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The type I receptor-like protein tyrosine kinase MuSK is essential for the neuromuscular junction formation.
MuSK expression is tightly regulated during development, but the underlying mechanisms were unclear. Here
we identified a novel mechanism by which MuSK expression may be regulated. A cyclic AMP response element
(CRE)-like element in the 5�-flanking region of the MuSK gene binds to CREB1 (CRE-binding protein 1).
Mutation of this element increases the MuSK promoter activity, suggesting a role for CREB1 in attenuation
of MuSK expression. Interestingly, CREB mutants unable to bind to DNA also inhibit MuSK promoter activity,
suggesting a CRE-independent inhibitory mechanism. In agreement, CREB1 could inhibit a mutant MuSK
transgene reporter whose CRE site was mutated. We provide evidence that CREB interacts directly with MyoD,
a myogenic factor essential for MuSK expression in muscle cells. Suppression of CREB expression by small
interfering RNA increases MuSK promoter activity. These results demonstrate an important role for CREB1
in the regulation of MuSK expression.

MuSK, a type I receptor-like protein tyrosine kinase, is a
central organizer in the formation of the neuromuscular junc-
tion (NMJ) (40). MuSK mutant mice do not form the NMJ (10,
27, 53), and muscle cells derived from MuSK mutant mice do
not form acetylcholine receptor (AChR) clusters in response
to agrin (16). Expression of MuSK is under tight spatial and
temporal control. Like the AChR, the mRNA of MuSK is
enriched at the NMJ (39, 42, 50). During development, MuSK
mRNA is detectable in rat myotomes, but not dermatomes, at
embryonic day 11 (E11), when myotomes form (50). The ex-
pression level continues to increase and peaks around E16 to
E18, and after that declines slowly to a barely detectable level
in adult muscle (23, 28).

Molecular mechanisms underlying MuSK expression is com-
plex. Like many muscle-specific genes, expression of MuSK
requires E box elements which stimulate the promoter activity
when binding to myogenic factors such as MyoD (24). Several
factors appear to enhance MuSK expression. For example,
MuSK promoter activity or mRNA was increased in muscle
cells stimulated with neuregulin (23, 25), a factor that increases
AChR expression via the mitogen-activated protein kinase
pathways (1, 45, 46, 49). Downstream of mitogen-activated
protein kinases is the Ets transcription factor GABP, which
appears to be necessary and sufficient for synaptic expression
(15, 41, 43). Transgenic mice expressing a dominant-negative
Ets mutant demonstrate alterations in NMJ postsynaptic mor-
phology and decreased expression of genes containing an Ets-
binding site; however, the expression of MuSK and Rapsyn was
unchanged (11). These data may suggest that MuSK expres-
sion is regulated by an Ets-independent mechanism. We re-

ported recently that the MuSK promoter could be up-regu-
lated by Wnt, a factor implicated in the NMJ formation in
Drosophila melanogaster (24). Exactly how Wnt stimulates
MuSK expression has yet to be determined since Wnt stimu-
lates multiple signaling pathways, including the small GTPase
Rac. Rac activation appears to be required for MuSK expres-
sion (25).

In this study, we investigated the regulation of MuSK ex-
pression by CREB (cyclic AMP [cAMP] response element
[CRE]-binding protein). A CRE-like element in the 5�-flank-
ing region of the MuSK gene binds to CREB1 to inhibit the
MuSK promoter activity. Further characterization revealed
that CREB mutants unable to bind to DNA were also able to
inhibit MuSK promoter activity, suggesting a CRE-indepen-
dent inhibitory mechanism. We show that CREB could inter-
act directly with the myogenic factor MyoD. Suppression of
CREB expression by small interfering RNA (siRNA) increased
MuSK promoter activity. These results demonstrate an impor-
tant role for CREB1 in the regulation of MuSK expression.

