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Abstract
Background: a-Syntrophin is a scaffolding protein linking signaling proteins to the sarcolemmal dystrophin complex in
mature muscle. However, a-syntrophin is also expressed in differentiating myoblasts during the early stages of muscle
differentiation. In this study, we examined the relationship between the expression of a-syntrophin and myogenin, a key
muscle regulatory factor.
Methods and Findings: The absence of a-syntrophin leads to reduced and delayed myogenin expression. This conclusion is
based on experiments using muscle cells isolated from a-syntrophin null mice, muscle regeneration studies in a-syntrophin
null mice, experiments in Sol8 cells (a cell line that expresses only low levels of a-syntrophin) and siRNA studies in
differentiating C2 cells. In primary cultured myocytes isolated from a-syntrophin null mice, the level of myogenin was less
than 50% that from wild type myocytes (p,0.005) 40 h after differentiation induction. In regenerating muscle, the
expression of myogenin in the a-syntrophin null muscle was reduced to approximately 25% that of wild type muscle
(p,0.005). Conversely, myogenin expression is enhanced in primary cultures of myoblasts isolated from a transgenic mouse
over-expressing a-syntrophin and in Sol8 cells transfected with a vector to over-express a-syntrophin. Moreover, we find
that myogenin mRNA is reduced in the absence of a-syntrophin and increased by a-syntrophin over-expression.
Immunofluorescence microscopy shows that a-syntrophin is localized to the nuclei of differentiating myoblasts. Finally,
immunoprecipitation experiments demonstrate that a-syntrophin associates with Mixed-Lineage Leukemia 5, a regulator of
myogenin expression.
Conclusions: We conclude that a-syntrophin plays an important role in regulating myogenesis by modulating myogenin
expression.
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a-Syntrophin has been widely studied for its role as a molecular
adapter protein that recruits signaling proteins to the sarcolemmal
dystrophin scaffold in mature muscle. a-Syntrophin binds ion
channels [9–11], G-protein coupled receptors [12], water channels
[13], kinases and associated proteins [14–17], and neuronal nitric
oxide synthase [18].
Nearly all studies of skeletal muscle a-syntrophin have been
performed using mature muscle. Very little is known about the
role of a-syntrophin during early muscle development, even
though myoblasts express a-syntrophin before terminal differentiation [19]. One study has shown that a-syntrophin localizes
diacylglycerol kinase-f (DGKf during several stages of myoblast
fusion [19]. The most compelling evidence for a role of asyntrophin in muscle development comes from investigation of
muscle regeneration in a knockout mouse lacking of the asyntrophin [20]. Regenerating skeletal muscle in this mouse
showed several defects including fiber splitting, fiber type shifts,

Introduction
The basic helix-loop-helix family of transcription regulatory
factors is critical for proper development of skeletal muscle. MyoD
and Myf5 are important for myogenic determination while
myogenin and Mrf4 promote terminal differentiation of muscle
precursor cells to mature skeletal muscle. Myogenin regulates the
expression of a myriad of muscle specific genes and is necessary for
normal muscle development [1]. Myogenin knockout mice have a
severe muscle deformity at birth [2–3]. These mice accumulate
myoblasts that are arrested in their terminal differentiation
program. During normal muscle development, myogenin is not
expressed in undifferentiating myoblasts but accumulates at the
onset of differentiation [4]. Expression of myogenin is induced by
factors that stimulate the myogenic program, such as the decrease
in growth factors or presence of insulin-like growth factor-1 (IGF1), a potent activator of differentiation [5–8].
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NaH2PO4, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mM PMSF and 0.1% protease inhibitor cocktail (Sigma).
Cell lysates were centrifuged at 15,0006g for 3 min to remove cell
debris and the protein concentration of the supernatant determined using the Bradford assay. Equal amounts of total protein
(20 g) were resolved by 4–15% gradient or 10% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene
difluoride (PVDF) membrane (Millipore, MA). The membranes
were incubated for 1 h in a blocking buffer (Tris-buffered saline
containing 0.1% Tween-20 and 5% non-fat milk) and then
incubated with primary antibodies (1:1000) overnight at 4uC. After
incubation with peroxidase conjugated secondary antibodies, the
immune reactive protein bands were visualized by enhanced
chemiluminescence (ECL) detection with Digital Luminescent
Image Analyzer LAS-1000 (Fuji film, Japan). Band intensity was
determined using Scion image software (Fredrick, MD).

increased IGF-1 mRNA, and decreased muscle strength 7 days
after regeneration.
The regeneration defects in the absence of a-syntrophin and the
observation that a-syntrophin is present in undifferentiated
myoblasts prompted us to investigate the role of a-syntrophin in
muscle development. In this study we focus on the relationship
between a-syntrophin and myogenin expression. We explore
myogenin expression using in vivo and in vitro systems that vary in
their level of a-syntrophin expression. Furthermore we investigate
the temporal expression and spatial localization of a-syntrophin
during myoblast differentiation to facilitate the understanding of asyntrophin’s role in muscle development.

