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Abstract. Muscle LIM protein (MLP, also referred to as
CRP3) is a muscle-specific LIM-only protein, which
consists of two LIM motifs. MLP functions as a positive
regulator during myogenesis. Here we report that MLP
serves as a cofactor regulating the expression of the nico-
tinic acetylcholine receptor (AChR) y-subunit gene in
skeletal muscle cells. We found that MLP promoted the
expression of the AChR y-subunit gene in C2C12 my-

otubes, but not in C2C12 myoblasts or NIH3T3 fibrob-
lasts. Furthermore, we showed that MLP interacted with
myogenin in vivo and enhanced the binding ability of the
myogenin-E12 heterodimer to the E boxes in the AChR y-
subunit gene promoter. Together, these results suggest
that MLP promotes the specific expression of the AChR
y-subunit gene cooperatively with the myogenin-E12
complex during myogenesis.
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Muscle LIM protein (MLP, also referred to as CRP3) be-
longs to the LIM-only class of the LIM domain protein
family. MLP itself consists of two LIM motifs, each fol-
lowed by a glycine-rich region [1]. The LIM motif is a
protein-binding interface found in a diverse group of pro-
teins that include LIM kinases and LIM homeodomain
proteins. This motif is frequently found in proteins in-
volved in cell differentiation and cell fate determination,
suggesting that LIM-based protein interactions may me-
diate specific regulatory processes in the cell [2—4]. MLP
is a positive regulator of myogenesis. Overexpression of
MLP in C2C12 cells leads to an enhancement of muscle
differentiation, whereas expression of antisense MLP
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dramatically inhibits myogenesis [1]. In vitro protein-
binding assays demonstrated that MLP binds MyoD,
MRF4 and myogenin in vitro. In vivo experiments
showed that MLP interacts with the MyoD-E47 complex
and enhances the DNA-binding activity associated with
this complex. Therefore, MLP is proposed to promote
myogenesis by enhancing the activity of MyoD [5]. Dur-
ing myogenesis, the appearance of MLP coincides with
differentiation of muscle cells. MLP accumulates during
muscle fiber formation and is down-regulated in adult
skeletal muscle. At the beginning of muscle differentia-
tion, MLP is restricted to the nucleus. As differentiation
proceeds, it also accumulates in the cytoplasm [1]. The
dual localization of MLP suggests that MLP may play
multiple roles during myogenesis.
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The skeletal muscle acetylcholine receptor (AChR) is a
ligand-gated channel composed of four types of struc-
turally related subunits, which assemble into a heteropen-
tamer (o, By9) [6]. Although the four AChR subunit genes
map to at least three different loci [7], their expression is
tissue-specific and coordinately regulated during skeletal
muscle development. The four subunit mRNAs found in
fetal muscle are down-regulated by nerve-evoked muscle
activity, and all four mRNAs are more highly concen-
trated in the region of the sarcoplasm nearest the neuro-
muscular junction and are much less abundant in extrasy-
naptic areas of adult innervated muscle [§—11]. Nuclear
run-on experiments have shown that the increase in
mRNA levels is caused by transcriptional activation in
differentiating myocytes [12] and in muscle tissue after
denervation [13]. Thus, the coordinated changes of these
four mRNAs are apparently regulated at the transcrip-
tional level.

E boxes (CANNTGQG) are extensively present in the pro-
moters of the four AChR subunit genes, and they are re-
quired for the full transcriptional activities of these genes
[14-20]. E boxes are targeted by myogenic regulatory
factors (MRFs), including MyoD, myogenin, MRF4 and
Myf5 [21, 22]. Among MRFs, myogenin is the most
likely to be involved in the control of the four AChR sub-
unit genes, because in contrast to mRNAs coding for
MyoD, Myf5, and MRF4, the myogenin mRNA is up-reg-
ulated by 200 to 400-fold following denervation [23].
Structural and functional analyses of the chick AChR y-
subunit gene upstream sequence have demonstrated that
the interaction of mygenin and E-boxes in the AChR y-
subunit gene promoter plays an important role in the tran-
scriptional activity of this gene [24]. Here, we investigate
the effect of MLP on the expression of the AChR y-sub-
unit gene during myogenesis. We find that MLP enhances
the expression of the AChR y-subunit gene in differenti-
ating C2C12 muscle cells. Furthermore, we also show
that this effect is performed through the interaction of
MLP and the myogenin-E12 complex.