MATERIALS AND METHODS

Plasmid constructs and antibodies. Antibodies against CREB1 (sc-186), p300
(sc-585), and MyoD (sc-760) were bought from Santa Cruz (Santa Cruz, CA).
Anti-myosin heavy chain (anti-MHC) antibody (MF-20) was from the Develop-
mental Studies Hybridoma Bank. Forskolin (final concentration, 10 �M) and
8-bromo-cAMP (final concentration, 1 mM) were purchased from Calbiochem
and dissolved in dimethyl sulfoxide. CREB1 and deletion mutants were amplified
by PCR with Pfu Turbo with rat CREB1 as the template (Stratagene, La Jolla, CA)
and subcloned between BamHI and EcoRI in pKH3 in frame downstream from the
three-hemagglutinin (HA) epitope. MyoD and deletion mutants were amplified
using mouse MyoD as the template with Pfu Turbo and subcloned between EcoRI
and XbaI in pCS2� in frame downstream of the six-Myc epitope. M715(mt)-Luc,
whose CRE-like sequence was changed from TTA TGT CA (�648 to �641) to
GGC GTG AC, was produced using the Quick Change site-directed mutagenesis
kit. Two artificial reporters of M215, which has only one E box (24), were generated
to add a consensus CRE sequence (underlined), GGG AGA GAT TGC CTG ACG
TCA GAG AGC TAG GGT AC, or a mutant CRE sequence, GGG AGA GAT
TGC CGA CCA TAG GAG AGC TAG GGT AC, into the cloning site between
SmaI and KpnI of the M215 reporter.
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ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
according to the protocol provided by Upstate Biotechnology (Lake Placid, NY).
C2C12 myotubes were washed twice with phosphate-buffered saline (PBS) and
then incubated in 1% formaldehyde in PBS at room temperature for 10 min.
After washing twice with PBS, cells were scraped in PBS containing protease
inhibitors including 1 mM phenylmethylsulfonyl fluoride, 1 �g/ml pepstatin, 1
�g/ml leupeptin, and 2 �g/ml aprotinin. Cells were collected by a brief centrif-
ugation at 2,000 rpm at 4°C and were resuspended in sodium dodecyl sulfate
(SDS) lysis buffer containing 1% SDS, 10 mM EDTA, 50 mM Tris-HCl (pH 8.0),
1 mM phenylmethylsulfonyl fluoride, 1 �g/ml pepstatin, 1 �g/ml leupeptin, and
2 �g/ml aprotinin. Cells were sonicated by Sonic Dismembrator model 100
(Fisher, Suwanee, GA), strength 3, for 15 s three times, to shear chromosome
DNA to 500 to 1,000 bp in length, which was monitored by gel electrophoresis.
After centrifugation at 13,000 at 4°C, the sonicated mixture was diluted 10-fold
with ChIP dilution buffer containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCl (pH 8.1), and 167 mM NaCl. The mixture was
precleaned once with salmon sperm DNA-protein A-agarose beads at 4°C for
1 h. The resulting supernatant was incubated with indicated antibodies at 4°C
overnight, when salmon sperm DNA-protein A-agarose beads (50 �l) was added
and the mixture was incubated for another hour at 4°C. Beads were washed
sequentially with a low-salt wash buffer containing 0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCl (pH 8.1), and 150 mM NaCl; a high-salt wash
buffer containing 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl
(pH 8.1), and 500 mM NaCl; an LiCl wash buffer containing 0.25 M LiCl, 1%
NP-40, 1% deoxycholic acid, 1 mM EDTA, and 10 mM Tris-HCl (pH 8.1); and
TE buffer. Beads were then incubated twice with 250 �l of the elution buffer (1%
SDS, 0.1 M NaHCO3) for 15 min at room temperature to elute bound DNA.
Combined eluates were added to 20 �l of 5 M NaCl to reverse cross-links by
heating at 65°C for 4 h. After incubation with 10 �l of 0.5 M EDTA, 20 �l of 1
M Tris-HCl (pH 6.5), and 2 �l of 10 mg/ml proteinase K (1 h at 45°C), DNA was
recovered by phenol-chloroform extraction and ethanol precipitation.

PCRs were conducted with the eluted DNA as the template and the following
primers. For the MuSK 5�-flanking region (694 bp), the sense primer was �758
5�CTT GGA AAC AAT TCA CTG CCA GCA GG and the antisense primer was
�64 5�CAA TAG AGT TGT CCG CTA AGG ACT GTT TG (24). For the
AChR� subunit 5�-flanking region (237 bp), the sense primer was 5�GAC AAG
CCT CTG ACT CAT GAT CTA TGT and the antisense primer was 5�GCT
GCC GGT CCT ACT CCA CCC TGG CT (47). For the AChRε C-terminal
coding region (310 bp), the sense primer was 5�GTG TTT GAG GGT CAG
AGG CA and the antisense primer was 5�TGC AGG CTC ATG GTT GGA TG.

EMSA. The electrophoretic mobility shift assay (EMSA) was modified from
Choi et al. (8). His-CREB1 was purified and incubated in 20 �l (final volume) of
the DNA-binding buffer (10 mM HEPES [pH 7.9], 50 mM KCl, 0.5 mM dithio-
threitol, 5% glycerol) supplemented with 1 �g of poly(dI-dC) and 1 ng of
32P-labeled double-stranded oligonucleotide probe (�10,000 cpm). After incu-
bation at 30°C for 15 min, the reaction mixture was run onto a 6% acrylamide gel
in 0.5� Tris-borate-EDTA buffer at 4°C. In some reaction mixtures, unlabeled
double-stranded oligonucleotides or anti-CREB antibody was included. The
CRE probe sequence was 5�AGA CAA GTA GAT GCC AGC GAG TCC CCT
TAT GTC ACA GCA GAG AGG ATT GC (the CRE-like element is under-
lined). EMSA probes in the �215 5�-flanking region were 5�TGT TCC TCC
AGC CCT CCA CTT GCA TTA CTG GCC TGA GTG AGT TCT CCC CAG
CTG GCC ACG TCC (M215A), 5�ACG TCC ATC ATT ACA GCC AGG TTT
GAG GAT TCC TGA TTC TAC TTA GAG CCG GTG GCG CTG CAG
(M215B), 5�CGC TGC AGA CAC AAA CAG TCC TTA GCG GAC AGC TCT
ATT GTA ACA ACC ATG CTT TAA AAT GTA (M215C), and 5�AAA ATG
TAA ACC CGG GAG CGT GTT TTT TTG GTT TTT TTT TTT TTC CTC
ACG TTG TCC AG (M215D).