Materials and Methods
Materials
Isoform-specific antibodies to syntrophins were previously
prepared [21]. All other antibodies were purchased as follows;
anti-myogenin from BD Bioscience (San Jose, CA) or Santa Cruz
Biotechnology (Santa Cruz, CA), antibodies to dystrophin and bactin from Sigma (St. Louis, MO), anti-MLL-5 antibody from
Orbigen (San Diego, CA), antibodies to GAPDH and actin from
Cell Signaling (Danvers, PA). a-Syntrophin-specific siRNA and
control siRNA were from Santa Cruz Biotechnology (Santa Cruz,
CA). Cardiotoxin (Naja nigricollis) was obtained from Calbiochem
(La Jolla, CA). Rabbit TrueBlot beads and antibody were obtained
from eBioscience (San Diego, CA). All the cell culture reagents,
0.25% Trypsin-EDTA, Lipofectamine 2000 and pcDNA 3.1 were
from Invitrogen (Carlsbad, CA). RNA-SPINTM total RNA
extraction kit, MaximTM RT premix kit, and other reagents for
RT-PCR were from Intron Biotechnology (Seoul, Korea).
Bradford assay kit for determine of protein concentration was
from Bio-Rad (Hercules, CA).

Immunofluorescence analysis
For immunolabeling, cells cultured on coverslips were fixed with
4% paraformaldehyde in PBS for 10 min and permeabilized with
0.5% Triton X-100 in PBS. After blocking with 10% normal goat
serum for 10 min, cells were incubated with anti-a-syntrophin
antibody (1:50 dilution) for 1 h. Cells were then incubated with
propidium iodide (PI) for staining nuclei, and a fluorescent
secondary antibody (1:100 dilution) for 40 min. The specimens
were observed using a Zeiss LSM510 confocal laser scanning
microscope.

Separation of nuclear and cytoplasmic fractions
Cells were washed twice with cold PBS and harvested with a
scraper, and then mixed with nuclear extraction buffer (20 mM
HEPES, pH 7.5, containing 150 mM NaCl, 10% Glycerol, 1 mM
EDTA, 0.5% Triton X-100, 1 mM Na3VO4, 10 mM NaF, 1 mM
PMSF, and 0.01% of protease inhibitor cocktail) and incubated for
30 min on ice. The cell suspension was passed through a 23-gauge
needle 30 times and then centrifuged at 1,0006 g for 10 min. The
pellet and supernatant from the centrifugation are referred to as
the nuclear and cytoplasmic fractions, respectively. The nuclear
fraction was washed 3 times with nuclear extraction buffer and
then subjected to ultrasonication.

Cell culture
Primary skeletal muscle cells were isolated from the forelimbs
and hindlimbs of neonatal mice (0–1 d old) from C57BL6 (wildtype), a-syntrophin knockout (a-KO) [22], a/b2-syntrophin
knockout (aabb) [23] and a-syntrophin transgenic mice (FLA)
[24] strains. The preparation was carried out according to
previously described procedure [25] with slight modifications.
Myoblasts were isolated from minced muscle tissue following
dissociation with 0.25% trypsin-EDTA (final conc. 0.05%) in PBS
for 45 min at 37uC. For myoblast enrichment, cells were passed
through a strainer (80 mm pore size; BD Falcon, San Jose, CA) and
pre-plated twice for 1 h each plating. The percentage of myoblasts
could be maintained at greater that 70% by preplating the cells
[26]. Cells then were seeded at a density of 3.06105 cells/ml in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) and 5% new-born calf serum for 1 day
under 5% CO2 at 37uC. Then, cells were transferred into 2%
horse serum (HS) containing DMEM for differentiation induction.
C2 and Sol8 myogenic cells were seeded at a concentration of
1.06104 cells/ml. Cells were grown in 10% FBS containing
DMEM (growth medium) for 3 days and induced to differentiate
by transfer into 2% HS containing DMEM (Figure S1).
Experimental procedures performed on mice were approved by
the Institutional Animal Care and Use Committee of the
University of Washington.

Transfection of a-syntrophin specific small interference
RNA (siRNA) or cDNA
For siRNA transfection, C2 cells (1.06105 cells/ml) were grown
in 24-well tissue culture plates in an antibiotic-free DMEM
containing 10% FBS for 24 h. Cells were transferred into OptiMEM and then were transfected by incubation with control
siRNA or a-syntrophin specific siRNA for 6 h. The transfected
cells were transferred into differentiation medium (0 h) and
cultured for the indicated times. For the over-expression of asyntrophin, the full-length a-syntrophin cDNA [27] was cloned
into the HindIII and BamHI site of pcDNA3.1. Sol8 cells
(1.06105 cells/ml) were cultured in 24-well tissue culture plates in
an antibiotic-free DMEM containing 10% FBS for 24 h. Cells of
90% confluence were incubated with a-syntrophin cDNA in
pcDNA3 and used in transfection experiments with Lipofectamine
2000 according to the manufacturer’s instructions.

RNA preparation and reverse transcriptase (RT)-PCR
Western blot analysis

Total RNA was isolated from C2 or Sol8 cells using RNASPINTM total RNA extraction kit. First strand cDNA synthesis was
performed using 1 g RNA template with the MaximTM RT
premix kit according to the manufacturer’s instructions. The

Cells were rinsed twice with cold phosphate-buffered saline
(PBS), harvested with a scraper and disrupted by ultrasonication in
RIPA buffer, pH 7.4, containing 9.1 mM Na2HPO4, 1.7 mM
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synthesized cDNA was used as a template for amplification by
PCR (30 cycles of 94uC for 30 sec, 59uC for 30 sec and 72uC for
30 sec for a-syntrophin and GAPDH; 30 cycles of 94uC for 30 sec,
55uC for 30 sec and 72uC for 30 sec for myogenin). The primer
sequences used were: mouse a-syntrophin GCTAAAGAGGCGAAGATGG and TTATGATAGCTTCAAGGCCA; mouse
myogenin, GCAGTGCCATCCAGTACATTGAGC and GGAAGGTGACAGACATATCCTCCAC; mouse GAPDH, ACCACAGTCCATGCCATCAC and TCCACCACCCTGTTGCTGTA.

