CBF1 activation (28, 67). Previous studies have demonstrated
that these Notch mutants are stable in transfected cells.

Myogenic conversion of transiently transfected 10T1/2 cells
was assayed by immunostaining for MHC-positive cells. MEF2
factors lack myogenic activity alone but augment the myogenic
activity of myogenin or MyoD (31, 47). We reported previously
that the synergistic activation of muscle gene expression by
MEF2 and myogenic bHLH factors was especially apparent

when only the bHLH region of myogenin was used (47). This
region of the protein can dimerize with E proteins and bind
DNA, but it is devoid of myogenic activity because it lacks the
transcription activation domains at the N and C termini of the
wild-type protein. The myogenic activity of this myogenin de-
letion mutant, referred to as Myo-bHLH, can be restored by ex-
pression together with MEF2 factors (47). We therefore asked
whether activated Notch could inhibit this type of cooperative
interaction. As shown in Table 1, transfection of 10T1/2 ells
with expression vectors encoding Myo-bHLH and MEF2A, -C,
or -D resulted in efficient activation of myogenesis. However,
when NotchIC was expressed with Myo-bHLH and MEF2C,
there was a dramatic reduction in the number of MHC-positive
cells. In contrast, NotchIC only marginally inhibited myogenic
conversion in the presence of Myo-bHLH and MEF2A or -D
(Table 1). Thus, NotchIC specifically inhibited the ability of
MEF2C to synergize with myogenin and MyoD to induce myo-
genesis. NotchD also exhibited weak inhibition of differentia-
tion induced by Myo-bHLH plus MEF2C (Table 1).

Activated Notch blocks cooperative activation of transcrip-
tion by MEF2 and myogenic bHLH proteins. Myogenic bHLH
factors and MEF2C can cooperate to activate transcription of
reporter genes containing binding sites for only one factor or
the other. This type of cooperativity is dependent on interac-
tions between the bHLH and MADS/MEF2 domains (47). To
further define the mechanism whereby activated Notch in-
terfered with the functions of MyoD and myogenin, we test-
ed whether Notch could inhibit the ability of MyoD or myo-
genin to activate a MEF2-dependent reporter gene in the
presence of the MEF2C mutant, 1–117, which contains the
MADS and MEF2 domains but lacks the C-terminal activa-
tional domains. The MEF2-dependent reporter used in this
assay, MEF2x2CAT, contains two MEF2 sites upstream of a
basal promoter and can be activated by wild-type MEF2 pro-
tein but not by the MEF2/1–117 mutant. Because this reporter
does not contain an E box, it can only be activated by myogenic
bHLH proteins through protein-protein interactions with the
DNA binding domain of MEF2 bound to its target sites. In this
assay, transcriptional activation is greatest in the presence of
three factors; MyoD or myogenin, E12, and MEF2C/1–117
(Fig. 2A, lane 6). NotchIC inhibited this type of transcriptional
synergy (Fig. 2A, compare lanes 6 and 7 and lanes 10 and 11).

In a converse series of experiments, we tested whether
NotchIC could inhibit the ability of full-length MEF2C to
activate an E-box-dependent CAT reporter in the presence of

FIG. 1. Schematic diagrams of Notch proteins. Structures of full-length Notch
and the various deletion mutants used in this study are shown. The extracellular
region of Notch consists of 34 to 36 EGF repeats followed by three novel Notch/
lin12 domains. The transmembrane domain (TM) is shown with the orientation
relative to the plasma membrane. The intracellular region of Notch contains six
ankyrin repeats flanked by putative nuclear localization signals (nls), and a PEST
sequence is located at the C terminus. NotchD lacks the ankyrin repeats and
NotchIC contains only the intracellular region. AnkR consists of the ankyrin
repeats and the N-terminal intracellular residues, along with an HA epitope tag
at the C terminus. Unless otherwise specified, most experiments were performed
with wild-type or mutant forms of human Notch2.