Cell culture, transfection, luciferase assay, and immunoprecipitation. C2C12
cells were maintained as described previously (45). Myoblasts (80% confluency)
were transiently cotransfected with a MuSK promoter-luciferase reporter and
pRL-CMV (as a control for transfection efficiency and sample handling) in a
ratio of 20:1 using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. In some experiments, cotransfection included mutant CREB1
and/or MyoD (in a ratio of 100:20:1, mutant CREB1 and/or MyoD to reporter to
pRL-CMV). Twenty-four hours after transfection, myoblasts were switched to
the differentiation medium as described previously (45) and luciferase assays
were performed after myotubes were fully developed using the dual-luciferase kit
(Promega, Madison, WI) as previously described (24). The firefly luciferase
activity was normalized to Renilla luciferase activity. Immunoprecipitation and
immunoblotting were performed as previously described (29). Unless otherwise
indicated, all experiments were repeated at least three times.

Pulldown assay. Radiolabeled CREB1 proteins were generated by in vitro
translations using the SP6 coupled reticulocyte lysate system (Promega) in the
presence of [35S]methionine. 35S-labeled CREB1 proteins were incubated with
glutathione S-transferase (GST)-MyoD immobilized on beads in the binding
buffer (25 mM HEPES [pH 7.5], 1 mM dithiothreitol, 0.5% Triton X-100, 150
mM NaCl, protease inhibitors) for 2 h at 4°C on a rotator. After washing with
PBS–0.1% Tween 20, bound CREB1 proteins were subjected to SDS-polyacryl-
amide gel electrophoresis and Western blotting.

Knockdown of CREB1 expression by siRNA. CREB1-siRNA and control oli-
gonucleotides were purchased from Ambion (catalog no. 16704). C2C12 myoblasts
were transfected with respective oligonucleotides together with report genes and/or
MyoD with Lipofectamine 2000. Luciferase activities were assayed as described
above. The effect of CREB1-siRNA on CREB1 expression was determined by
cotransfecting COS-7 cells with the respective oligonucleotides and HA-tagged
CREB1. Expression of CREB1 was monitored by immunoblotting.

RNase protection assays. A 184-nucleotide probe spanning exon1 and exon2
of the MuSK gene was subcloned in pGEM-T (Promega). The plasmid was linear-
ized with NcoI. Radiolabeled antisense RNA probe was produced with SP6 RNA
polymerase and [�-32P]UTP using a MAXIscript kit (Ambion) following the man-
ufacturer’s instructions. 32P-labeled MuSK and actin probes were mixed with 20 �g
total RNA of C2C12 myotubes in RNase protection assay II hybridization buffer
(80% deionized formamide, 100 mM sodium citrate [pH 6.4], 300 mM sodium
acetate, 1 mM EDTA) at 42°C overnight. After digestion with RNase, protected
fragments were fractionated on 6% polyacrylamide sequencing gel.

RESULTS

An inhibitory CRE-like element in the MuSK promoter. In
analyzing the MuSK promoter, we found that the MuSK pro-
moter contains a CRE-like element between �648 and �641
(Fig. 1A) (24). This element contains nucleotides that are
necessary for CREB binding (34). CRE elements have been
implicated in negative regulation of the MyoD transactivation
activity (36). We were interested in testing whether the CRE-
like element in the MuSK promoter has a similar function.
First we determined whether CREB proteins bind to the CRE-
like element using ChIP assays. As shown in Fig. 1B, MuSK
DNA fragments encompassing the CRE region were detect-
able in the precipitates brought down by anti-CREB1 antibod-
ies. No band was revealed if no antibody was added to the
reaction mixture. Moreover, immunoprecipitation with the an-
ti-CREB1 antibody did not precipitate DNA fragments of the
5�-flanking region of the AChR � subunit gene, which does not
contain the CRE cis element (47), or the AChR ε subunit
coding region (Fig. 1B). Antibodies against p300 also precipi-
tated the MuSK promoter (Fig. 1B). p300 is a histone acetyl-
transferase that is known to interact with CREB1 and MyoD
and play a role in regulating gene expression (37, 54). It is
conceivable that p300 association with the MuSK promoter
may be indirect, i.e., via MyoD and/or CREB1 (32).