Cardiotoxin injection
Eight week old female C57BL6 (wild-type) and a-KO mice were
anesthetized and 30 ml of cardiotoxin (10 mM in PBS) was injected
into the left tibialis anterior (TA) muscle and the same volume of
PBS was injected into the right TA as a control. At the indicated
time points following injection, the TA muscles were isolated,
frozen in liquid nitrogen and stored at 270uC until use. Each
frozen muscle was added to 2.5 ml of a RIPA buffer and
homogenized using a PT200E Polytron (Kinematica, Luzern,
Switzerland). Muscle lysates were incubated on ice for 30 min, and
then centrifuged 15,000 g for 3 min. The protein concentration of
the supernatant was determined by Bradford assay (Bio-Rad) and
the samples subjected to immunoblot analysis.

Immunoprecipitation
Cells were harvested as above, lysed with a RIPA buffer and
disrupted with an ultrasonicator. To remove cell debris, lysates
were spun down at 15,0006 g for 3 min. For pre-clearance, cell
extracts (500 mg/500 ml) were incubated with 50 ml of TrueBlot
beads for 30 min on ice. Anti-a-syntrophin antibody was then
added to pre-cleared cell lysates and incubated overnight at 4uC.
TrueBlot beads (50 ml) were added again to the extracts and
incubated for 1 h at 4uC. The immune-complexes were collected
by centrifugation, washed 3 times with PBS and separated with
SDS-PAGE.

Statistical analysis
For the statistical analysis of the myogenin level, two-tailed
Student’s unpaired t tests were performed. A value of p,0.01 was
considered to be significant.

Figure 1. Expression of myogenin during myocyte differentiation. (A) Primary cultured skeletal muscle cells from wild-type (black
bar) or a-KO (white bar) were harvested at the time points indicated
after differentiation induction. The level of myogenin expression was
determined by western blotting and the band intensity was quantified
using Scion Image. The average band intensity of wild type myocytes at
1 h was defined as 1.00 to express the relative intensity of the
remaining samples. Values are the mean 6 S.E.M. of four independent
experiments. (*p,0.01, **p,0.005). The inset shows a representative
blot. (B) Similar experiments comparing the myogenin expression in aKO (white bar) or the a-syntrophin transgenic, FLA (crosshatched bar).
Values are expressed as mean 6 S.E.M. of three independent
experiments. (**p,0.005). Actin immunolabeling was used as a loading
control.
doi:10.1371/journal.pone.0015355.g001

Results
Myogenin expression in mouse myocytes
In this work we investigated the role of a-syntrophin in muscle
development focusing on its modulation of myogenin expression.
For the first set of experiments, mononucleated skeletal myoblasts
from a-syntrophin knockout (a-KO) or C57 wild-type mice were
isolated from neonatal pups and grown in culture. In mitogen-rich
growth medium, myoblasts proliferate with no prominent
difference in morphology between the a-KO and controls. Upon
transfer into low-mitogen differentiation medium, myoblasts fuse
to produce multinucleated myotubes. Myogenin is first expressed
during this differentiation into myotubes. We collected samples of
the cultured muscle cells 1, 20, and 40 hrs after the addition of
differentiation medium. Immunoblot analysis shows that in the
undifferentiated myocytes (1 h), myogenin levels are relatively low,
but as differentiation proceeds, the myogenin levels increase
(Figure 1A). At 40 h after differentiation induction, myogenin
levels are approximately four times the level at 1 h. Myogenin
expression in a-KO cells also increases during differentiation but is
consistently lower than that of C57 cells. At 40 h after
PLoS ONE | www.plosone.org

