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Wnt regulation of muscle development is thought to be mediated by the �-catenin–TCF/LEF-dependent
canonical pathway. Here we demonstrate that �-catenin, not TCF/LEF, is required for muscle differentiation.
We showed that �-catenin interacts directly with MyoD, a basic helix-loop-helix transcription factor essential
for muscle differentiation and enhances its binding to E box elements and transcriptional activity. MyoD-
mediated transactivation is inhibited in muscle cells when �-catenin is deficient or the interaction between
MyoD and �-catenin is disrupted. These results demonstrate that �-catenin is necessary for MyoD function,
identifying MyoD as an effector in the Wnt canonical pathway.

Canonical Wnt signaling via �-catenin (�-Cat) has been
shown to play a critical role in muscle development (5, 16, 34).
Upon Wnt stimulation, activated Dishevelled prevents the de-
struction complex, including glycogen synthase kinase 3�, axin,
and adenomatous poliposis coli protein from targeting ubiq-
uitinated �-Cat by �TrCP. Stabilized �-Cat translocates to
nucleus and presumably via forming a complex with TCF/LEF
and subsequently activates expression of basic helix-loop-helix
(bHLH) myogenic regulatory factors (MRFs) such as Myf5
and MyoD for initiation of myogenesis (10, 47). The Wnt/�-
Cat pathway is also necessary for myogenic specification of
muscle-derived CD45� stem cells in response to injury (37),
vertebrate limb regeneration (18), and differentiation of mul-
tipotent cells into myogenic cells (3, 35, 42, 48). These myo-
genic programs are thought to require TCF/LEF to activate
MRF expression (36). While the canonical Wnt signaling path-
way has been studied in earlier steps of muscle development,
less is known about its role in muscle differentiation.

bHLH factors bind to E box elements in the promoters of
many tissue-specific genes and activate their gene expression
(24, 38, 43). Cell fate determination and differentiation in a
variety of tissues depend upon the function of different tran-
scription factors, including bHLH factors (12, 17). For in-
stance, MRFs such as MyoD, Myf5, myogenin, and MRF4 are
essential for muscle cell fate determination and differentiation
(24, 38). When ectopically expressed in other cell types, MRFs
including MyoD are able to initiate muscle differentiation (4).
They may form complexes with other transcriptional activators
(histone acetyltransferase, MEF2, SRF, and retinoblastoma
protein) or repressors (mSin3A, NCoR, and histone deacety-
lase) to coordinate muscle differentiation (40). Deletion of the

MyoD gene in mice has no notable defect in skeletal muscle
(44), whereas mice deficient in both MyoD and Myf5, a mem-
ber of the MyoD family, lack myoblasts and differentiated
skeletal muscle (45). These observations suggest that MyoD
and Myf5 may have functional redundancy in regulation of
muscle-specific gene expression.

In the present study, we investigated the role and underlying
mechanisms of Wnt signaling during muscle differentiation.
We show that �-Cat, but not TCF/LEF, was required for mus-
cle differentiation. Our results demonstrate that �-Cat directly
interacts with MyoD and enhances its transcriptional activity
necessary for muscle differentiation. These observations impli-
cate the �-Cat/MyoD complex, instead of the �-Cat/TCF com-
plex, in Wnt-mediated regulation of muscle differentiation,
identifying MyoD as an effector of the Wnt canonical pathway.

MATERIALS AND METHODS

Cell culture, transfection, luciferase assay, and immunoprecipitation. C2C12
cells were maintained as described previously (19). Myoblasts (80% confluence)
were transiently cotransfected with a muscle-specific tyrosine kinase (MuSK)
promoter-luciferase reporter and pRL-TK (as control for transfection efficiency
and sample handling) in a ratio of 10:1 using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. In some experiments, cotransfection
included wild-type and mutant �-Cat and/or MyoD (in a ratio of 50:10:1 �-Cat/
MyoD to reporter to pRL-TK). Twenty-four hours after transfection, myoblasts
were switched to the differentiation medium (DM) and luciferase assays were
performed after myotubes were fully developed using the dual-luciferase kit
(Promega). The firefly luciferase activity was normalized by Renilla luciferase
activity. Immunoprecipitation and immunoblotting were performed as described
previously (19). Unless otherwise indicated, all experiments were repeated at
least three times. 10T1/2 cells were transfected with the indicated vectors and
cultured in growth medium (GM) for 24 h. They were then maintained in GM or
switched to DM for 4 days. Lysates were examined for expression of myosin
heavy chain (MHC) or interaction of myogenic factors and �-catenin.