To determine whether the CRE cis element binds directly to
CREB1, EMSA was performed using a radioactive DNA probe
encompassing the CRE-like element. Figure 1C shows the
binding of purified recombinant CREB1 to the probe in a
dose-dependent manner. The binding was suppressed when an
excess of unlabeled probe was present. Moreover, the addition
of anti-CREB1 antibody caused a slower migration of the
complex (or supershift), suggesting the bound protein is
CREB1 (Fig. 1D).

To study the function of the CRE-like element in regulation
of MuSK promoter activity, we mutated it by replacing thymi-
dines (T), adenosines (A), cytidines (C), and guanosines (G)
with G, C, A, and T, respectively. The mutant probe was
unable to compete with the wild type in binding to nuclear
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proteins (data not shown). The basal promoter activity of
M715-Luc was increased in C2C12 myotubes when the ele-
ment was mutated [M715(mt)-Luc], suggesting a negative role
for the element. We showed earlier that MyoD increases the
promoter activity of the MuSK gene when coexpressed in
C2C12 myotubes (Fig. 2) (24). The MyoD-mediated enhance-
ment was further elevated in M715(mt)-Luc, further support-
ing the notion that the element may be inhibitory. Next we
explored the effects of CREB expression on MuSK promoter
activity to determine if the transcription factor functions
through binding to the CRE-like element. As shown in Fig. 3A,
CREB expression inhibited MyoD-induced promoter activity
in M715-Luc and M715(mt)-Luc. These results corroborate to
suggest that MuSK expression may be inhibited by the CREB/
CRE pathway.

CRE-independent inhibition of MuSK promoter activity. If
CREB1 inhibits MuSK promoter activity by binding to the
CRE element, mutation of the DNA-binding domain in
CREB1 should prevent it from executing the effect. We used
KCREB, a mutant that is unable to bind to the CRE element
and functions as a dominant repressor of the wild-type factor
(51). As shown in Fig. 3A, CREB1’s inhibitory activity was
decreased, supporting the notion that CREB1 binds to the
CRE element to inhibit MuSK expression. However, the
MuSK promoter activity enhanced by MyoD in cells expressing

FIG. 1. Identification of a CRE-like element in the MuSK promoter. (A) Schematic diagram of M715-Luc. The CRE-like element, located
between �648 and �641, has the consensus sequence of the CRE element (24). (B) Interaction of the CRE-like element with CREB1 in ChIP
assays. Chromatin preparations of C2C12 myotubes were incubated without (No Ab) or with antibodies against CREB1 or p300. Immunopurified
DNA was used as the template for PCR amplification using primers against the indicated products. (C) Binding of the CRE-like element to purified
CREB1. A 50-bp DNA fragment flanking the CRE-like element of the MuSK promoter was labeled with [�-32P]ATP by PNK. The labeled probe
was incubated with various amounts of purified His-CREB1 without or with excess wild-type unlabeled probes. The reaction mixture was resolved
on a nondenaturing polyacrylamide gel. (D) Supershift of the CRE probe-CREB1 complex in the presence of anti-CREB1 antibodies.

FIG. 2. Mutation of the CRE-like element enhances promoter ac-
tivity. The CRE-like element in M715(mt)-Luc was mutated to 5�G
GCG TGA C. C2C12 myoblasts were transfected with pRL-CMV and
M715-Luc or M715(mt)-Luc. Firefly and Renilla luciferase activities
were assayed in C2C12 myotubes. Shown is the relative luciferase
activity (firefly/Renilla, mean 	 the standard error of the mean) from
a representative experiment done in duplicate and repeated three
times with similar results.
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KCREB was lower than the control. This result was unex-
pected, which could suggest that DNA binding may not be
entirely necessary for CREB1’s inhibitory effect. To test this
hypothesis, we studied the effect of CREB on M715(mt)-Luc,
where the CRE-like element was mutated. CREB remained
able to inhibit M715(mt)-Luc, demonstrating a CRE-indepen-
dent inhibitory mechanism (Fig. 3A). M715-Luc contains sev-
eral E box elements, the CRE element, a MEF2-like element,
and a C/EBP-like element (24).

To eliminate the involvement of other elements, we created
an artificial reporter (CRE-M215-Luc) containing a consensus
CRE sequence (TG ACG TCA), the 215 5�-flanking region of
the MuSK gene, and the luc gene (see Materials and Methods
for details). The 215-bp 5�-flanking region contains the E box
that is necessary for muscle-specific expression of MuSK but
does not contain any other identifiable cis element (24). The
addition of the CRE sequence suppressed the basal, as well
MyoD-upregulated, promoter activity (Fig. 2B). This inhibi-
tion was reversed when the CRE element was mutated [CRE
(mt)-M215-Luc], suggesting the suppressive nature of the CRE
element. As with M715-Luc, CREB and KCREB inhibited
MyoD-mediated expression of CRE-M215-Luc (Fig. 3B). Mu-
tation of the CRE element did not prevent this inhibitory
effect, suggesting a DNA binding-independent mechanism. To
eliminate the possibility that CREB1 may still bind to DNA
within the �215 5�-flanking region, we generated a series of
four DNA probes to cover the entire region. As shown in Fig.
3C, none bound recombinant CREB1 except the probe con-
taining the CRE site at �648. These results agreed with the
data from studies of M715-Luc that CREB may regulate
MuSK expression without binding to the CRE element.