TABLE 1. Inhibition of myogenic conversion by Notcha

Plasmid Myogenic
conversion (%)

MEF2C .................................................................................... 0
MEF2A .................................................................................... 0
MEF2D.................................................................................... 0
Myo-bHLH.............................................................................. 0
Myo-bHLH 1 MEF2C .......................................................... 100 6 20
Myo-bHLH 1 MEF2C 1 Notch IC.................................... 13 6 1
Myo-bHLH 1 MEF2C 1 NotchD ....................................... 66 6 1
Myo-bHLH 1 MEF2A.......................................................... 50 6 2
Myo-bHLH 1 MEF2A 1 Notch IC.................................... 76 6 4
Myo-bHLH 1 MEF2D.......................................................... 36 6 14
Myo-bHLH 1 MEF2D 1 Notch IC ................................... 50 6 28

a 10T1/2 cells were transiently transfected with the indicated plasmids and
later stained for MHC expression as described in Materials and Methods. With
Myo-bHLH plus MEF2C, 113 MHC-positive cells were observed per field, which
was assigned a value of 100%. All other values are expressed relative to Myo-
bHLH plus MEF2C.
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the bHLH regions of myogenin and E12. The reporter, 4R-
tkCAT, contains four tandem copies of the right E box from
the MCK enhancer upstream of the thymidine kinase pro-
moter and does not respond to MEF2C alone in transiently
transfected 10T1/2 fibroblasts, since this reporter lacks a
MEF2 binding site (Fig. 2B). Myo-bHLH, which lacks tran-
scriptional activity on its own, was also unable to activate this
CAT reporter in the presence of E12. However, if MEF2C was
expressed in 10T1/2 cells together with the bHLH region of

myogenin and E12, there was a 25-fold activation of the CAT
reporter, which reflects recruitment of MEF2 to the protein-
DNA complex via interaction with the bHLH heterodimer
bound to the E box. NotchIC inhibited synergistic activation of
the E-box-dependent reporter by the three transcription fac-
tors (Fig. 2B). Thus, the data presented in Fig. 2 show that
activated Notch inhibits the ability of MEF2C and myogenic
bHLH factors to cooperatively activate transcription irrespec-
tive of which factor is bound to DNA.

FIG. 2. NotchIC inhibits cooperative activation of E-box- and MEF2-dependent reporters by myogenic bHLH proteins and MEF2C. (A) 10T1/2 cells were
transfected with 3 mg of each reporter, 1 mg of each activator, and 3 mg of NotchIC, and CAT assays were performed as described in Materials and Methods. The data
is presented as the fold activity versus that observed with the reporter gene alone and represents the mean 6 the standard error of the mean for three experiments
performed with at least two different preparations of the plasmids. (A) MEF2x2-CAT was used as the reporter. A schematic of the putative protein-protein interactions
required for reporter gene activation is shown to the right. (B) 4R-tkCAT was used as the reporter. A schematic of the putative protein-protein interactions required
for reporter gene activation is shown on the right.
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Activated Notch blocks MEF2-dependent transcription. We
next tested whether activated Notch was able to interfere
with the ability of full-length MEF2 factors to transactivate
MEF2x2CAT. This reporter is efficiently transactivated by
MEF2C, -A, and -D (Fig. 3A). Consistent with the prefer-
ential inhibition of MEF2C’s ability to cooperate with myo-
genic bHLH factors to induce myogenesis, transactivation
by MEF2C was strongly inhibited by Notch (Fig. 3A). The
transcriptional activity of MEF2A was only slightly inhibited
and MEF2D was unaffected by activated Notch (data not
shown). Activated Notch did not inhibit RSV-CAT, tk-CAT,
or SV2CAT, indicating that it did not act as a general inhibitor
of transcription (Fig. 3B). Similarly, previous studies showed
that activated Notch did not block activity of the transactiva-
tion domain of MyoD in the absence of MEF2C (32).

Activated Notch inhibits DNA binding by MEF2C. To fur-
ther characterize the mechanism for Notch-mediated repres-
sion of MEF2C function, we investigated whether the DNA
binding activity of MEF2C was inhibited by NotchIC. Indeed,
when NotchIC was translated together with MEF2C in a rabbit
reticulocyte lysate and MEF2 binding activity was measured
in a gel shift assay with a labeled probe corresponding to the
MCK MEF2 site, DNA binding activity was dramatically re-
duced (Fig. 4A). In agreement with the apparent selectivity of
Notch for inhibition of MEF2C function, DNA binding activ-
ity of MEF2A and -D was not substantially affected by
NotchIC (Fig. 4A). Translation efficiencies, monitored by
duplicate Trans-[35S]-labeled translations, were comparable
in the presence and absence of Notch (data not shown).