Materials and methods
Plasmids

Total RNA was isolated from rat denervated adult skele-
tal muscle with TRIzol reagent (GIBCO BRL) as de-
scribed by the manufacturer, and rat MLP cDNA was am-
plified using RT-PCR. The sense primer and antisense
primer were 5-tcaggatccGTCTTCACCATGCCGAAC-
TG-3’ and 5"-atcgaattc TAGCAGGGCTGTGAGAAAGC -
3’, which contain the BamHI or EcoRlI site, respectively.
The resulting 640-bp cDNA product, containing the en-
tire open reading frame of MLP, was cloned into pUC18
at BamHI-EcoRI sites and sequenced. The MLP cDNA
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was then subcloned into pcDNA3 (Invitrogen) to gener-
ate the MLP expression plasmid pcDNA3-MLP. The HA-
tagged MLP expression plasmid pCMV-HA-MLP, con-
taining an HA epitope fused to the N terminus of MLP,
was constructed by ligating the full-length MLP cDNA in
frame into the expression plasmid pCMV-HA (Clontech).
The expression plasmid pBind-MLP, which expresses a
fusion protein Gal4-MLP, was constructed by ligating the
full-length MLP cDNA in frame into the expression plas-
mid pBind (Promega). The 960-bp upstream sequence of
the chick AChR y-subunit gene was subcloned from
pBLCAT2-y [24] into pGL3-Basic (Promega) to con-
struct the luciferase reporter gene expression plasmid
pGL3-y. pPGK and pPGK-myogenin [25] were kindly
provided by Dr. I. Skerjanc (Department of Biochemistry,
Western Ontario University, Canada). pYN3218 and
pYN3218-E12 [26] were gifts from Dr. G. Kato (Depart-
ment of Pediatrics, Johns Hopkins University School of
Medicine, Baltimore, Md.).

Cell culture, transfection and luciferase assays
C2C12 myoblasts and NIH3T3 fibroblasts (a gift from
Dr. J. Schmidt, SUNY at Stony Brook, Stony Brook,
N.Y.) were cultured as described previously [24]. When
C2C12 myoblasts were to be tested, bromodeoxyuridine
was added to the medium (5 pg/ml) to suppress differen-
tiation [27]. DNA was transfected into all cells by cal-
cium phosphate coprecipitation [28]. DNA calcium
phosphate precipitates containing 3 pg pGL3-y, 0.3 pg
pRL-TK (Promega, internal control for transfection effi-
ciency) and 3 pg pcDNA3 or pcDNA3-MLP, were added
to 35-mm-diameter dishes containing 103 cells. After 4 h,
cells were subjected to a 2-min osmotic shock and then
fed growth medium containing 15% FBS. All NIH3T3
cells and part of the C2C12 cells were switched to differ-
entiation medium (DMEM, 2% horse serum) on the fol-
lowing day and allowed to differentiate. The other C2C12
cells were kept in growth medium. After 48 h, cells were
harvested and firefly luciferase activities as well as Re-
nilla luciferase activities were measured with the Dual-
Luciferase Reporter System (Promega) according to the
manufacturer’s protocol. Firefly luciferase activities were
normalized to Renilla luciferase activities. A minimum of
three independent transfections were performed for each
experimental group.

RT-PCR

C2C12 cells were transfected with pcDNA3 or pcDNA3-
MLP as described above. After 48 h, total RNA was iso-
lated with TRIzol reagent (GIBCO BRL). RT-PCR was
performed with a SuperScript II First-Strand Synthesis
System for RT-PCR (Invitrogen) following the manufac-
turer’s instructions. For the AChR y-subunit gene,
oligonucleotides 5’-TTGCTTGCCTCATTCCACAGC-3’
and 5-TTTGTCCTCCTTTCGAGCCAC-3" were used
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as the primers. For the GAPDH gene (as internal control),
oligonucleotides 5-ACCACAGTCCATGCCATCAC-3’
and 5-TCCACCACCCTGTTGCTGTA-3" were used.
PCR conditions were: for the AChR y-subunit gene,
23 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for
45 s; for the GAPDH gene, 21 cycles of 94°C for 30 s,
55°C for 30 s and 72 °C for 45 s. The PCR products were
analyzed by 1% agarose gel with ethidium bromide stain-
ing. Expression levels of the AChR y-subunit gene were
normalized against GAPDH mRNA.