Plasmid constructs and antibodies. Antibodies were purchased from Santa
Cruz (MyoD, sc-760; Myf5, sc-302; and E47, sc-763), Pharmingen (�-Cat,
610154), and the Developmental Studies Hybidoma Bank (MF20, F5D, and
9E10). �-Catenin and deletion mutants were amplified by PCR with Pfu Turbo
(Stratagene) and subcloned between BamHI and EcoRI in pKH3 in frame
downstream from the three-hemagglutinin (HA) epitope. Mouse Myf5, MyoD,
and deletion mutants were subcloned between EcoRI and XbaI in pCS2� in
frame downstream of the six-Myc epitope. 4RE-Luc contains four E box ele-
ments from the MCK enhancer (27, 39), which were generated with the following
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FIG. 1. Essential role of �-Cat in muscle differentiation and requirement of �-Cat in MyoD-induced conversion of 10T1/2 fibroblasts into
muscle cells. (A) �-Cat is necessary for C2C12 differentiation. C2C12 myoblasts were transfected with pEGFP-C1 and pBS/U6 or pBS/U6-�-Cat
(1:20) alone or with �-Catx. Twenty-four hours after transfection, cells were switched to the DM for 4 days. Shown are representative images of
GFP-expressing cells under the low-magnification microscope. (B) Quantitative analysis of data in panel A (mean � standard error of the mean;
n � 4). (C) 10T1/2 cells were transfected with pCS2-MyoD with or without pBS/U6 or pBS/U6-�-Cat. Twenty-four hours after transfection, cells
were switched to the DM for 4 days, fixed with 4% paraformaldehyde, and stained with monoclonal anti-MHC antibody, which was visualized by
rhodamine-conjugated antimouse antibody. Con, control. (D) Quantitative analysis of data in panel C (mean � standard error of the mean; n �
4). (E) MyoD induction of MHC and myogenin expression in 10T1/2 cells requires �-Cat. 10T1/2 cells were transfected with pcDNA3 (lane 1) or
pCS2-MyoD (lanes 2 to 6). pBS/U6 or pBS/U6-�-Cat was cotransfected in the indicated lanes alone or with �-Catx. Four days after growing in
the DM, cells were lysed and the resulting lysates subjected to Western immunoblot (IB) analysis using the indicated antibodies. �-Catx was a
nondegradable mutant, in which serine 33 was replaced with alanine.

2942 KIM ET AL. MOL. CELL. BIOL.

 on M
arch 30, 2015 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


pair of oligonucleotides (sense, 5� TCGACCAACACCTGCTGCCCCAACAC
CTGCTGCCCCAACACCTGCTGCCCCAACACCTGCTGCCGATCTGGGT
ATATAATGGA; E box elements underlined) subcloned between XhoI and
HindIII in pGL2-Basic (Promega). pBS/U6-�-Cat, which encodes 5� GGAATC
CATTCTGGTGCCAC of mouse �-Cat (NM_007614) was constructed as de-
scribed previously (28, 46). pSuper-E2a encoding common E2a sequence, 5�
GCATGGATCTGAGGTTAATGG (mouse E47, NM_011548) was constructed
as described previously (7). His-tagged �-Cat, �-Cat141–519, and MyoD were
subcloned in pTrc-His (Invitrogen) and purified.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were carried out
as described previously (19). Embryonic muscles were chopped into slices and
incubated with 1% formaldehyde in phosphate-buffered saline (PBS) at room
temperature for 30 min. The cross-linking reaction was stopped by the addition
of glycine to a final concentration of 0.125 M. Eluted DNA was used as template
in PCR with the following primers: MuSK (335 bp), sense, 5� TTCCTCATTTG
AGTGCAGGA, antisense 5� GCTCCCGGGTTTACATTTTA; AChR� (237
bp), sense, 5� GACAAGCCTCTGACTCATGATCTATGT, antisense, 5� GCT
GCCGGTCCTACTCCACCCTGGCT; and MHC (306 bp), sense, 5� TGAGT
AGGGACCTGGCTTTG, antisense, 5� GCACCCCAGCTTCACTTTTA (26).

EMSA. Electrophoretic mobility shift assays (EMSA) were carried out as
previously described (19). Oligonucleotides containing the E box element of the
MCK enhancer, 5� GATCCAACACCTGCTGCCTGAG (sense), were labeled
with [�-32P]ATP by polynucleotide kinase. 32P-labeled double-stranded oligonu-
cleotide probes were incubated with His-tagged MyoD and/or �-Cat. The reac-
tion was resolved onto a 6% acrylamide gel in 0.5� Tris-borate-EDTA buffer.
Binding complexes were visualized by autoradiogram.