The MADS and MEF2 domains, which are highly homolo-
gous among the four vertebrate MEF2 proteins, are encoded
by the first 86 amino acids of the proteins. Outside of this re-
gion, the sequences of these proteins diverge. Since there is
conservation of the amino acid sequences in the N termini of
the different MEF2 gene products, it seemed most likely that
the selective responsiveness of MEF2C to Notch was mediated
by another unique region of the protein. We therefore used a
series of C-terminal truncation mutations to map the region of

MEF2C that was the target of Notch inhibition. Carboxyl-ter-
minal deletion mutants of MEF2C that retained the first 117
amino acids of the protein were inhibited from binding DNA
in the presence of activated Notch, whereas a mutant contain-
ing only residues 1 to 105 was not inhibited (Fig. 4B). Several
longer deletion mutants that extended further toward the C
terminus were also inhibited from binding DNA in the pres-
ence of NotchIC (data not shown). These results suggested
that the minimal region of MEF2C required for Notch-medi-
ated repression lay between amino acids 105 and 117.

Interaction of activated Notch and MEF2C in a mammalian
two-hybrid assay. To determine whether activated Notch could
interact directly with MEF2C, we used a mammalian two-hy-
brid assay. In this assay, we tested whether a series of GAL4
DNA binding domain-Notch fusion proteins (Fig. 5A) could
recruit MEF2C to activate the GAL4-dependent reporter,
pG5E1bCAT, which contains five GAL4 binding sites upstream
of the E1b promoter linked to CAT. Because GAL4-Notch fu-
sion proteins do not activate transcription alone, activation of
the GAL4 dependent reporter gene would require inter-
action of Notch with MEF2C and the resulting recruitment
of the MEF2C transcription activation domain to the pro-
moter. As shown in Fig. 5B, NotchIC fused to GAL4 (GAL4-
NotchIC1751–2294) had no transcriptional activity on its own.
However, in the presence of full length MEF2C, GAL4-
NotchIC1751–2294 was able to activate the GAL4-dependent
reporter gene, indicating that it interacted with MEF2C and
thereby recruited the MEF2C transcription activation domain
to the reporter. None of the other vertebrate MEF2 proteins
demonstrated activation in this assay (data not shown). This
interaction was dependent on the ankyrin repeats in Notch.
Coexpression of MEF2C and the GAL4 DNA binding domain
fused to residues of Notch that are N terminal of the ankyrin
repeat domain (GAL4-NotchIC1751–1864) demonstrated
no activation. Similarly, the region of Notch C terminal to
the ankyrin repeat region, when fused to GAL4 (GAL4-
NotchIC2042–2294), failed to interact with MEF2C to activate
the GAL4-dependent reporter gene (Fig. 5A and 5B). These re-

FIG. 3. NotchIC inhibits the ability of MEF2C to transactivate a MEF2-dependent reporter gene. 10T1/2 cells were transfected with 2 mg of each reporter, 2 mg
of each MEF2 plasmid, and 2 mg of NotchIC, and CAT assays were performed as described in Materials and Methods. (A) MEF2x2CAT was used as the reporter.
The ratio of plasmids used was based on data from titration experiments (data not shown). The data is presented as the fold activity versus that observed with the
reporter gene alone and represents the mean 6 the standard error of the mean for three experiments performed with at least two different preparations of the plasmids.
(B) RSV-CAT, tk-CAT, and SV2CAT were used as reporters. Values represent the results of a representative experiment and are expressed as CAT activity relative
to that with each reporter gene alone, which was assigned a value of 100.
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sults suggested that MEF2C could form a complex with the in-
tracellular domain of Notch and that this interaction required
the ankyrin repeats.

It is important to emphasize that in this two-hybrid assay,
interaction between MEF2C and Notch results in the acti-
vation of transcription, whereas in the types of two-hybrid as-
says shown in Fig. 2, interaction of MEF2C and Notch results
in the inhibition of transcription by blocking formation of a
functional multiprotein transcriptional complex among MEF2C,
myogenin or MyoD, and E12 (see Discussion). Both types of
assays lead to the same conclusion: that Notch interacts di-
rectly with MEF2C.