Coimmunoprecipitation between CREB and MyoD. Since
the 215-bp 5�-flanking region contains only E box 1, we rea-
soned that CREB regulates MuSK expression probably via
interacting with MyoD. Thus, we tested whether the two pro-
teins form a complex in cells. Myc-tagged full-length MyoD
and HA-tagged CREB constructs were coexpressed in COS-7
cells and characterized for association by immunoprecipita-
tion. As shown in Fig. 4B (lane 2), full-length CREB was
detectable in precipitates by anti-HA antibodies, suggesting
that the two proteins may form a complex in cells. CREB has
five domains, Q1 (glutamine-rich transcription activator do-
main 1), KID (kinase-inducible domain), Q2 (glutamine-rich

FIG. 3. Inhibitory effects of KCREB and CREB on MyoD trans-
activation of the MuSK promoter. (A) Down-regulation by KCREB
and CREB of MyoD transactivation. M715-Luc or M715(mt)-Luc was
cotransfected with pRL-CMV and pCMV-CREB or pCMV-KCREB.
Luciferase activities were assayed as in Fig. 2. (B) Identification of the

E box 1 element as the site by which CREB or KCREB inhibits MuSK
promoter activity. M215-Luc contains the 215-bp 5�-flanking region
and the luciferase gene. CRE-M215-Luc contains the CRE element
(5�GGG AGA GAT TGC CTG ACG TCA GAG AGC TAG GGT
AC), the 215-bp 5�-flanking region, and the luciferase gene. In
CRE(mt)-M215-Luc, the CRE element was mutated to 5�GGG AGA
GAT TGC CGA CCA TAG GAG AGC TAG GGT AC (mutated
portion underlined). Luciferase activities were assayed as in panel A.
Shown is relative luciferase activity (firefly/Renilla, mean 	 the stan-
dard error of the mean) from a representative experiment done in
duplicate and repeated three times with similar results. (C) No
CREB1-binding activity was detected in the �215 5�-flanking region.
DNA fragments encompassing the �215 5�-flanking region
(M215A-D; see Materials and Methods for sequence information) or
the CRE cis element were labeled as in Fig. 1 and incubated with
purified CREB1. The reaction was resolved on nondenaturing poly-
acrylamide gel.
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transcription activator domain 2), CAD (constitutive activation
domain), and bZIP (basic leucine zipper) (44). MyoD associ-
ated with various C-terminal deletion mutants except CREB1-

100 (lane 6), indicating that the N-terminal 100 amino acid
residues are disposable (Fig. 4A and B). Studies with N-termi-
nal deletion mutants confirmed that the binding activity resides
in the C-terminal region. However, CREB160-240, which en-
compasses the Q2 domain, was not detectable in MyoD pre-
cipitates (Fig. 4C). In summary, the KID, CAD, and bZIP
domains of CREB associated with MyoD in immunoprecipi-
tation assays (Fig. 4A).

We performed reciprocal precipitation experiments to iden-
tify binding domains in MyoD. Because CREB association
with MyoD requires the C-terminal region, CREB100-341 was
coexpressed with various MyoD constructs in COS-7 cells (Fig.
5). CREB1 appeared to associate with the N-terminal region of

MyoD but not the helix-loop-helix (HLH) domain or the C-
terminal region (Fig. 5B). To further map the region, a series
of deletions in the basic domain were tested for binding to
CREB1. MyoD1-170 associated with CREB1, whereas
MyoD117-170 did not, suggesting that the binding activity is
located in the first 117 amino acid residues. Thus, sequences in
the N-terminal region, in addition to the basic domain, may be
involved in binding to CREB1. These results are in line with an
earlier report that MyoD may form a complex with CREB to
regulate the activity of the retinoblastoma protein promoter
(31).