Generation of 35S-labeled proteins and pull-down assays. To generate the
recombinant �-Cat and MyoD, the template DNAs (pCS2-MyoD and pCDNA3-
�-Cat) were linearized with the respective gene downstream from the SP6 and
T7 promoter, respectively. Linearized DNAs were added to the coupled reticu-
locyte lysate system (Promega) that first transcribed the gene into mRNAs and
subsequently translated the mRNAs into 35S-labeled proteins in the presence of
[35S]methionine. The binding partners (i.e., glutathione S-transferase [GST]–

MyoD1–318 and GST–�-Cat) were generated in bacteria and purified and con-
jugated to beads. They were incubated with the respective 35S-labeled proteins in
the binding buffer (25 mM HEPES [pH 7.5], 1 mM dithiothreitol, 0.5% Triton
X-100, 150 mM NaCl) for 2 h at 4°C on a rotator. After washing with PBS-
Tween, bound 35S-labeled proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and autoradiography.

Reverse transcription-PCR. Standard reverse transcription-PCR was per-
formed using 5 	g of total RNA isolated from cells or tissues with the following
primers: GAPDH (glyceraldehyde-3-phosphate dehydrogenase), sense, 5� ACC
ACAGTCCATGCCATCAC, antisense, 5� TCCACCACCCTGTTGCTGTA;
TCF1, sense, 5� AAACACAGGCAGAACCCAA, antisense, 5� AGCACTGTC
ATCGGAAGGAA; TCF3, sense, 5� TGTTGTTCAGCACCCTCATCA, anti-
sense, 5� ATTCCTGAGGTGGGCAGA; TCF4, sense, 5� AACAAAGTACCG
GTGGTGCAA, antisense, 5� TAGATGCGTTGACTGTCAGCG; and LEF,
sense, 5� CACCCTCCAGCTCCTGAAAT, antisense, 5� TGCCCAGGATCTG
GTTGATA.

RESULTS AND DISCUSSION

Essential role of �-Cat in muscle differentiation in vitro. To
investigate the molecular mechanism of �-Cat in muscle dif-
ferentiation, we first determined whether �-Cat is necessary
for muscle differentiation by using a small interferening RNA
approach. pBS/U6-�-Cat, which encoded �-Cat short hairpin
RNA in pBS/U6 (46), efficiently suppressed expression of co-
expressed �-Cat in COS-7 cells and endogenous �-Cat in
Wnt3a-stimulated 10T1/2 cells and in C2C12 cells (see Fig. S1
in the supplemental material). Mouse C2C12 cells remain as
myoblasts in the GM but differentiate into multinucleated
myotubes when cultured in the DM in a manner dependent on

FIG. 2. TCF/LEF and cell adhesion function of �-Cat are dispensable for muscle differentiation during muscle differentiation. (A) Com-
promised differentiation in C2C12 cells expressing wild-type TCF4 (wtTCF4) but not 
N-TCF4 or 
N-LEF1. C2C12 myoblasts were
transfected with pEGFP-C1 and the indicated expression vectors. GFP-expressing cells were counted as in Fig. 1A and B. (B) �-CatT120A/V122A did not
interact with �-Cat. HA-tagged wild-type �-Cat (pKH3-wt�-Cat) or pKH3-�-CatT120A/V122A was transfected in COS-7 cells. Lysates were
subjected to immunoprecipitation (IP) with antibody against HA, and the resulting precipitates were immunoblotted (IB) with the indicated
antibodies. Lysates were also blotted for �-Cat and HA-tagged proteins to indicate their expression. (C) Expression of �-CatT120A/V122A had little effect
on muscle differentiation in C2C12 cells. C2C12 myoblasts were transfected with pEGFP-C1 together with pKH3-wt�-Cat and pKH3-�-CatT120A/
V122A in a ratio of 1:20. Twenty-four hours after transfection, cells were switched to the DM for 4 days. GFP-expressing cells were counted as in
Fig. 1A and B.
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MRFs such as MyoD and myogenin (50). C2C12 cells are a
well-established model of muscle differentiation and have
been used to investigate underlying mechanisms (8, 11, 21,
22, 31, 33).

C2C12 cells transfected with control pBS/U6 formed normal
myotubes. However, myotube differentiation was inhibited in
C2C12 cells transfected with pBS/U6-�-Cat (Fig. 1A and B).
This effect could be rescued by the refractory Xenopus �-Cat,
�-Catx (Fig. 1A and B; see Fig. S1B in the supplemental
material). To further investigate the role of �-Cat in muscle
development, we studied multipotent 10T1/2 cells, which un-
dergo myogenic conversion upon expression of exogenous
MyoD (4). Four days after being cultured in the DM, MyoD-
transfected 10T1/2 cells became positive with MHC, a marker
of muscle differentiation (Fig. 1C, upper panel, right). The
conversion by MyoD required �-Cat because MHC-positive
cells were reduced by pBS/U6-�-Cat. In contrast, the empty

pBS/U6 vector had no effect on MyoD-mediated differentia-
tion monitored by MHC expression (Fig. 1D and E).