differentiation induction, myogenin levels in the a-KO samples
are less than half those of the C57 samples.
To strengthen the correlation between syntrophin and myogenin expression, we compared myogenin levels of a-KO
myocytes with those of myocytes derived from a-syntrophintransgenic mice (FLA). These mice over-express a-syntrophin in
striated muscle and have been bred onto the a-syntrophin KO
background so that the only a-syntrophin expressed is derived
from the transgene [24]. The level of myogenin in the FLA
myoblasts is more than twice that of a-KO at the first (1 h) time
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were transfected with control siRNA or a-syntrophin-specific
siRNA for 6 h. The transfected cells were transferred into
differentiation medium and harvested for analysis at the indicated
times (Figure 4A). The expression of a-syntrophin is greatly
reduced in the a-syntrophin-specific siRNA-transfected cells
(Figure 4), compared with the control siRNA-transfected cells.
The control cells show an increase in a-syntrophin expression
during differentiation similar to that of non-transfected cells (see
Figure 3). Myogenin is detected at 24 h in both control and asyntrophin specific siRNA-transfected cells, but the level of
myogenin in the a-syntrophin siRNA-transfected cells is significantly reduced (approximately 20% of control). The reduction of
myogenin by a-syntrophin siRNA is dose-dependent. The
expression of myogenin decreases with increasing dose of the
transfected siRNA (Figure 4B).
The lower expression of myogenin could be caused by reduced
levels of transcription or by post-transcriptional mechanisms. To
differentiate between these possibilities, we measured the relative
myogenin mRNA levels using RT-PCR (Figure 4C). The
myogenin mRNA level is reduced in the a-syntrophin siRNAtransfected C2 cells. This result indicates that the reduction of
myogenin in the a-syntrophin siRNA-transfected cells most likely
occurs at the transcriptional level.
Based on the strong relationship between a-syntrophin and
myogenin expression, we hypothesized that artificially increasing
the expression of a-syntrophin in Sol8 cells could increase
myogenin expression to that observed in C2 cells (see Figure 3A).
We tested this hypothesis by transfecting Sol8 myoblasts with
pcDNA or pcDNA-a-syntrophin. After transferring the transfected
cells into differentiation medium (0 h), cells were harvested at the
indicated time points and the expression of a-syntrophin and
myogenin assayed by immunoblotting (Figure 5). The expression
level of a-syntrophin increases with differentiation time in pcDNAa-syntrophin-transfected cells but remains constant in the control
(pcDNA-transfected) cells (Figure 5A). Myogenin is detected at the
24 h point in pcDNA-a-syntrophin-transfected cells; 12 h earlier
than in pcDNA-transfected cells or in non-transfected control Sol8
cells (see Figure 3B). Myogenin expression increases in a dosedependent manner with increasing concentration of pcDNA-asyntrophin (Figure 5B). RT-PCR analysis shows that transfection
of pcDNA-a-syntrophin increases the myogenin mRNA levels.
Together these data confirm our hypothesis that increasing levels
of a-syntrophin in Sol8 cells leads to a corresponding increase in
myogenin levels and that this increase is most likely due to an
increase in transcription.
Although a-syntrophin is a dominant isoform in skeletal
muscle, other types of syntrophin are also expressed in skeletal
muscle. Therefore, we examined a possibility that these other
isoforms could compensate for the absence of a-syntrophin in
regulating myogenin expression in C2 cells. In the differentiating
myoblasts, b1-syntrophin is detected only in the fully differentiated myotubes (96 h) but not in the undifferentiated myoblasts
(0 h). In contrast, the expression of b2-syntrophin occurs both in
myoblasts and myotubes without significant changes in the level
(Figure 6A). We examined expression of b2-syntrophin in the asyntrophin-specific siRNA-transfected cells (Figure 6B). b2Syntrophin is increased with decreasing level of a-syntrophin
by transfection. However, the increased b2-syntrophin does not
prevent the decrease of myogenin. This result implies that b2syntrophin does not compensate for the absence of a-syntrophin
in regard to myogenin expression. To confirm the observation,
we compared myogenin expression in the primary cultured
myoblasts from the a-KO and a/b2-syntrophin double knockout
mouse (aabb) [23]. There is no significant difference in the

point of differentiation (Figure 1B). After 96 h of differentiation,
when myoblasts fusion peaks, there is no significant difference in
myogenin expression. These results indicate that a-syntrophin
expression is correlated with the expression of myogenin during
the early differentiation of cultured skeletal muscle cells.

Myogenin expression in regenerating mouse muscle
Based on our findings in cultured primary myoblasts, we
investigated the relationship between a-syntrophin and myogenin
expression using an in vivo system. Myogenin is down-regulated in
mature muscle fibers [28]. Therefore, we investigated myogenin
expression in regenerating muscle. We induced regeneration by
injecting cardiotoxin directly into the muscle of 8-week-old control
and a-KO mice. Cardiotoxin was injected into the tibialis anterior
(TA) muscle and the contralateral TA was injected with PBS as a
control. Since previous studies showed that myogenic differentiation begins within 3 days after cardiotoxin injection [29], we
measured myogenin expression during the first week following
injection. Although the pattern of myogenin expression is similar
for control and a-KO mice (present from day 1, peaking at day 4,
then diminishing at day 7) the myogenin levels in a-KO muscle
are lower than the control at each time point (Figure 2A).
Myogenin is also expressed at much lower levels in the PBSinjected TA muscle of both C57 and a-KO (Figure 2B). When the
myogenin levels in the regenerating muscle are normalized to the
contralateral PBS control, the difference in early expression
becomes clear (Figure 2B). One day after injection, the ratio of
myogenin in cardiotoxin-treated to PBS injected muscle in a-KO
mice is less than 25% that of control mice. This implies that
regeneration is delayed in a-KO mice compared with wild-type
mice. Supporting this conclusion is the expression of b-actin, a
regeneration marker in skeletal muscle [30]. b-Actin is expressed
at much lower levels in a-KO mice compared with wild-type mice
at 1 day after cardiotoxin injection (Figure 2B).

a-Syntrophin modulates myogenin expression in
myogenic cell lines
To complement these studies of a-syntrophin and myogenin
expression in vivo, we used cultured cell lines that could be further
manipulated. Both the C2 cell line, isolated from adult mouse
skeletal muscle [31], and the Sol8 line isolated from mouse
oxidative (soleus) muscle [32] were used for these studies. One
difference between these lines is that Sol8 cells do not express
dystrophin [33]. In Duchenne muscular dystrophy the absence of
dystrophin leads to a large reduction of the dystrophin associated
proteins [34–36]. Sol8 cells do not express a-sarcoglycan, one of
the dystrophin-associated proteins [33], but there have been no
reports of the expression of syntrophins in these cells. Therefore,
we examined the expression of a-syntrophin during the differentiation of C2 and Sol8. Before differentiation induction (0 h), the
level of a-syntrophin is similar in both cell lines. However, the level
of a-syntrophin dramatically increases in the differentiating C2
myotubes (Figure 3A). In contrast, the level of a-syntrophin in Sol8
cells does not increase during differentiation. As a control, the level
of creatine kinase, a muscle specific protein and late differentiation
marker, is similar in both lines after 96 h (Figure 3A). We also
examined the expression of myogenin during differentiation. At
time 0 h myogenin is undectable in both C2 and Sol8 myoblasts.
However, 24 h after differentiation induction myogenin can be
detected in C2 cells but not in Sol8 cells. Myogenin was eventually
detected at 36 h in Sol8 cells indicating a delay in expression of
approximately 12 h compared to C2 cells (Figure 3B).
We also performed a knock-down experiment by transient
transfection with an a-syntrophin-specific siRNA. C2 myoblasts
PLoS ONE | www.plosone.org
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Figure 2. Expression of myogenin in regenerating muscle. (A) The tibialis anterior (TA) muscles of wild type (- -) and a-KO (-#-) mice were
injected with cardiotoxin (CTX) to induce regeneration. After the indicated number of days following injection, muscles were harvested and
myogenin expression was assayed by western blot and the band intensity was quantified using Scion Image. The intensity of the myogenin band
from the wild type at 1 day is represented as 1.00 and the other bands are expressed relative to this band. (B) Ratio of myogenin expression in the
CTX injected to the contralateral PBS-injected TA muscle at the indicated days after injection. Values are expressed as the mean 6 S.E.M. of three
independent experiments. (*p,0.005, **p,0.01). The ratio of myogenin band intensity from a-KO at 1 day was represented as 1.00. b-Actin was used
as a regeneration marker and GAPDH was used as a loading control. The black and white bars indicate wild type and a-KO, respectively.
doi:10.1371/journal.pone.0015355.g002