Direct interaction between MyoD and CREB1. To deter-
mine whether MyoD interacts directly with CREB1 and not via
a third protein, recombinant CREB1 or its fragments were
generated by in vitro translation in the presence of [35S]me-
thionine (Fig. 6A). 35S-labeled CREB was incubated with re-

FIG. 4. MyoD coimmunoprecipitated with multiple domains of CREB1. (A) Schematic diagram of CREB1 constructs and their binding
activities. Putative binding domains are underlined; thin lines indicate indirect binding, whereas the thick line indicates direct binding (see Fig. 6).
Co-IP binding, coimmunoprecipitation data from panels B and C; pull-down binding, data from Fig. 6; NT, not determined. (B and C)
Coimmunoprecipitation between MyoD and CREB1 and deletion mutants. COS-7 cells were transfected with Myc-tagged MyoD and HA-tagged
CREB1 or its deletion mutants. Twenty-four hours after transfection, cells were lysed and subjected to immunoprecipitation with anti-Myc
antibody. CREB proteins in the immunocomplex were revealed by immunoblotting with anti-HA antibody. The bottom two panels show inputs
of HA-CREB1 constructs and Myc-MyoD, respectively. IP, immunoprecipitation; IB, immunoblotting.
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combinant MyoD fused with GST that was immobilized on
agarose beads. GST alone did not precipitate with CREB1
(lane 1, Fig. 6C). In contrast, GST-MyoD pulled down 35S-
labeled full-length CREB (lane 1, Fig. 6B), suggesting that the
two proteins interact directly. To map the domain in CREB
that binds to MyoD, various CREB1 recombinant proteins
were generated and incubated with GST-MyoD immobilized
on beads. In accord with results from immunoprecipitation
studies, CREB1-100 (Q1 domain) and CREB160-243 (Q2 do-
main) did not bind MyoD (Fig. 6B). In contrast, GST-MyoD
was able to pull down only CREB280-341, the region that con-
tains the bZIP domain, suggesting that this domain is sufficient
to bind to MyoD. Interestingly, although CREB1-160 coimmu-
noprecipitated with MyoD (Fig. 4), it did not appear to interact
with MyoD in pulldown assays, suggesting that the binding of
CREB1-160 to MyoD may be indirect, possibly via p300.
CREB1 was detectable in precipitates with anti-MyoD anti-
bodies, suggesting that the two proteins interact in vivo (Fig.
6D).

Increased MuSK promoter activity in muscle cells express-
ing CREB1-siRNA. To determine the regulatory role of
CREB1 in regulating MuSK expression in vivo, we suppressed
expression of endogenous CREB1 by using an oligonucleotide-
based siRNA strategy (Fig. 7A) (21). Suppression of CREB1
expression appeared to increase the expression of MHC, a
marker of muscle differentiation, suggesting that CREB1 may

be a negative regulator of muscle differentiation (Fig. 7B). To
study the effect of CREB1 suppression on MuSK promoter
activity, CREB1-siRNA was transfected with M715-Luc and
MyoD into C2C12 myoblasts. At 24 h after transfection, myo-
blasts were induced to form myotubes. Luciferase activity was
assayed 24 h after myotube formation. As shown in Fig. 7C,
MyoD enhancement of the MuSK promoter activity was in-
creased by CREB1-siRNA in comparison with control siRNA.
These results suggest an inhibitory role for endogenous
CREB1 in regulation of MuSK expression in muscle cells.

We determined whether the inhibition of CREB-MyoD in-
teraction prevents the repressive effect of CREB1. MyoD-
binding activity for CREB1 appeared to reside in a minimal
region around amino acids 99 to 116 (Fig. 5). Expression of
MyoD99-170, a deletion mutant containing the minimal inter-
action region that is able to interact with CREB1, could re-
verse CREB1 inhibition of MyoD transactivation activity (Fig.
7D), presumably by preventing endogenous CREB1 from in-
teracting with MyoD. To explore inhibitory mechanisms of
CREB1, we looked at the effect of CREB1 on MyoD dimer-
ization because CREB binds to a region close to that necessary
for dimerization. Flag-MyoD and Myc-MyoD were transfected
into COS-7 cells. Lysates were incubated with anti-Flag anti-
body, and resulting immunocomplexes were probed with anti-
Myc antibody. Myc-MyoD was detectable in precipitates with
anti-Flag antibody, suggesting that MyoD may form a ho-

FIG. 5. MyoD interacts with CREB1 via the basic domain. (A and B) Coimmunoprecipitation between CREB1 and MyoD and its deletion
mutants. COS-7 cells were transfected with plasmids expressing the indicated proteins, i.e., HA-tagged CREB100-341, which contains the C-terminal
region, and Myc-tagged MyoD or its deletion mutants. Immunoprecipitation was performed as in Fig. 4. CREB proteins in the immunocomplex
were revealed by immunoblotting with anti-HA antibody. The bottom two panels show inputs of HA-CREB1 and Myc-MyoD constructs,
respectively. (C) Schematic diagram of MyoD constructs and their CREB1 binding activities. IP, immunoprecipitation; IB, immunoblotting.
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modimer (Fig. 7E). The amount of Myc-MyoD in the complex
was decreased in cells expressing CREB1, suggesting that the
latter may inhibit the formation of MyoD homodimers. These
results could suggest that CREB1 attenuates MyoD transacti-
vation activity by interfering with its dimerization.