Coimmunoprecipitation of Notch and MEF2C in vivo. To
further validate the interaction between Notch and MEF2C,
we examined whether the proteins could be coimmunoprecipi-
tated from cell lysates. COS cells were transfected with expres-
sion vectors encoding the ankyrin repeat region (AnkR) of
Notch with an HA epitope and encoding MEF2C with a FLAG
epitope. Extracts were then immunoprecipitated with anti-
FLAG antibodies, and immunoprecipitates were resolved by

SDS-PAGE and subjected to Western blot analysis with anti-
HA antibody. AnkR-HA, which migrates as a doublet of ap-
proximately 45 and 65 kDa, was selectively immunoprecipi-
tated with MEF2C (Fig. 6B, lane 5). In contrast, an alterna-
tively spliced variant of MEF2C (43), which lacks residues 87
to 135 including the Notch-binding domain, was not coimmu-
noprecipitated with MEF2C (lane 3). In vitro-translated pro-
teins were run on separate lanes as markers.

These results confirm the transfection and two-hybrid assays
which demonstrate direct interaction between Notch and
MEF2C and show that the unique amino acids immediately C
terminal to the MEF2 domain mediate this interaction.

DISCUSSION

On the basis of previous studies which suggested that the in-
hibitory effects of Notch were directed at a cofactor that rec-
ognized the MyoD basic region and on evidence that members
of the MEF2 family potentiate the myogenic activity of MyoD
by interacting with its basic region, we examined whether MEF2

FIG. 4. NotchIC inhibits the ability of MEF2C to bind DNA. MEF2 and NotchIC proteins were translated from plasmid templates by using TNT reticulocyte lysates
and T7 polymerase. The efficiency of translation was determined with duplicate Trans-[35S]-labeled reaction mixtures (data not shown). A 32P-end-labeled double-
stranded oligonucleotide representing the MCK MEF2 site was used as the probe. DNA binding reactions were carried out as described in Materials and Methods,
and protein-DNA complexes were analyzed on 5% 0.53 TBE polyacrylamide gels. (A) The ability of MEF2C to bind DNA was specifically inhibited when cotranslated
with NotchIC. (B) Wild-type MEF2C or C-terminal truncation mutants 1–105 or 1–117 were translated in the presence or absence of NotchIC and tested for DNA
binding activity. MEF2C/1–117 was inhibited by NotchIC, whereas MEF2C/1–105 was not. Lysate alone is shown at the right. (C) Schematic diagrams of the MEF2C
proteins used in panel B.
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factors might be the targets for Notch-dependent inhibition of
myogenesis. Our results lead to the following conclusions about
the inhibition of myogenesis by Notch. (i) Activated Notch se-
lectively inhibits the DNA binding and myogenic activities of
MEF2C but not of other MEF2 isoforms. (ii) Notch prevents
formation of a “functional” multiprotein transcription complex
between MEF2C and heterodimers of myogenic bHLH pro-
teins and E12. (iii) Inhibition of MEF2C activity appears to be
mediated by direct interaction of the ankyrin repeat region of
Notch with residues 105 to 117 of MEF2C. (iv) Inhibition of
MEF2C function by Notch is one of multiple pathways for
Notch-dependent inhibition of myogenesis.

Signaling from Notch to MEF2C. The different MEF2 gene
products show similar activities when tested in transfection
assays for their abilities to transactivate MEF2-dependent re-
porter genes and to cooperate with myogenic bHLH proteins

to activate muscle transcription. However, our results indicate
that Notch can specifically interact with, and inhibit the activity
of, MEF2C. The region of MEF2C that appears to be mini-
mally required for interaction with Notch, residues 105 to 117,
is encoded by an alternatively spliced exon in MEF2C that is
present in transcripts from skeletal muscle and brain and is not
conserved in other MEF2 family members (43).