ma in association with dystrophin [37–38]. However, a-syntrophin
has been observed in the nuclear region of cultured muscle cells
[39]. We used both biochemical and immunofluorescence techniques to examine the subcellular localization of a-syntrophin in C2
and Sol 8 cells. Cytoplasmic and nuclei enriched fractions were
prepared by centrifugation from cell samples acquired at 12 hr
increments following induction of differentiation. As expected, a-

expression of myogenin differentiation of myoblasts derived from
these mice (Figure 6C).

Nuclear localization of a-syntrophin
If a-syntrophin directly modulates myogenin transcription, one
would expect to find a-syntrophin in the myocyte nucleus. In
mature muscle, a-syntrophin is primarily localized at the sarcolemPLoS ONE | www.plosone.org
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Figure 3. Myogenin expression in Sol8 and C2 cell lines. (A) The
expression of dystrophin, a-syntrophin, and creatine kinase was
assessed by western blotting in C2 and Sol8 myocytes before (0 h)
and after (96 h) differentiation to myotubes. (B) Myogenin expression
assessed by western blotting at the indicated time points following
differentiation induction. Actin was used as a loading control. Results
are representative of three independent experiments.
doi:10.1371/journal.pone.0015355.g003

syntrophin is mainly present in the cytoplasmic fraction, but asyntrophin is also present in the nuclear fraction of the C2 myocytes
(Figure 7A). The amount of a-syntrophin in the nuclear fraction
increased during differentiation of the C2 cells. In contrast, only
very low levels of a-syntrophin are observed in the nuclear fraction
of Sol8 cells (Figure S2). Immunofluorescence studies of both C2
and Sol8 cells show that while a-syntrophin is found throughout the
cytoplasm, areas of concentration are present in the nucleus of C2
myoblasts. The nuclear a-syntrophin increases in the differentiated
C2 myotubes (arrowheads in Figure 7B). In contrast, very little
nuclear a-syntrophin is observed in the Sol8 myoblasts and
myotubes (Figure S2).

Figure 4. siRNA knock-down of a-syntrophin suppresses
myogenin expression in C2 cells. (A) C2 myoblasts were transfected
with control siRNA or a-syntrophin-specific siRNA. Cells were transferred
into differentiation medium and harvested at the indicated times. The
expression of a-syntrophin or myogenin was assessed by western
blotting. (B) Cells were transfected with increasing doses of control or asyntrophin-specific siRNA and harvested 24 h after differentiation
induction. Cell lysates were analyzed for expression of a-syntrophin
and myogenin by western blotting. Actin was used as a loading control.
(C) C2 cells transfected with control or a-syntrophin-specific siRNA
(100 nM) were assayed for mRNA levels of a-syntrophin and myogenin
by RT-PCR. GAPDH was used as a control. Results are representative of
at least three independent experiments.
doi:10.1371/journal.pone.0015355.g004

a-Syntrophin associates with MLL-5
The expression of muscle regulators, including myogenin, is
regulated by the histone methyltransferase, myeloid/lymphoid or
mixed-lineage leukemia 5 (MLL5) [40]. Since our results showed
that a-syntrophin expression also regulates myogenin expression
and that a-syntrophin is present in the myocyte nucleus, we
hypothesized that a-syntrophin may be associated with MLL5 in
these cells. To test this hypothesis we compared the expression of
MLL5 and a-syntrophin in differentiating C2 myocytes (Figure 7A).
MLL5 is detected in undifferentiated myoblasts (0 h) and at 48 h,
but is absent 96 h after differentiation induction (Figure 8A). Also at
the indicated time points we immunoprecipitated a-syntrophin and
tested the immunocomplexes for MLL5 (Figure 8B). The MLL5
band is detected only at the 48 h time point implying that asyntrophin and MLL5 associate transiently during the time when
myoblasts are undergoing differentiation. This result suggests that
the interaction of MLL5 and a-syntrophin is regulated in a timespecific manner during myogenic differentiation.

various channels, kinases and signaling proteins [9–11,13–17].
The a-syntrophin scaffolding has been extensively studied in
mature skeletal muscle both at the neuromuscular junction and on
the sarcolemma [41]. However, the function of a-syntrophin
during early development of skeletal muscle has not been
previously characterized. In this work we find that in addition to
sarcolemmal scaffolding, a-syntrophin functions to modulate the
expression of myogenin in differentiating muscle. We used a
variety of experiments to demonstrate that both the time-course
and the amount of myogenin expression depend on the level of asyntrophin expression.
Our results show that the absence of a-syntrophin leads to
reduced and delayed expression of myogenin. We observed this