Coimmunoprecipitation assays

NIH3T3 cells were transfected with control plasmids
pPGK and pCMV-HA or expression plasmids pPGK-
myogenin and pCMV-HA-MLP as described above. Af-
ter 48 h, cells were rinsed in Tris-buffered saline,
scraped, and centrifuged at 6000 rpm for 5 min. The cell
pellet was resuspended in nuclear lysis buffer [50 mM
HEPES (pH 7.2), 150 mM Nacl, 0.1 % sodium dodecyl
sulfate (SDS), 0.1 % sodium deoxycholate, 0.1% Triton
X-100, 2 pg/pl aprotinin, 2 pg/pl pepstatin, 2 pg/pl leu-
peptin] and gently rocked at 4 °C for 1 h as described pre-
viously [29]. Extracts were centrifuged at 10,000 rpm for
5 min, and the supernatant was aliquoted and frozen
at —80°C for storage. Myogenin monoclonal antibody
(5 pg; Santa Cruz Biotechnology) was added to each
group containing 300 pg protein in 10 mM HEPES (pH
7.6), 250 mM NaCl, 0.25% Nonidet P-40 (NP-40), and
5 mM EDTA, and the mixture was incubated at 4°C for
1 h. A 50% slurry (25 pl) of protein A-agarose beads
(Roche Applied Science) was subsequently added to
each sample, and the samples were incubated for an ad-
ditional 1 h at 4°C. After being rinsed with nuclear lysis
buffer, the final bead pellets were resuspended in SDS
loading buffer and subjected to SDS-polyacrylamide gel
electrophoresis, followed by transfer onto a nitrocellu-
lose membrane. Western blot analysis was carried out by
using HA polyclonal antibodies (Clontech) to detect the
HA-MLP fusion protein.

Mammalian two-hybrid assays

CheckMate Mammalian Two-Hybrid System (Promega)
was used for mammalian two-hybrid assays. NIH3T3
cells were cotransfected with 3 pg of pBind or pBind-
MLP and 3 pg of pG5/uc along with 3 pg of pPGK-myo-
genin, pYN3218-E12 [26], or both. Cells were harvested
after 48 h, and firefly luciferase activities as well as Re-
nilla luciferase activities were measured with the Dual-
Luciferase Reporter System (Promega) according to the
manufacturer’s recommendations. Firefly luciferase ac-
tivities were normalized to Renilla luciferase activities. A
minimum of three independent transfections were per-
formed for each experimental group.

MLP promotes expression of the AChR y gene

GST fusion proteins and electrophoretic mobility
shift assays

The full-length MLP cDNA was ligated in-frame with
GST into the BamHI-EcoRI sites of pGEX-2TK (Phama-
cia). The resulting construct produced GST-MLP fusion
protein. The full-length E12 ¢cDNA was ligated in frame
with GST into the EcoRI-Sall sites of pGEX-4T-2
(Phamacia). The resulting construct produced GST-E12
fusion protein. The GST-myogenin fusion protein expres-
sion vector has been described previously [24]. The GST
fusion proteins were expressed in Escherichia coli BL21
and purified with glutathione Sepharose 4B (Amersham)
according to the procedure recommended by the manu-
facturer. The quality of the purified proteins was checked
using 10% SDS-PAGE. The probes used in electrophoretic
mobility shift assays were generated by labeling the
HindIll-Bglll-digested —324/+36 fragment of the chick
AChR y-subunit gene promoter with [a-*2P] dATP using the
Klenow large fragment. Electrophoretic mobility shift as-
says were conducted as described previously [30]. Labeled
probes (5000 cpm) and purified GST-myogenin (0 or 5 ng),
GST-E12 (0 or 10 ng), and GST-MLP (0, 5, 10 or 20 ng)
were used for each 20-pl reaction in a buffer containing
50 mM KCI, 3 mM MgCl,, 1 mM EDTA, 1 mM DTT,
0.5% NP-40, 10 pg/ml BSA, 10% glycerol, 20 mM
HEPES (pH 7.6), and 5 pg/ml poly-(dI-dC)-(dI-dC)
-(Sigma). The mixture was incubated at 37 °C for 20 min,
and then protein-DNA complexes were separated by native
PAGE and visualized by autoradiography.