To further investigate the role of �-Cat, we examined ex-
pression of MHC and myogenin, another marker of muscle
differentiation in MyoD-transfected 10T1/2 cells (Fig. 1E). Co-
transfection with pBS/U6-�-Cat reduced levels of both MHC
and myogenin without altering MyoD expression (Fig. 1E, see
lane 4), suggesting that the effect is not mediated by suppress-
ing MyoD expression. Remarkably, the inhibitory effect can be
rescued by coexpression of the refractory �-Catx (Fig. 1E,
compare lane 4 to lane 5). Impaired muscle differentiation did
not appear to be caused by apoptosis due to �-Cat knockdown.
First, the numbers of green fluorescent protein (GFP)-positive
myoblasts were similar between control and pBS/U6-�-Cat-
transfected cells. Second, the numbers of apoptotic cells after
myotube formation (3 days after the switch to the differentia-
tion medium) were also similar between control and pBS/U6-

FIG. 3. �-Cat-dependent regulation of muscle-specific gene expression. (A) MyoD-induction of MuSK promoter activity was enhanced by
�-Cat in C2C12 myotubes, whereas ablation of E box elements in MuSK promoter led to loss of reporter activity. (B) E box elements were sufficient
for �-Cat to potentiate MyoD transcriptional activity in M215-Luc that contains one E box element. �, ��, and ��� indicate relative amounts
of DNA used in transfection. (C) E box elements in 4RE-Luc, which contain only four repeats of the E box element in MCK, were sufficient for
�-Cat to potentiate MyoD transcriptional activity in C2C12 myotubes. (D) No effect of �-Cat or MyoD on CRE-Luc expression in C2C12
myotubes. (E) The effect of �-Cat was reconstituted in nonmuscle COS-7 cells, which do not express endogenous MyoD. �-Catx was a
nondegradable mutant. Twenty-four hours after transfection, luciferase assays were performed as described in Materials and Methods.
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FIG. 4. �-Cat interaction with MyoD. (A) Characterization of the �-Cat–MyoD interaction in C2C12 cells. C2C12 cells were collected at
different times in DM. Lysates were subjected to immunoprecipitation (IP) and immunoblotting (IB) with the indicated antibodies. (B) �-Cat/
MyoD complex in embryonic muscles. Rat muscle homogenates were subjected to IP and IB. (C) The N-terminal region of �-Cat does not bind
to MyoD. Coexpressed COS-7 cells were subjected to IP with anti-Myc antibody and subsequent IB with anti-HA antibody. (D) Armadillo domains
1 to 9 interact with MyoD. 35S-labeled �-Cat proteins were incubated with GST alone (middle panels) or GST-MyoD1–318 (bottom panels)
immobilized on beads. MyoD-associated �-Cat proteins were visualized by autoradiogram. (E) Schematic diagram of �-Cat constructs and their
binding activity to MyoD. (F) �-Cat directly binds to the basic and HLH domains of MyoD. 35S-labeled MyoD proteins were incubated with GST
alone (middle panel) or GST–�-Cat (right panel) immobilized on beads. (G) Schematic diagram of MyoD constructs and their binding activity
to �-Cat.
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�-Cat-transfected cells (data not shown). These observations
indicate a crucial role of �-Cat in MyoD-dependent muscle
differentiation.

TCF/LEF and cell adhesion function of �-Cat are dispens-
able for muscle differentiation. �-Cat has two well-character-
ized functions. First, it associates with TCF/LEF to regulate
gene expression in the canonical pathway of Wnt signaling
(41). Second, it is crucial in forming the cell adhesion complex
by interacting with cadherins and �-Cat (32). We therefore
investigated which of the two functions may be involved in
muscle differentiation.

First, we determined whether TCF/LEF is required for
�-Cat regulation of muscle differentiation. To test this, we used
loss-of-function strategy for involvement of TCF/LEF. N-ter-
mini of TCF/LEF proteins bind to �-Cat (23, 30). TCF/LEF
proteins without N terminus are unable to associate with �-Cat

and thus function as a dominant-negative inhibitor to suppress
the canonical pathway of Wnt signaling (30). Accordingly, ex-
pression of 
N-TCF4 has been shown to inhibit �-Cat induc-
tion of the TopFlash reporter in SW480 cells that express
TCF1, TCF4, and LEF1 (15, 23). Interestingly, 
N-TCF4 or

N-LEF1 had little effect on C2C12 differentiation (Fig. 2A).
These results suggest that TCF/LEF is not necessary for mus-
cle differentiation. Consistent with this, TCF/LEF was ex-
pressed in myoblasts, but not in myotubes (see Fig. S2 in the
supplemental material). Expression of wild-type TCF4 ap-
peared to inhibit muscle differentiation (Fig. 2A), presumably
due to neutralizing �-Cat for activating MyoD.