Notch receptors are activated in response to binding the cell
surface ligand delta on adjacent cells. After ligand-dependent
activation of Notch, the cytoplasmic domain of the receptor is
clipped by an intracellular protease, enabling it to migrate to
the nucleus (25, 29, 33, 36, 62). We do not know where within
the cell activated Notch interacts with MEF2C, though we pre-
sume this occurs in the nucleus. The region of MEF2C that is
required for interaction with Notch lies C terminal to the min-
imal DNA binding and dimerization domain and has not pre-

FIG. 5. Detection of MEF2-Notch interaction by using a two-hybrid assay. (A) Schematic diagrams of Notch and the GAL4 fusion proteins used in two-hybrid
assays. The GAL4 DNA binding domain was fused to the entire intracellular portion of mouse Notch1 (GAL4/Notch1751–2294) or the residues N terminal
(GAL4/Notch1751–1869) or C terminal (GAL4/Notch2042–2294) to the ankyrin repeats. TM, transmembrane domain; nls, putative nuclear localization signal. (B)
10T1/2 cells were transfected with 2 mg of the pG5E1bCAT reporter, 2 mg of MEF2C, and 2 mg of each GAL4/Notch plasmid, and the CAT activity was determined
as described in Materials and Methods. The data are presented as the fold activity versus that observed with the reporter gene alone and represents the average 6 the
standard error of four experiments performed with at least two different preparations of the plasmids. Significant reporter gene activation was seen only with MEF2C
and Gal4/NotchIC1751–2294.
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viously been assigned a specific function. Our results show that
interaction of Notch with this region prevents binding of
MEF2C to DNA. In addition, Notch blocks the formation of a
transcriptionally active complex between MEF2C and MyoD-
E12 or myogenin-E12 heterodimers (Fig. 2A). The ability of
Notch to block this type of synergy between MEF2C and myo-
genic bHLH proteins could reflect an inhibition of the inter-
actions between MEF2C and myogenic bHLH factors or a
block to transmission of transcription activation signals from
the multiprotein complex (7). Since the binding site for acti-
vated Notch on MEF2C lies immediately adjacent to the
region required for these activities, Notch may interfere
with these activities of MEF2C by steric hindrance.

Multiple pathways for Notch-mediated inhibition of myo-
genesis. Activated Notch proteins have been shown to interact
with the transcription factor CBF1 in vertebrates and its Dro-
sophila homolog Su(H) to form a complex that activates tran-
scription of the bHLH genes HES-1 and E(spl), respective-
ly (28–30, 41). This interaction requires the region between
the transmembrane domain and the ankyrin-repeat region of
Notch (28, 67). HES proteins form inactive heterodimers with
myogenic bHLH proteins and inhibit myogenesis (61). While it
has been proposed that HES-1 mediates the inhibitory effects
of Notch on myogenesis (61), it has also been demonstrated
that the ankyrin repeats alone are sufficient for the inhibition
of myogenesis by Notch (32, 63). Since this region of Notch
does not induce HES-1, there must also be other mechanisms
for the inhibition of myogenesis by Notch.

The inhibitory effects of NotchIC on myogenesis have been
explained by the inhibition of expression or activity of a cofac-
tor that recognized the basic region of MyoD (32). Consistent
with this conclusion, NotchIC did not affect DNA binding by
MyoD, and inhibition could not be reversed by overexpression
of E12, suggesting that E proteins are not the target for inhi-
bition (32). Because members of the MEF2 family function as
cofactors for myogenic bHLH proteins (31, 47), they are po-
tential candidates for the inhibitory targets of Notch signalling.
While our results show that Notch can specifically interfere
with the ability of myogenin and MyoD to cooperate with

MEF2C to induce myogenesis, this cannot account for all of
the inhibitory effects of Notch on myogenesis. Activation of
myogenesis in 10T1/2 cells transfected with MyoD or myogenin
alone, for example, is unlikely to require MEF2C, since this
member of the MEF2 family is expressed relatively late in the
myogenic program in muscle cells in tissue culture (43, 45).
Thus, there must be other Notch-dependent mechanisms for
repression that are likely to be mediated by different myogenic
cofactors.

The coactivator CBP/p300 has been shown to be a cofactor
for myogenic bHLH proteins, as well as MEF2 (60), but recent
studies have shown that p300 activity is not affected by Notch
(55). In addition, the E protein E47 has been shown to be in-
activated in the presence of Notch (55). Suppression of E47 ac-
tivity also seems unlikely to account for the inhibitory effects of
Notch on myogenesis or the synergistic activation of muscle
transcription by myogenic bHLH factors and MEF2C because
excess E12 or E47 does not alleviate myogenic suppression
(32).