Effects of forskolin and bromo-cAMP on MuSK expression.
The activation of the cAMP pathway is implicated in regula-
tion of the expression of synapse-specific genes at the NMJ
(13). An increase in intracellular cAMP or activation of the
cAMP-dependent protein kinase increases the level of AChR
and acetylcholinesterase mRNA (7, 9, 14). In light of these
observations, we looked at effects of forskolin on MuSK ex-
pression. Forskolin is a stimulator of adenylate cyclase (12).
Treatment with forskolin inhibited MuSK-Luc expression and
decreased the level of MuSK mRNA in muscle cells (Fig. 8).
Similar effects were observed with bromo-cAMP, a protein
kinase A (PKA) activator (Fig. 8). These results suggest that
activation of the cAMP pathway, presumably by factors re-
leased from motoneurons (such as CGRP) (13), may regulate
MuSK expression.

DISCUSSION

Our previous studies presented evidence that MuSK expres-
sion is controlled by myogenic factors that bind to E box

elements in the 5�-flanking region (24). Here we identify a
CRE-like element in the 5�-flanking region of the MuSK gene
that binds to CREB1 and inhibits the MuSK promoter activity.
We also show that CREB1 inhibits MuSK expression by a
CRE-independent mechanism. CREB1 inhibited a mutant
MuSK transgene reporter whose CRE site was mutated, and
CREB mutants unable to interact with DNA also inhibit
MuSK promoter activity. Finally, suppression of CREB expres-
sion by siRNA increased MuSK promoter activity. These re-
sults demonstrate an important role for CREB1 in the regu-
lation of MuSK expression.

CREB1 belongs to a multigene family with several isoforms
that may function as transcriptional activators or repressors
(19). While a large number of genes are up-regulated by
CREB proteins, recent studies suggest that these factors could
suppress gene expression. For example, transcriptional repres-
sion of the c-fos gene by YY1 is mediated by a direct interac-
tion with ATF/CREB (55). The insulin gene has two CRE-like
elements in the 5�-flanking region (12). Forskolin, presumably
via cAMP, suppresses insulin gene transcription and transcrip-
tional activity of insulin gene reporter in the INS-1 beta-cell
line (12). Our study presents evidence that CREB1 could in-
hibit MuSK gene transcription by two different mechanisms:
one dependent on binding to a CRE element and the other in

FIG. 6. Direction interaction between MyoD and CREB1. (A) CREB1 and the indicated deletion proteins were generated by in vitro
translation in the presence of [35S]methionine using the TNT SP6 coupled reticulocyte lysate system (Promega). 35S-labeled proteins were revealed
by autoradiography. (B) Direct interaction of MyoD with the bZIP domain in CREB1. 35S-labeled CREB1 constructs were incubated with
recombinant GST-MyoD protein (full length) immobilized on agarose beads. After washing, bead-bound proteins were resolved by SDS-
polyacrylamide gel electrophoresis and autoradiography. (C) GST-beads did not interact with 35S-labeled CREB1 constructs. (D) Interaction
between endogenous MyoD and CREB1 in muscle cells. Lysates of C2C12 cells were incubated with anti-CREB1 antibody or an irrelevant
antibody (control), and resulting complexes were probed with anti-MyoD antibody. IP, immunoprecipitation; IB, immunoblotting.
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a manner independent of DNA-binding activity. The first no-
tion is supported by three lines of evidence. First, CREB1
binds to the CRE-like element in ChIP and mobility shift
assays (Fig. 1). Second, expression of CREB1 suppresses the
MuSK promoter activity (Fig. 3). Third, mutation of the CRE-
like element increases the promoter activity (Fig. 2).

KCREB, a mutant that does not bind DNA, remains able to
inhibit the MuSK promoter activity (Fig. 3). Moreover,
CREB1 expression was able to inhibit a MuSK transgene that
does not have the CRE-like element (Fig. 3). Further studies
indicate that CREB inhibition requires the E box element,
which is known to interact with MyoD (24). These results
suggest that CREB1 may regulate MuSK expression via myo-
genic factors. Indeed, we provided evidence that CREB1 could
interact with MyoD in vitro and in vivo. Knockdown in CREB1
expression increases MuSK promoter activity in muscle cells.
Taken together, these results suggest a second mechanism by
which CREB1 inhibits MuSK expression, which is likely mediated
by direct interaction between CREB1 and MyoD. It is interesting

that CREB could function as the DNA-recognizing factor of the
MyoD-responsive element in the RB promoter, whereas the
DNA-binding function of MyoD is dispensable (31).