Next, we determined whether �-Cat deficiency-impaired mus-
cle differentiation results from disruption of cell adhesion. The
key amino acid residues in �-Cat to interact with �-Cat have been
mapped to Thr-120 and Val-122 (1, 2). The replacement with

FIG. 5. �-Cat associates with E box elements and increases MyoD binding to E box elements. (A) ChIP analysis of �-Cat association with
MRF/E box complexes in mouse embryonic muscles. (B) ChIP analysis of �-Cat association with MRF/E box complexes in C2C12 myoblasts and
myotubes. ChIP assays were performed as described in Materials and Methods. Precipitates without antibody (No Ab) or with the indicated
antibodies (anti-MyoD [� MyoD] and anti-�-Cat [� �-Cat]) were used as template for PCR. PCR products were resolved on 1.5% agarose gel.
(C) �-Cat enhanced MyoD binding to E box element in EMSA. 32P-labeled probe containing the MCK E box element was incubated with
recombinant His-MyoD (50 ng) and/or His–�-catenin (100 ng), which were generated and purified from bacteria. ��, doubled amounts of
indicated proteins. (D and E) Suppression of �-Cat expression attenuated MyoD (D) or myogenin (E) association with E box elements. C2C12
myoblasts were transfected with pCS2-MyoD (D) or pCS2-myogenin (E) with pBS-U6 or pBS-U6-�-Cat. ChIP assays were performed as in panel
A with anti-Myc antibody.
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alanines (hereafter, �-CatT120A/V122A) prevented endogenous
�-Cat from binding to �-Cat, and thus �-CatT120A/V122A functions
as a dominant-negative inhibitor of cell adhesion (Fig. 2B). How-
ever, expression of �-CatT120A/V122A had little effect on muscle
differentiation (Fig. 2C), suggesting that the cell adhesion func-
tion of �-Cat is dispensable in C2C12 differentiation. Cell adhe-
sion may be maintained by �-Cat, which has a similar function to
�-Cat (52) and is expressed in muscle cells (data not shown).
Taken together, these results demonstrate that TCF/LEF and the
cell adhesion function of �-Cat are not necessary for muscle
differentiation, suggesting that �-Cat functions via a yet-uniden-
tified mechanism.

Dependence of �-Cat regulation of muscle-specific gene ex-
pression on E box elements. Because suppression of �-Cat
expression inhibited MyoD-dependent muscle differentiation,
we reasoned that �-Cat may regulate transcriptional activity of
MyoD. To test this idea, we examined effects of �-Cat on
M715-Luc, a reporter of MuSK, a muscle-specific tyrosine ki-
nase whose expression is regulated by MyoD (20). M715-Luc
expression in C2C12 myotubes was enhanced by MyoD, con-
sistent with previous studies (19, 20). Remarkably, the effect
was further elevated by coexpression of �-Cat (Fig. 3A), sug-
gesting that �-Cat enhances transcriptional activity of MyoD.
To investigate the underlying mechanism, we determined
whether the E box element is necessary for �-Cat activation.
M715-Luc contains four E box elements (20). Inactivation of
the four E box elements by mutation (20) abolished MyoD
activation and prevented �-Cat from potentiating MyoD-me-

diated activity (Fig. 3A). To further demonstrate that �-Cat
regulation is via E box elements, we tested the effect of �-Cat
on M215-Luc that contains only one E box element without a
consensus TCF element (20). As shown in Fig. 3B, �-Cat
enhanced MyoD-mediated expression of M215-Luc in a dose-
dependent manner. These results suggest that �-Cat acts
through E box elements, but not TCF elements. In line with
this notion were studies of cyclic AMP-responsive element
(CRE)-Luc and 4RE-Luc, a reporter that contained only four
repeats of the E box element in the muscle creatine kinase
promoter and no other cis-elements (27, 39). As expected,
coexpression of �-Cat and/or MyoD increased 4RE-Luc but
not CRE-Luc activity (Fig. 3C and D, respectively). Finally, the
effect of �-catenin could be reconstituted in nonmuscle COS-7
cells (Fig. 3E), suggesting that MyoD may be a primary target
of �-Cat. Taken together, these results demonstrate an essen-
tial role of �-Cat, but not TCF/LEF, to promote MyoD activity
via the E box element.