Results

MLP promotes the expression of the AChR y-subunit
gene

Given the role of nuclear MLP in development, we set out
to investigate whether MLP promotes the expression of
the AChR y-subunit gene in differentiating muscle cells
(myotubes). To explore this possibility, C2C12 and
NIH3T3 cells were transfected with pGL3-y and
pcDNA3 or pcDNA3-MLP, and the luciferase activities
of the cell extracts were measured. As shown in figure
1 A, the luciferase activity in myotubes cotransfected with
pGL3-y and pcDNA3-MLP was more than threefold
higher than that in myotubes cotransfected with pcDNA3
and pGL3-y. In contrast, only basal luciferase activities
were found in myoblasts and fibroblasts cotransfected
with pGL3-y and pcDNA3-MLP. These results show that
MLP increases the cell type-specific transcription of the
AChR y-subunit gene.

To further confirm that MLP promotes the expression of
the AChR y-subunit gene during myogenesis, C2C12 and
NIH3T3 cells were cotransfected with pcDNA3 or
pcDNA3-MLP, and mRNA levels of the AChR y-subunit
gene were evaluated using semiquantitative RT-PCR. As



CMLS, Cell. Mol. Life Sci. Vol. 61, 2004

A 4-

> 3.5 O MLP-

3 mMLP+

ER

@ 25 -

1]

g 2

5

= 15

[}

2

s 114

K]

X 05
0 —— - f—

MB MT 3T3

B MB MT 3T3
MLP - + - + — +

e =

subunit

GAPDH

Figure 1. Effect of MLP on the expression of the AChR y-subunit
gene during myogenesis. MB, C2C12 myoblasts; MT, C2C12 my-
otubes; 3T3, NIH3T3. (4) C2C12 and NIH3T3 cells were cotrans-
fected with pGL3-y along with control expression plasmid or with
expression plasmid encoding MLP. After 48 h, cells were harvested
and luciferase activities were measured with the Dual-Luciferase
Reporter System (Promega). (B) C2C12 and NIH3T3 cells were co-
transfected with pcDNA3 or pcDNA3-MLP. After 48 h, total RNAs
were isolated and mRNA levels of the AChR y-subunit gene were
evaluated using semiquantitative RT-PCR. GAPDH mRNA was
used as an internal control.

shown in figure 1B, AChR y-subunit mRNA was ex-
pressed in myotubes, but not in myoblasts and NIH3T3
cells, and there was an evident increase in AChR y-sub-
unit mRNA level in myotubes transfected with pcDNA3-
MLP compared with that in myotubes transfected with
pcDNA3. These results further demonstrate that MLP
promotes the expression of the AChR y-subunit gene dur-
ing myogenesis.

MLP and myogenin interact in vivo

Since MLP does not contain a transcription activation do-
main (TAD) [5], MLP is unlikely to promote the expres-
sion of the AChR y-subunit gene by itself in differentiat-
ing myocytes. The heterodimer of myogenin-E12 acti-
vates the expression of the AChR subunit genes during
myogenesis, so MLP may promote gene expression by in-
teracting with the myogenin-E12 complex. To examine if
MLP and myogenin interact in vivo, two approaches,
coimmunoprecipitation assays and mammalian two-hy-
brid assays, were performed. For the coimmunoprecipita-
tion assays, NIH3T3 cells were transfected with control
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expression plasmids or with expression plasmids encod-
ing myogenin, HA-tagged MLP, or both. Following im-
munoprecipitation with an anti-myogenin monoclonal
antibody, the precipitates were immunoblotted using an
anti-HA polyclonal antibody. Western blotting revealed
that HA-MLP was detected only in myogenin precipitate
from the cells coexpressing HA-MLP and myogenin (fig.
2), showing that MLP associates with myogenin in the
nuclear compartment.