Discussion
In mature skeletal muscle, a-syntrophin associates with
dystrophin to provide scaffolding that localizes to the sarcolemma
PLoS ONE | www.plosone.org
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Figure 5. Over-expression of a-syntrophin promotes myogenin
expression in Sol8 cells. (A) Sol8 myoblasts were transfected with
pcDNA (control) or pcDNA containing full-length a-syntrophin DNA.
Transfected cells were transferred to differentiation medium, harvested
at the indicated time points, and the expression of a-syntrophin and
myogenin determined by western blotting. (B) Sol8 cells were
transfected with increasing doses of pcDNA (mock) or pcDNA
containing full-length a-syntrophin DNA and incubated in differentiation medium for 24 h. Expression of a-syntrophin and myogenin was
assessed by western blotting. Actin was used as a loading control. (C)
Transfected Sol8 cells (using 0.8 mg of DNA) were cultured for 24 h in a
differentiation medium. The mRNA levels of a-syntrophin and
myogenin were assayed by RT-PCR. GAPDH was used as a control.
Results are representative of at least three independent experiments.
doi:10.1371/journal.pone.0015355.g005

Figure 6. b2-Syntrophin does not contribute to the regulation
of myogenin expression. (A) The expression of b1-syntrophin, b2syntrophin, as well as a-syntrophin was determined by western blotting
in C2 undifferentiated myoblasts (0 h) and differentiated myotubes
(96 h). Actin represents a loading control. (B) C2 myoblasts were
transfected with increasing dose of control siRNA or a-syntrophinspecific siRNA and harvested 24 h after differentiation induction.
Expression of a-, b1- and b2-syntrophins was determined with
previously characterized antibodies. Actin represents a loading control.
(C) Primary cultured skeletal muscle cells from a-KO and aabb (a/b2syntrophin double knockout) were harvested at the indicated time after
differentiation induction. The expression level of myogenin was
determined western blotting and band intensity was measured using
Scion Image software. The band intensities were expressed as the ratio
of myogenin to actin. Results are representative of at least three
independent experiments.
doi:10.1371/journal.pone.0015355.g006

effect in differentiating myoblasts from primary cell cultures
isolated from the a-syntrophin null mice. Similarly we observed
reduced and delayed expression of myogenin in cultures of asyntrophin siRNA treated C2 cells. The siRNA results are
particularly interesting because they show that the level of
myogenin expression is dependent on the concentration of siRNA
used. During differentiation of Sol8 cells (a cell line that expresses
only low levels of a-syntrophin compared to those in C2 cells),
myogenin expression is reduced and delayed. Taken together,
these experiments demonstrate that reduced a-syntrophin leads to
reduced expression of myogenin. We have also observed reduced
myogenin levels in vivo during regeneration of muscle from asyntrophin null mice. This finding is consistent with a published
report of muscle performance in the regenerating muscle of a-KO
mice [20]. This study found that shortly after regeneration (7 days
after cardiotoxin injection) the grip strength of a-syntrophin
knockout mice was significantly less than that of control mice. This
observation implies that regeneration is slower in the absence of asyntrophin, a finding consistent with our observed reduced and
delayed myogenin expression in differentiating myoblasts.
Conversely, we find that over-expression of a-syntrophin
enhances myogenin expression. Primary myocytes isolated from
transgenic mice expressing high levels of a-syntrophin (on the aPLoS ONE | www.plosone.org

syntrophin null background) show a high level of myogenin
expression during differentiation. Likewise, differentiating Sol8
myocytes have much higher levels of myogenin when transfected
with pcDNA-a-syntrophin, a construct expressing a-syntrophin.
This increase in myogenin expression is also dose-dependent.
These in vitro and in vivo experiments clearly demonstrate a direct
correlation between the expression of a-syntrophin and myogenin
in differentiating myoblasts. This correlation is most pronounced
during the early stages of muscle differentiation. Muscles of asyntrophin null mice mature and function normally in the adult
mouse [22,42]. However, functional muscle regeneration is slower
in the absence of a-syntrophin [20]. These observations suggest
that a-syntrophin is not required for myogenin expression and
myoblast differentiation. Rather, a-syntrophin modulates myogenin expression during a critical time in the early stages of
differentiation.
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Figure 8. a-Syntrophin association with MLL5. (A) C2 myoblasts
were induced to differentiate and the expression of MLL5 and asyntrophin was assessed by western blot at the indicated time points.
b-Actin is used as a loading control. (B) At the indicated differentiation
times, C2 cells were harvested and the extracts immunoprecipitated
using an anti-a-syntrophin antibody. MLL5 amount was assessed by
western blot. The ‘‘bead’’ lane refers to a control lacking the IP antibody
(a-syntrophin) and the ‘‘total’’ lane refers to a cell extract collected at
0 h. Results are representative of three independent experiments.
doi:10.1371/journal.pone.0015355.g008