�-Cat interaction with MyoD. The requirement of E box
elements in �-Cat-enhanced MyoD activity suggests that
MyoD is a target of �-catenin. To test this hypothesis, we
studied the interaction between two proteins in muscle cells.
MyoD was precipitated with an anti-MyoD antibody that rec-
ognized specifically MyoD, but not other proteins (see Fig.
S3A in the supplemental material). This antibody brought
down endogenous �-Cat in C2C12 cells and in embryonic mus-
cles (Fig. 4A and B). To map the region in �-Cat necessary for
binding to MyoD, HA-tagged �-Cat proteins were coexpressed

FIG. 6. �-Cat is necessary for MRFs transcriptional activity. (A) The requirement of the C-terminal transactivation domain of �-Cat for MyoD
or Myf5 transcriptional activity. Luciferase activities in transfected COS-7 cells were assayed as in Materials and Methods. (B) Disruption of the
�-Cat–MyoD interaction by �-Cat141–519. Recombinant His-MyoD, �-Cat141–519, and wild-type �-Cat (wt�-Cat) were produced and purified from
bacteria. His-MyoD was incubated with wt�-Cat without or with increasing concentrations of �-Cat141–519. Bound �-Cat1–781 was isolated by
immunoprecipitation (IP) and visualized by immunoblotting (IB) with the monoclonal antibody that recognizes only the C-terminal region of
�-Cat. �� indicates doubled amounts of �-Cat141–519. (C) �-Cat141–519 inhibited MyoD transcriptional activity. C2C12 myoblasts were transfected
with M715-Luc and pRL-TK without or with MyoD and increasing amounts (�, ��, and ���) of �-Cat141–519. Luciferase assays were performed
as in Materials and Methods. (D) The transactivation domain of �-Cat was necessary for C2C12 differentiation. C2C12 myoblasts were transfected
with pEGFP-C1 together with pKH3-wt�-Cat orpKH3-�-Cat1–519 in a ratio of 1:20. Twenty-four hours after transfection, myoblasts were switched
to the DM for 3 days and examined for myotube formation. GFP-expressing cells were counted as in Fig. 1A and B.
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FIG. 7. E2a proteins are dispensable for muscle differentiation. (A) E47 proteins distributed differently during C2C12 cell differentiation.
Immunostaining was done with anti-E47 or antimyogenin antibody following goat anti-mouse or -rabbit Alexa 488-conjugated secondary antibody.
DAPI (4�,6�-diamidino-2-phenylindole) was used to stain the nucleus in C2C12 cells. (B) Reduction of E47 by pSuper E2a was observed using
Western blotting. C2C12 myoblasts were transfected with control pSuper parental or pSuper E2a. Twenty-four hours after transfection, cells were
collected and subjected to immunoblotting (IB) with the indicated antibodies. (C) No effect of pSuper E2a on C2C12 differentiation. C2C12
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with Myc-MyoD in COS-7 cells. As shown in Fig. 4C, the
N-terminal region of �-Cat was not involved in the binding
because �-Cat1–140 did not coprecipitate with MyoD. In con-
trast, �-Cat-containing Armadillo domains 1 to 4 interacted
with MyoD. To determine whether �-Cat interacts directly
with MyoD, not via a third component, and to identify the
domain in �-Cat necessary for MyoD binding, 35S-labeled pro-
teins were incubated with GST-MyoD immobilized on agarose
beads. GST-MyoD, but not GST, bound to full-length �-Cat
(Fig. 4D). The C-terminal region (amino acids 520 to 781)
including Armadillo domains 10 to 12 was dispensable for the
interaction. These results indicate that the binding domain for
MyoD is localized in Armadillo domains 1 to 9 (Fig. 4D and
E). Reciprocal binding assays were performed with 35S-labeled
MyoD proteins and GST–�-Cat immobilized on agarose
beads. GST–�-Cat, but not GST, bound to full-length MyoD
(Fig. 4F). The �-Cat binding site in MyoD was located in the
N-terminal region and HLH domain (Fig. 4F and G). In ad-
dition to MyoD, �-Cat also associated with myogenin and
Myf5 (see Fig. S3 in the supplemental material). These results
indicate a direct interaction between �-Cat and MRFs.