This in vivo interaction was further confirmed by mam-
malian two-hybrid assays. For these studies, expression
plasmids encoding a Gal4-MLP fusion protein plus myo-
genin or E12 were cotransfected into NIH3T3 cells along
with the luciferase reporter gene pG5/uc. As predicted, the
fusion protein Gal4-MLP did not activate the reporter
gene because it lacks a functional TAD. When an E12 ex-
pression plasmid was coexpressed with Gal4-MLP, only a
basal level of luciferase activity was detected. Conversely,
when myogenin was coexpressed with Gal4-MLP, enzyme
activity was induced approximately fourfold, suggesting
that myogenin binds to MLP and activates reporter gene
expression via the myogenin TAD. Coexpression of both
myogenin and E12 with Gal4-MLP gave rise to a signifi-
cant increase in the reporter gene as a result of the het-
erodimer formation between myogenin and E12, indicat-
ing that MLP is also capable of interacting with the myo-
genin-E12 heterodimer complex in vivo (fig. 3B).

MLP enhances the binding activity of the
myogenin-E12 complex to the AChR y-gene
promoter

Given that MLP interacts with myogenin-E12 hetero-
dimers in vivo, we next decided to investigate the possi-
bility that MLP influences the DNA-binding properties
associated with this heterodimer complex. To address this
question, we first expressed GST-myogenin, GST-E12,
and GST-MLP fusion proteins in Escherichia coli BL21

1 2 3 4

HA-MLP - - + +
myogenin - + - +
= <HA-MLP(22kDa)

IP: anti-myogenin
WB: anti-HA

Figure 2. Coimmunoprecipitation assays of MLP and myogenin in
NIH3T3 cells. NIH3T3 cells were transfected with control expres-
sion plasmids or with expression plasmids encoding myogenin,
HA-tagged MLP, or both. After 48 h in differentiation medium,
cells were harvested and subjected first to myogenin immunopre-
cipitation and then to Western blot analysis using HA polyclonal an-
tibodies (WB). The 22-kDa HA-MLP is detected only in cells co-
expressing myogenin and MLP, demonstrating that myogenin and
MLP associate with one another within the nuclear compartment.
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Figure 3. Mammalian two-hybrid analyses of MLP and myogenin
interactions in NIH3T3 cells. (4) Schematic diagram of the mam-
malian two-hybrid of MLP with myogenin or myogenin-E12 in
NIH3T3 cells. Myogenin intrinsically contains an activation do-
main, so either myogenin or myogenin-E12 heterodimer could pro-
mote the transcription of the reporter gene by binding with MLP.
(B) NIH3T3 cells were cotransfected with pBind or pBind-MLP,
and the pGS5/uc reporter gene along with control expression plas-
mids or with expression plasmids encoding myogenin, E12, or both.
After 48 h, luciferase activities of the cell extracts were tested with
the Dual-Luciferase Reporter System (Promega).

and purified them with glutathione Sepharose 4B (fig. 4 A).
GST-myogenin, GST-E12, and GST-MLP fusion proteins
were incubated with a 3?P-labeled —324/+36 fragment of
the AChR y-subunit gene promoter, which contains three
E boxes [23]. The generated protein-DNA complexes
were separated by native PAGE and visualized by autora-
diography. As shown in figure 4 B, purified GST-MLP did
not bind to the probe. As expected, only a weak shifted
band was detected when the binding reaction was per-
formed with GST-myogenin or GST-E12 alone. However,
when both GST-myogenin and GST-E12 were present, a
shifted band of high intensity was detected, illustrating
that heterodimer formation is required for strong interac-
tion under these assay conditions. When GST-MLP was
added to the reactions, about twofold to threefold en-
hancement in the bound myogenin-E12 complex was ob-
served. Interestingly, no super-shifted bands were found
when binding reactions were performed with GST-myo-
genin, GST-E12 and GST-MLP in the electrophoretic
mobility shift assays, indicating that GST-MLP does not
reside in the DNA-protein complexes. Thus, although MLP

MLP promotes expression of the AChR y gene
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Figure 4. Electrophoretic mobility shift assays using purified GST-
MLP, GST-myogenin, and GST-E12. (4) The quality of the purified
proteins is checked using 10% SDS-PAGE. Lanes 1, 4, protein mol-
ecular-weight standards; lanes 2, 3, 5, purified GST-MLP, GST-
myogenin, and GST-E12. (B) 3?P-labeled probes of the —324/+36
fragment of the AChR y-subunit gene promoter were incubated
with the purified GST fusion proteins. The DNA-protein complexes
were separated by nondenaturing PAGE and then visualized by au-
toradiography.

enhances myogenin-E12 binding to the E-boxes in the
AChR y-subunit gene promoter, MLP likely dissociates
from these complexes once the DNA-protein complexes
enter the gel.