The mechanism by which CREB1 inhibits MyoD transacti-
vation activity remains unclear. MyoD activity is regulated by
numerous interacting proteins such as p300, retinoic acid re-
ceptor, and MEF2. These proteins promote transactivation by
interaction with the basic domain or the N terminus of MRF
transcription factors (33, 35, 54). Serum response factor, Sp1,
muscle LIM protein, and the product of the retinoblastoma
gene (pRb) increase MyoD activity by interacting with the
HLH domain (2, 4, 17, 18). The C terminus of MyoD could
bind to TFIID, which may facilitate the recruitment of TFIIB
in the preinitiation complex (20). In addition to positive reg-
ulators, MyoD forms a complex with proteins that decrease the
transactivation activity. They include Id, Twist, MyoR, Mist1,
c-Jun, Fos, and JunB, which interact with the HLH domain
(38). On the other hand, the nuclear receptor corepressor
interacts with the N terminus in MyoD to inhibit transactiva-

FIG. 7. Regulation of MuSK promoter activity by endogenous CREB1. (A) CREB1-siRNA inhibited CREB1 expression. COS-7 cells were
transfected with pKH3-CREB1 together with CREB1-siRNA or control siRNA (Con-siRNA) oligonucleotides. Expression of transfected CREB1
was revealed by immunoblotting with anti-HA antibody. (B) Effects of suppression of CREB1 expression on muscle differentiation. Transfected
C2C12 myotubes were collected at different times after being switched to the differentiation medium and lysed. Lysates were probed for expression
of MHC. (C) Increased MuSK promoter activity in C2C12 myotubes cotransfected with CREB1-siRNA. M715-Luc was cotransfected with
pRL-CMV and pCMV-MyoD with CREB1-siRNA or Con-siRNA. Luciferase activities were assayed as in Fig. 2. Shown is relative luciferase
activity (firefly/Renilla, mean 	 the standard error of the mean) from a representative experiment done in duplicate and repeated three times with
similar results. (D) Expression of MyoD99-170 reversed CREB1 inhibition of MyoD transactivation activity. M715-Luc was cotransfected with
pRL-CMV and pCMV-MyoD with MyoD99-170. Luciferase activities were assayed as in Fig. 2. Shown is relative luciferase activity (firefly/Renilla,
mean 	 the standard error of the mean) from a representative experiment done in duplicate and repeated three times with similar results. (E).
Expression of CREB1 inhibited dimerization of MyoD. Flag- or Myc-tagged MyoD was coexpressed without or with HA-CREB1 in COS-7 cells.
Lysates were incubated with anti-Flag antibody and resulting lysates probed with anti-Myc antibody. IP, immunoprecipitation; IB, immunoblotting.
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tion activity (3). CREB1 interacts not with the HLH domain or
the C terminus but the basic region of MyoD. I-mf proteins are
myogenic suppressors that could inhibit MyoD binding to
DNA (6). Because the region in MyoD for CREB1 interaction
binds DNA, one plausible hypothesis is that CREB1 may
interfere with the DNA-binding activity of MyoD in a man-
ner similar to I-mf (inhibitor of MyoD family) proteins. We
characterized MyoD binding to E box elements in gel shift
assays in the presence or absence of increasing concentrations
of CREB1 and failed to observe an effect of CREB1 on MyoD-
DNA interaction (data not shown). This result may suggest
that CREB1 may function by a different mechanism. Since the

CREB-binding site in MyoD is close to the region necessary
for MyoD dimerization (30), we reasoned that CREB could
attenuate MyoD transactivation activity by interfering with its
dimerization. This notion is supported by data in Fig. 7E,
providing a potential mechanism of CREB1 action.

Transcription of genes encoding synapse-specific proteins is
suppressed in extrasynaptic nuclei. It is believed that calcium
influx stimulated by electric activity activates various kinases
including PKA, PKC, and CaMK (22, 42, 48, 52). Phosphory-
lation of MyoD decreases its transactivation activity (5, 22, 26,
48). Phosphorylation and/or activation of CREB1 by calcium
influx may stimulate its recruitment to the MuSK transcription
machinery. It is worth pointing out that both the CREB pro-
tein level and the level of phosphorylation of the CREB pro-
tein at Ser-133 rapidly increase at the onset of muscle differ-
entiation and that both remain high throughout the myogenic
process (31). This expression pattern, together with results of
this paper, provides an explanation for the low expression of
MuSK in adult muscles.

The activation of the cAMP pathway is also implicated in
regulation of the expression of synapse-specific genes at the
NMJ (13). Augmentation of cAMP levels or activation of the
cAMP-dependent protein kinase promotes expression of the
AChR and acetylcholinesterase (7, 9, 14). The identification of
the CRE-like element in the MuSK promoter and the inhibi-
tion by CREB1 may provide a novel mechanism to regulate
MuSK expression. Considering that CREB1 may function as a
downstream component in the cAMP pathway, it is conceiv-
able that MuSK may be regulated by factors affecting levels of
cAMP. Indeed, muscle cells treated with forskolin or bromo-
cAMP appeared to show less MuSK promoter activity or
mRNA (Fig. 8). These results suggest that activation of the
cAMP pathway, presumably by factors released from motoneu-
rons (such as CGRP) (13), may regulate MuSK expression. The
negative regulatory mechanism might prevent MuSK from being
overexpressed and spilled over into the extrasynaptic area.
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