does not contain a conventional nuclear localization signal
sequence and we do not know how a-syntrophin is directed to
the nucleus. However, since a-syntrophin is present in the nucleus
and is known to bind multiple proteins involved in cell signaling,
we propose that a-syntrophin is involved in nuclear signaling that
results in modulation of myogenin transcription.
One pathway that regulates myogenin transcription involves the
histone methyltransferase MLL5. MLL5 is part of a multiprotein
complex that regulates transcription at the epigenetic level by
mechanisms such as chromatin remodeling and histone modification [43–44]. Expression of several regulators of muscle differentiation, including myogenin, are impaired when MLL5 expression
is reduced by siRNA [40]. We hypothesized that syntrophin could
be part of the multiprotein complex associated with MLL5. We
find that MLL5 co-purifies with a-syntrophin in the specific stages
of differentiation when differentiation of myoblasts is being
initiated. Thus, a-syntrophin may regulate myogenin expression
by association with MLL5, perhaps providing a nuclear scaffold to
organize a multiprotein signaling complex.
Our results demonstrate a novel function for a-syntrophin as a
positive regulator early in the differentiation of myoblasts. aSyntrophin enhances myoblast differentiation and muscle development by promoting myogenin expression. We have shown that
a-syntrophin is part of a nuclear protein complex that includes
MLL5, a known regulator of myogenin expression. Future studies
will focus on identifying other proteins in the complex and
other pathways whereby a-syntrophin modulates muscle protein
expression.

Figure 7. a-Syntrophin is localized in the nuclei of differentiating C2 myotubes. (A) The nuclear fraction was separated from the
cytoplasmic fraction of C2 cells at the indicated times after
differentiation induction. Western blotting shows that a-syntrophin is
present in both fractions but expression increases in the C2 nuclear
fraction with differentiation. GAPDH and histone were used as markers
for cytoplasm and nuclear fractions, respectively. (B) Immunofluorescence of a-syntrophin in undifferentiated myoblasts (0 h) and
differentiated myotubes (96 h) of C2 cells shows its presence in the
nucleus. Propidium iodide (PI) staining marks nuclei. Arrowheads
indicate nuclear localization of a-syntrophin in C2 myoblasts and
myotubes. Scale bar = 10 mm.
doi:10.1371/journal.pone.0015355.g007

To address how a-syntrophin modulates myogenin expression
we determined myogenin mRNA levels during differentiation. In
a-syntrophin siRNA-treated C2 myocytes, the levels of myogenin
mRNA are reduced, similar to the protein levels. Furthermore, we
observed that in Sol8 cells overexpressing a-syntrophin, myogenin
mRNA levels were increased. These results suggest that asyntrophin levels modulate the amount of myogenin mRNA. This
modulation most likely occurs via an affect on myogenin
transcription, although we have not ruled out a change in
myogenin mRNA stability/turnover. However, we do find asyntrophin in the nuclei of differentiating myocytes at a time
consistent with transcriptional regulation of myogenin. Nuclear
localization of a-syntrophin has been previously reported in
C2C12 muscle cells [39]. Furthermore, the level of a-syntrophin in
the nucleus of C2C12 myocytes increases following induction of
muscle differentiation [39]. The primary sequence of a-syntrophin
PLoS ONE | www.plosone.org

Supporting Information
Figure S1 Myoblast fusion in C2 cells and Sol8 cells. Both C2

and Sol8 myoblasts were induced to differentiate by transferring
into 5% horse serum-containing differentiation medium (time 0 h).
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myotubes (96 h) of Sol8 cells shows minimal presence of asyntrophin in the nucleus. PI staining marks nuclei. Scale bar
= 10 mm.
(TIF)

(A) C2 and Sol8 cells were stained with hematoxylin and observed
by microscopy at the indicated times following differentiation
induction. Scale Bar = 20 mm. (B) Degree of cell fusion in 10
randomly chosen fields was determined at the indicated culture
times. Values are expressed as mean 6 S.E.M. of three
independent experiments. (**p,0.01). Cells were considered to
be fused only if there was clear cytoplasmic continuity and at least
three nuclei present within the myotubes.
(TIF)

Acknowledgments
We thank Dr. Guy Odom (University of Washington) for assistance with
cardiotoxin injections.

Figure S2 The subcellular localization of a-syntrophin in Sol8.
(A) The nuclear fraction was separated from the cytoplasmic
fraction in Sol8 cells at the indicated times after differentiation
induction. The level of a-syntrophin was assessed by western blot.
GAPDH and histone were used as markers for cytoplasm and
nuclear fractions, respectively. (B) Immunofluorescence of asyntrophin in undifferentiated myoblasts (0 h) and differentiated

Author Contributions
Conceived and designed the experiments: MK SCF HK MEA. Performed
the experiments: MK SH JL MEA HK. Analyzed the data: MK SH JL
SCF MEA HK. Contributed reagents/materials/analysis tools: SCF MEA
HK. Wrote the paper: MK SCF MEA HK.