Discussion

The stage- and tissue-specific expression of the AChR
genes is controlled primarily by the interaction of myo-
genic factors and E boxes [14—20]. The chick AChR y-
subunit gene promoter contains three E boxes within the
—324/+36 fragment [24]. Binding and activating analyses
demonstrate that the activation of the AChR y-subunit
gene promoter is controlled primarily by E boxes, which
are activated by myogenin in vivo [24].

In this study, we found that MLP promotes the expression
of the AChR y-subunit gene in differentiating muscle
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cells, but not in myoblasts or fibroblasts. This finding
suggests that MLP contributes to muscle-specific expres-
sion of the AChR y-subunit gene. Our coimmunoprecipi-
tation and mammalian two-hybrid assays revealed that
MLP interacts with myogenin (fig. 2) or myogenin-E12
heterodimers, but not E12 alone (fig. 3 B), indicating that
MLP and E12 may interact with myogenin at different po-
sitions. These results are in agreement with the finding of
Kong et al. [5]. The interaction of MLP and the myoge-
nin-E12 complex enhances the binding of the myogenin-
E12 complex to the AChR y-subunit gene promoter, sug-
gesting that MLP promotes the expression of the AChR y-
subunit gene by facilitating the binding of myogenin-E12
heterodimers to the E boxes in the AChR y-subunit gene
promoter.

MLP is an essential positive regulator of myogenic dif-
ferentiation and appears to participate in regulatory pro-
cesses controlling muscle-specific gene expression [1, 5].
The recent studies demonstrated that MLP interacts with
T-cap, a 19-kDa muscle-specific protein that was isolated
as a titin-binding protein at the Z disc. MLP is required
for the stabilization of T-cap with the titin complex through
the independent association with a-actinin at the Z disc
[31]. T-cap may block the secretion of myostatin, a key
negative regulator of skeletal muscle growth [32]. These
data suggest that MLP is a crucial factor for regulation of
growth and differentiation of muscle cells by interacting
with various proteins.

In our study, we did not detect MLP in the myogenin-
E12-DNA complex by electrophoretic mobility shift as-
say. However, the inability seems to be a feature shared by
other DNA binding-enhancing proteins such as Rb, pX,
and AP1, which increase the DNA-binding activity of
LSP, CREB, and JunD, respectively, without generating a
ternary complex in electrophoretic mobility shift assays
[33—35]. The enhancement in DNA binding of the myo-
genin-E12 complex induced by MLP can be explained by
the following possibilities. One is that MLP enhances for-
mation of the myogenin-E12 heterodimer. The other pos-
sibility is that MLP may affect the conformation of the
myogenin-E12 heterodimer complex, thereby promoting
DNA sequence recognition.

MLP exhibits a dual subcellular localization, initially
present exclusively in nuclei of early differentiated mus-
cle cells and later accumulating at high levels in the cyto-
plasm [1]. Nuclear MLP appears to be a positive regula-
tory factor of myogenesis by interacting with MyoD
through its first LIM domain [5]. Cytoplasmic MLP is
preferentially associated with actin filaments and the Z
disc region, suggesting that the function of cytoplasmic
MLP is associated with the architecture and contraction
of muscle cells. MLP was recently reported to serve as a
bridging molecule between a-actinin and spectrin, thus
providing a link between the myofibril and the membrane
cytoskeleton [36]. Future studies might investigate the
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mechanisms by which MLP translocates and distributes
in striated muscle cells.

Acknowledgements. We are grateful to Dr. I. Skerjanc (University
of Western Ontario, Canada) for providing the pPGK-myogenin
plasmid and Dr. G. Kato (Johns Hopkins University, Baltimore,
Mad.) for providing the pYN3218-E12 plasmid. We also thank Dr. J.
Schmidt (SUNY at Stony Brook, Stony Brook, N. Y.) and Dr. B.
Langley (Harvard Medical School, Boston, Mass.) for critical re-
view of the manuscript. This work was supported by a grant from
the National Natural Science Foundation of the P. R. China
(30200131) and a grant from the Education Ministry of the P. R.
China (03003).