�-Cat associates with E box elements and increases MyoD
binding to E box elements. If �-Cat is necessary for muscle
differentiation by direct interaction with MyoD, it should be
present in the promoters of muscle-specific genes. We tested
this hypothesis using ChIP assays. �-Cat was detectable in
DNA fragments encompassing the E1 box element in the
MuSK gene, the key E box element for MyoD regulation (20)
(Fig. 5A, lane 6, and B, lane 13). In contrast, no signal was
revealed if antibody was omitted in immunoprecipitation or
when primers against the coding region of the AChRε gene
were used,which does not contain cis-acting elements. �-Cat
also bound to the 5� flanking regions of the AChR� and MHC
genes, which have one E box element. In accordance with
up-regulation of �-Cat–MRF interaction during differentiation
(Fig. 4A and B and see Fig. S3 in the supplemental material),
more �-Cat was associated with transcription complexes of
MuSK, AChR�, and MHC genes in myotubes (Fig. 5B, com-
pare lanes 7 and 13). These results suggest that �-Cat associ-
ates with E box elements in muscle-specific genes via interact-
ing with MRFs.

We investigated mechanisms by which �-Cat regulates
MyoD transactivation. DNA binding activity of MyoD was
characterized in the presence or absence of �-Cat. The addi-
tion of recombinant MyoD led to weak retardation in the
oligonucleotide probes containing E box elements of the MCK
enhancer (Fig. 5C, lane 3 versus 10). However, the amount of
retarded probes was dramatically increased in the presence of
�-Cat (compare lanes 3 and 4 and lanes 10 and 11), suggesting
that �-Cat may increase MyoD binding to DNA. Please note

that the binding activity was specific because it was abolished
by excess of nonlabeled probes (Fig. 5C, lane 5) and there was
a supershift by anti-MyoD antibodies (Fig. 5C, lane 6). In
addition, anti-�-Cat antibodies appeared to disrupt the com-
plex (Fig. 5C, lane 7). Unlike MyoD, �-Cat alone did not bind
to the probes (Fig. 5C, lane 2). Additional ChIP analysis was
performed to test whether �-Cat regulates MyoD binding to
DNA in vivo. As shown in Fig. 5D and 5E, the amounts of
Myc-MyoD and Myc-myogenin associated with the promoters
of muscle-specific genes were reduced in C2C12 cells express-
ing pBS/U6-�-Cat. Together, these results suggest that �-Cat
increases MyoD binding to E box elements.

C-terminal domain of �-Cat is required for MyoD tran-
scriptional activity. �-Cat has been reported to act as a strong
transactivator of Wnt target genes. This action requires the
C-terminal domain in �-Cat (49). Thus, we determined
whether the activation domain of �-Cat is required for MyoD
transcriptional activity using mammalian one-hybrid assays.
Expression of Gal4BD-MyoD, a fusion protein of the Gal4
DNA binding (DB) domain and MyoD, increased luciferase
activity of 5�Gal4-Luc, a reporter whose expression is con-
trolled by five Gal4 binding elements. MyoD activity was en-
hanced by �-Cat, but not �-Cat1–519, which binds to MyoD but
does not contain the activation domain (Fig. 6A). The poten-
tiation effect was dependent on interaction with MyoD because
�-Cat520–781, which does not bind to MyoD but contains the
activation domain, was ineffective. Similar results were ob-
served with Gal4BD-Myf5 (Fig. 6A). These results suggest that
the transactivation activity in the C-terminal region of �-Cat is
necessary for MRFs’ activity. To test this notion further, we
explored the consequence of inhibiting the MyoD–�-Cat in-
teraction. �-Cat141–519 was able to associate with MyoD and
thus prevent endogenous �-Cat from binding to MyoD (Fig.
6B). As shown in Fig. 6C, MyoD induction of M715-Luc ac-
tivity was reduced in a dose-dependent manner in cells express-
ing �-Cat141–519. Moreover, C2C12 myoblasts expressing
�-Cat1–519 were defective in forming myotubes (Fig. 6D).
These results suggest that the activation domain of �-Cat is
necessary for MyoD induction on muscle differentiation. To-
gether, these observations indicate that �-Cat association with
MRFs enhances their transcriptional activity through the C-
terminal domain of �-Cat.

E2a proteins are dispensable for muscle differentiation.
MyoD forms heterodimers with ubiquitously expressed E2a
proteins, including E47 and E12, for better binding to E box
elements (13, 25). Unlike �-Cat, E47 was only associated with
the promoters of muscle-specific genes in C2C12 myoblasts,
but not in myotubes (Fig. 5B, compare lanes 6 and 12) and
embryonic muscle (Fig. 5A, lane 7). These results were unex-
pected, because E2a proteins were believed to be necessary for