Previous studies showed that point mutations in the fourth
ankyrin repeat of truncated Notch abolish the ability of NotchIC
to inhibit myogenesis (32). Our results also point to the im-
portance of the ankyrin repeats of Notch for the suppression of
MEF2C activity. However, we also observed partial inhibition
of myogenesis by NotchD, which lacks the ankyrin repeats but
contains the region known to interact with CBF1. This is con-
sistent with the conclusion that Notch acts through multiple
mechanisms to block the myogenic program. A simplified mod-
el of the regulatory relationship between Notch and myogenic
transcription factors is shown in Fig. 7. According to this mod-
el, Notch inhibits MEF2C activity, which prevents muscle gene
activation by myogenic bHLH factors and MEF2C. Notch also
acts through other MEF2C-independent mechanisms to inhibit
the functions of myogenic bHLH factors. MEF2A and MEF2D
are not responsive to Notch, but when the activity of myogenic
bHLH factors is blocked by Notch, they have no effect on
muscle gene expression. In addition to the effects of Notch on
the transcriptional activity of myogenic bHLH factors, acti-
vated Notch has also been shown to inhibit the expression of

FIG. 6. Coimmunoprecipitation of Notch and MEF2C from cell extracts. COS cells were transfected with expression vectors encoding the ankyrin repeat region
of Notch fused to an HA epitope tag (AnkR-HA) and MEF2C fused to a FLAG tag. Cell lysates were immunoprecipitated with anti-FLAG antibody, immunopre-
cipitates were separated by SDS–12% PAGE, followed by Western blot with anti-HA antibody and anti-HRP. (A) Schematic of the experiment. (B) Western blot of
extracts from cells transfected with the indicated expression vectors and 35S-labeled in vitro translation products in adjacent lanes as markers. AnkR-HA, which migrates
as a doublet of approximately 45 and 64 kDa, coimmunoprecipitates with wild-type MEF2C-FLAG (lane 5), but not with the alternate isoform of MEF2C lacking the
Notch-binding domain (lane 3).
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these factors (63). Thus, multiple steps in the myogenic path-
way are blocked by Notch. Indeed, recent studies in Drosophila
cells have revealed at least three potential steps in the myo-
genic pathway perturbed by Notch (23).

Regulation of cell fate decisions by Notch. Notch signalling
regulates cell fate decisions in numerous cell types in addition
to muscle. In Drosophila, Notch signalling inhibits ectodermal
cells from entering a neurogenic pathway and, instead, leads
them to adopt an epidermal cell fate (20, 25, 27). Suppression
of neurogenesis by Notch has also been observed in vertebrate
embryos, as well as in cultured cells (17, 36, 52, 56). Notch also
controls the development of T lymphocytes and early hema-
topoietic myeloid cells and influences somite formation during
vertebrate embryogenesis (14, 46, 59, 69).

Under what conditions might Notch normally inhibit MEF2C
activity? During embryogenesis, MEF2C is expressed in the so-
mite myotome beginning at about embryonic day 8.5 (19, 65).
There are four Notch genes in vertebrates, which show over-
lapping but distinct expression patterns (23, 34, 70–72). Notch1
and Notch2 are coexpressed with MEF2C in the somites, and
the Notch ligand delta is expressed on adjacent cells. Thus,
Notch could play a role in modulating the early stages of
myogenesis in the embryo. The observation that mice bearing
null mutations in the different Notch alleles do not show de-
fects in muscle development (14, 66) probably reflects the
functional overlap among the different family members.

It is also possible that negative regulation of MEF2C func-
tion by Notch plays a role in other cell types during develop-
ment. For example, MEF2C is expressed specifically in devel-
oping neurons in different regions of the brain, as well as in the
early heart, spleen, and in monocytes (19, 42, 43). In light of
the role of Notch in the control of neurogenesis in Drosophila
sp. (25–27) and vertebrates (13, 52), it is possible that Notch
signaling is important for preventing the activation of MEF2C-
dependent genes in these cell types at certain stages of de-
velopment. In this regard, we have shown previously that in
neural cells, MEF2C can cooperate with MASH1 to activate
transcription (5). Thus, the form of Notch-mediated repression
described here in skeletal muscle cells may also be operative in
the developing nervous system.
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