1 Arber S., Halder G. and Caroni P. (1994) Muscle LIM protein,
a novel essential regulator of myogenesis, promotes myogenic
differentiation. Cell 79: 221-231

2 Sanchez-Garcia I. and Rabbitts T. H. (1994) The LIM domain:
a new structural motif found in zinc-finger-like proteins.
Trends Genet. 10: 315-320

3 Dawid I. B., Breen J. J. and Toyama R. (1998) LIM domains:
multiple roles as adapters and functional modifiers in protein
interactions. Trends Genet. 14: 156—162

4 Bach I. (2000) The LIM domain: regulation by association.
Mech. Dev. 91: 5-17

5 Kong Y., Flick M. J,, Kudla A. J. and Konieczny S. F. (1997)
Muscle LIM protein promotes myogenesis by enhancing the ac-
tivity of MyoD. Mol. Cell. Biol. 17: 4750-4760

6 Fambrough D. M. (1979) Control of acetylcholine receptors in
skeletal muscle. Physiol. Rev. 59: 165-227

7 Heidmann O., Buonanno A., Geoffroy B., Robert B., Guenet J.
L., Merlie J. P. et al. (1986) Chromosomal localization of mus-
cle nicotinic acetylcholine receptor genes in the mouse. Sci-
ence 234: 866—868

8 Merlie J. P. and Sanes J. R. (1985) Concentration of acetyl-
choline receptor mRNA in synaptic regions of adult muscle fi-
bres. Nature 317: 66—68

9 Goldman D. and Staple J. (1989) Spatial and temporal expres-
sion of acetylcholine receptor RNAs in innervated and dener-
vated rat soleus muscle. Neuron 3: 219-228

10 Witzemann V,, Barg B., Criado M., Stein E. and Sakmann B.
(1989) Developmental regulation of five subunit specific
mRNAs encoding acetylcholine receptor subtypes in rat mus-
cle. FEBS Lett. 242: 419-424

11 Brenner H. R., Witzemann V. and Sakmann B. (1990) Im-
printing of acetylcholine receptor messenger RNA accumula-
tion in mammalian neuromuscular synapses. Nature 344:
544-547

12 Frail D. E., Musil L. S., Buonanno A. and Merlie J. P. (1989)
Expression of RAPsyn (43K protein) and nicotinic acetyl-
choline receptor genes is not coordinately regulated in mouse
muscle. Neuron 2: 1077—-1086

13 Tsay H. J. and Schmidt J. (1989) Skeletal muscle denervation
activates acetylcholine receptor genes. J. Cell Biol. 108: 1523 —
1526

14 Piette J., Bessereau J. L., Huchet M. and Changeux J. P. (1990)
Two adjacent MyoD1-binding sites regulate expression of the
acetylcholine receptor alpha-subunit gene. Nature 345: 353—
355

15 Prody C. A. and Merlie J. P. (1991) A developmental and tissue-
specific enhancer in the mouse skeletal muscle acetylcholine
receptor alpha-subunit gene regulated by myogenic factors. J.
Biol. Chem. 266: 22588—22596

16 Prody C. A. and Merlie J. P. (1992) The 5’-flanking region of the
mouse muscle nicotinic acetylcholine receptor beta subunit
gene promotes expression in cultured muscle cells and is acti-
vated by MRF4, myogenin and myoD. Nucleic Acids Res. 20:
2367-2372



2392

20

21

22

23

24

25

26

27

PY. Luetal

Berberich C., Durr 1., Koenen M. and Witzemann V. (1993) Two
adjacent E box elements and a M-CAT box are involved in the
muscle-specific regulation of the rat acetylcholine receptor
beta subunit gene. Eur. J. Biochem. 216: 395-404