myoblasts were transfected with pSuper parental or pSuper E2a. Twenty-four hours after transfection, myoblasts were switched to the DM for 3
days and examined for myotube formation. GFP-expressing cells were counted as in Fig. 1A. (D and E) MyoD-induced MCK and M715 reporter
activity was further enhanced by �-Cat and more suppressed by E47. C2C12 cells were transfected with or without MyoD in the presence of the
indicated expression vectors. Luciferase assays were performed as described in Materials and Methods. (F) No interaction between E47 and �-Cat.
35S-labeled E47 proteins were generated by in vitro translation as in Materials and Methods and incubated with GST alone or GST–�-Cat
immobilized on beads. Bound proteins were visualized by autoradiogram. (G) Inhibition of the �-Cat–MyoD interaction by �47. His-MyoD was
incubated with His–�-Cat without or with E47. Bound �-Cat was isolated by immunoprecipitation (IP) with anti-MyoD antobody and visualized
by IB with anti-�-Cat antibody.
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bHLH factors to bind to DNA and act as an activator (13, 25).
These observations, however, could suggest that E47 may not
be necessary for muscle differentiation. To test this hypothesis,
we first characterize E47 distribution in differentiating muscle
cells. E47 was present in the nucleus in C2C12 myoblasts (Fig.
7A, top panel), in agreement with the finding that E47 is
associated with muscle-specific genes at this stage (Fig. 5B,
lane 6). However, E47 was exclusively localized in the cyto-
plasm in myotubes, suggesting it may not be involved in gene
regulation in myotubes (Fig. 7A, middle panel). To test this
hypothesis further, short hairpin RNA was used to suppress
expression of the E2a gene. Expression of pSuper E2a, which
contained common target sequences of the E2a gene and de-
creased endogenous E47 expression (Fig. 7B), had no effect on
C2C12 myotube formation (Fig. 7C), suggesting that E2a pro-
teins are not required for muscle differentiation. Moreover,
overexpression of E47 had no apparent effect on MyoD/�-Cat
induction of MCK and M715 reporter activity (Fig. 7D and E).
Expression of E47 appeared to inhibit muscle differentiation
(Fig. 7D and E), presumably due to preventing MyoD from
associating with �-Cat (Fig. 7F and G). These results are in
agreement with observation that ablation of the E2a gene has
no effect on stem cell differentiation into muscles (51) and
suggest that E2a proteins are unessential for muscle differen-
tiation.

�he canonical pathway of Wnt signaling is thought to regu-
late muscle differentiation (5, 6, 9, 16). In this pathway, TCF/
LEF factors form �-Cat transcriptional complexes necessary
for target gene expression and act as Wnt effectors (29). The
present study provides evidence that muscle differentiation
requires a �-Cat-involved pathway that is independent of TCF/
LEF factors. We show that the disruption of TCF/LEF func-
tion has no apparent effect on �-Cat-dependent muscle differ-
entiation (Fig. 2), suggesting that �-Cat may regulate gene
transcription with a different effector. Interestingly, although
both �-Cat and MyoD were detectable at postdifferentiation
day 0 (Fig. 4A), no coimmunoprecipitation was detectable
(Fig. 4A), suggesting that other cofactors or posttranslational
modifications induced by muscle differentiation might be in-
volved in the association of �-Cat and MyoD.

Tissue-specific bHLH factors are able to operate both coor-
dinately and sequentially to regulate consecutive developmen-
tal steps (14, 17, 43). For example, myogenic bHLH factors
including MyoD, Myf5, myogenin, and MRF4 are known to be
essential for muscle development (24, 38). Mice deficient in
both MyoD and Myf5, a member of the MyoD family, lack
myoblasts and differentiated skeletal muscle (45). Our results
suggest that MyoD may be an effector of the Wnt canonical
pathway. The following three pieces of evidence suggest that
�-Cat interacts directly with MyoD. First, bacterial GST-fusion
proteins and respective 35S-labeled MyoD or �-Cat that was
generated by reticulocyte lysates coprecipitated in pull-down
assays (Fig. 4D and F). Second, we showed in EMSA that
further retardation of labeled probes was observed by the ad-
dition of bacterial purified �-Cat and MyoD (Fig. 5C). Third,
the two proteins, which were purified from bacteria, coimmu-
noprecipitated (Fig. 6B). Interacting with MyoD and �-Cat
enhances its transcription activity necessary for muscle cell
differentiation via E box elements (Fig. 3, 4, and 5). In addi-
tion, the effect of �-Cat requires the C-terminal region (Fig. 6).

This domain contains intrinsic transactivation activity and has
been shown to regulate various transcription factors, including
TIP49, TIP60, INO80, SWRCAP/SWR1, and p300/CBP (49).
Therefore, the �-Cat/MyoD complexes, instead of the �-Cat/
TCF complex, may be involved in Wnt-mediated regulation of
muscle differentiation. Given the homology among bHLH fac-
tors, our findings suggest that �-Cat regulates transcriptional
activity of other bHLH factors by a similar mechanism toward
tissue differentiation.
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