Gilmour B. P, Fanger G. R., Newton C., Evans S. M. and Gard-
ner P. D. (1991) Multiple binding sites for myogenic regulatory
factors are required for expression of the acetylcholine receptor
gamma-subunit gene. J. Biol. Chem. 266: 1987119874
Numberger M., Durr ., Kues W., Koenen M. and Witzemann V.
(1991) Different mechanisms regulate muscle-specific AChR
gamma- and epsilon-subunit gene expression. EMBO J. 10:
2957-2964

Chahine K. G., Walke W. and Goldman D. (1992) A 102 base
pair sequence of the nicotinic acetylcholine receptor delta-sub-
unit gene confers regulation by muscle electrical activity. De-
velopment 15: 213-219

Olson E. N. (1990) MyoD family: a paradigm for development?
Genes Dev. 4: 14541461

Weintraub H. (1993) The MyoD family and myogenesis: re-
dundancy, networks, and thresholds. Cell 75: 12411244
Neville C. M., Schmidt M. and Schmidt J. (1992) Response of
myogenic determination factors to cessation and resumption of
electrical activity in skeletal muscle: a possible role for myo-
genin in denervation supersensitivity. Cell. Mol. Neurobiol. 12:
511-527

JiaH.T., Tsay H. J. and Schmidt J. (1992) Analysis of binding and
activating functions of the chick muscle acetylcholine receptor y-
subunit upstream sequence. Cell. Mol. Neurobiol. 12: 241-258
Ridgeway A. G., Petropoulos H., Wilton S. and Skerjanc I. S.
(2000) Wnt signaling regulates the function of MyoD and myo-
genin. J. Biol. Chem. 275: 32398-32405

Loveys D. A., Streiff M. B., Schaefer T. S. and Kato G. J. (1997)
The mUBC9 murine ubiquitin conjugating enzyme interacts
with the E2A transcription factors. Gene 201: 169—-177
Schimmel S. D., Kent C. and Vagelos P. R. (1977) Isolation of
plasma membranes from cultured muscle cells. Methods Cell
Biol. 15: 289-301

28

29

30

31

32

33

34

35

36

MLP promotes expression of the AChR y gene

Wang X. M., Tsay H. J. and Schmidt J. (1990) Expression of the
acetylcholine receptor delta-subunit gene in differentiating
chick muscle cells is activated by an element that contains two
16 bp copies of a segment of the alpha-subunit enhancer.
EMBO J. 9: 783-790

Kong Y., Johnson S. E., Taparowsky E. J. and Konieczny S. F.
(1995) Ras p21Val inhibits myogenesis without altering the
DNA binding or transcriptional activities of the myogenic basic
helix-loop-helix factors. Mol. Cell Biol. 15: 5205-5213
Baldwin T. J. and Burden S. J. (1989) Muscle-specific gene ex-
pression controlled by a regulatory element lacking a MyoD1-
binding site. Nature 341: 716—720

Knoll R., Hoshijima M., Hoffman H. M., Person V., Lorenzen-
Schmidt 1., Bang M. L. et al. (2002) The cardiac mechanical
stretch sensor machinery involves a Z disc complex that is de-
fective in a subset of human dilated cardiomyopathy. Cell 111:
943-955

Nicholas G., Thomas M., Langley B., Somers W., Patel K.,
Kemp C. E etal. (2002) Titin-cap associates with, and regulates
secretion of, myostatin. J. Cell Physiol. 193: 120—131

Chen P. L., Riley D. J, Chen Y. and Lee W. H. (1996)
Retinoblastoma protein positively regulates terminal adipocyte
differentiation through direct interaction with C/EBPs. Genes
Dev. 10: 2794-2804

Gardner K., Moore T. C., Davis-Smyth T., Krutzsch H. and Lev-
ens D. (1994) Purification and characterization of a multicom-
ponent AP-1.junD complex from T cells: dependence on a sep-
arate cellular factor for enhanced DNA binding activity. J. Biol.
Chem. 269: 32963-32971

Williams J. S. and Andrisani O. M. (1995) The hepatitis B virus
X protein targets the basic region-leucine zipper domain of
CREB. Proc. Natl. Acad. Sci. USA 92: 3819-3823

Flick M. J. and Konieczny S. F.(2000) The muscle regulatory
and structural protein MLP is a cytoskeletal binding partner of
Pl-spectrin. J. Cell Sci. 113: 1553 -1564

To access this journal online:
http://www.birkhauser.ch