References
19. Abramovici H, Hogan AB, Obagi C, Topham MK, Gee SH (2003)
Diacylglycerol kinase-zeta localization in skeletal muscle is regulated by
phosphorylation and interaction with syntrophins. Mol Biol Cell 14: 4499–4511.
20. Hosaka Y, Yokota T, Miyagoe-Suzuki Y, Yuasa K, Imamura M, et al. (2002)
Alpha1-syntrophin-deficient skeletal muscle exhibits hypertrophy and aberrant
formation of neuromuscular junctions during regeneration. J Cell Biol 158:
1097–1107.
21. Peters MF, Adams ME, Froehner SC (1997) Differential association of
syntrophin pairs with the dystrophin complex. J Cell Biol 138: 81–93.
22. Adams ME, Kramarcy N, Krall SP, Rossi SG, Rotundo RL, et al. (2000)
Absence of alpha-syntrophin leads to structurally aberrant neuromuscular
synapses deficient in utrophin. J Cell Biol 150: 1385–1398.
23. Adams ME, Kramarcy N, Fukuda T, Engel AG, Sealock R, et al. (2004)
Structural abnormalities at neuromuscular synapses lacking multiple syntrophin
isoforms. J Neurosci 24: 10302–10309.
24. Adams ME, Mueller HA, Froehner SC (2001) In vivo requirement of the alphasyntrophin PDZ domain for the sarcolemmal localization of nNOS and
aquaporin-4. J Cell Biol 155: 113–122.
25. Rando TA, Blau HM (1994) Primary mouse myoblast purification, characterization, and transplantation for cell-mediated gene therapy. J Cell Biol 125:
1275–1287.
26. Richler C, Yaffe D (1970) The in vitro cultivation and differentiation capacities
of myogenic cell lines. Dev Biol 23: 1–22.
27. Adams ME, Dwyer TM, Dowler LL, White RA, Froehner SC (1995) Mouse
alpha 1- and beta 2-syntrophin gene structure, chromosome localization, and
homology with a discs large domain. J Biol Chem 270: 25859–25865.
28. Bennett AM, Tonks NK (1997) Regulation of distinct stages of skeletal muscle
differentiation by mitogen-activated protein kinases. Science 278: 1288–1291.
29. Hawke TJ, Garry DJ (2001) Myogenic satellite cells: physiology to molecular
biology. J Appl Physiol 91: 534–551.
30. Koo JH, Smiley MA, Lovering RM, Margolis FL (2007) Bex1 knock out mice
show altered skeletal muscle regeneration. Biochem Biophys Res Commun 363:
405–410.
31. Yaffe D, Saxel O (1977) Serial passaging and differentiation of myogenic cells
isolated from dystrophic mouse muscle. Nature 270: 725–727.
32. Daubas P, Klarsfeld A, Garner I, Pinset C, Cox R, et al. (1988) Functional
activity of the two promoters of the myosin alkali light chain gene in primary
muscle cell cultures: comparison with other muscle gene promoters and other
culture systems. Nucleic Acids Res 16: 1251–1271.
33. Marchand E, Constantin B, Vandebrouck C, Raymond G, Cognard C (2001)
Calcium homeostasis and cell death in Sol8 dystrophin-deficient cell line in
culture. Cell Calcium 29: 85–96.
34. Ervasti JM, Ohlendieck K, Kahl SD, Gaver MG, Campbell KP (1990)
Deficiency of a glycoprotein component of the dystrophin complex in dystrophic
muscle. Nature 345: 315–319.
35. Ohlendieck K, Campbell KP (1991) Dystrophin-associated proteins are greatly
reduced in skeletal muscle from mdx mice. J Cell Biol 115: 1685–1694.
36. Ohlendieck K, Matsumura K, Ionasescu VV, Towbin JA, Bosch EP, et al.
(1993) Duchenne muscular dystrophy: deficiency of dystrophin-associated
proteins in the sarcolemma. Neurology 43: 795–800.
37. Adams ME, Butler MH, Dwyer TM, Peters MF, Murnane AA, et al. (1993) Two
forms of mouse syntrophin, a 58 kd dystrophin-associated protein, differ in
primary structure and tissue distribution. Neuron 11: 531–540.
38. Ahn AH, Freener CA, Gussoni E, Yoshida M, Ozawa E, et al. (1996) The three
human syntrophin genes are expressed in diverse tissues, have distinct
chromosomal locations, and each bind to dystrophin and its relatives. J Biol
Chem 271: 2724–2730.
39. Gonzalez-Ramirez R, Morales-Lazaro SL, Tapia-Ramirez V, Mornet D,
Cisneros B (2008) Nuclear and nuclear envelope localization of dystrophin Dp71

1. Roy K, de la Serna IL, Imbalzano AN (2002) The myogenic basic helix-loophelix family of transcription factors shows similar requirements for SWI/SNF
chromatin remodeling enzymes during muscle differentiation in culture. J Biol
Chem 277: 33818–33824.
2. Hasty P, Bradley A, Morris JH, Edmondson DG, Venuti JM, et al. (1993)
Muscle deficiency and neonatal death in mice with a targeted mutation in the
myogenin gene. Nature 364: 501–506.
3. Nabeshima Y, Hanaoka K, Hayasaka M, Esumi E, Li S, et al. (1993) Myogenin
gene disruption results in perinatal lethality because of severe muscle defect.
Nature 364: 532–535.
4. Arnold HH, Braun T (1996) Targeted inactivation of myogenic factor genes
reveals their role during mouse myogenesis: a review. Int J Dev Biol 40:
345–353.
5. Edmondson DG, Olson EN (1989) A gene with homology to the myc similarity
region of MyoD1 is expressed during myogenesis and is sufficient to activate the
muscle differentiation program. Genes Dev 3: 628–640.
6. Wright WE, Sassoon DA, Lin VK (1989) Myogenin, a factor regulating
myogenesis, has a domain homologous to MyoD. Cell 56: 607–617.
7. Xu Q, Wu Z (2000) The insulin-like growth factor-phosphatidylinositol 3-kinaseAkt signaling pathway regulates myogenin expression in normal myogenic cells
but not in rhabdomyosarcoma-derived RD cells. J Biol Chem 275:
36750–36757.
8. Florini JR, Ewton DZ, Roof SL (1991) Insulin-like growth factor-I stimulates
terminal myogenic differentiation by induction of myogenin gene expression.
Mol Endocrinol 5: 718–724.
9. Gee SH, Madhavan R, Levinson SR, Caldwell JH, Sealock R, et al. (1998)
Interaction of muscle and brain sodium channels with multiple members of the
syntrophin family of dystrophin-associated proteins. J Neurosci 18: 128–137.
10. Leonoudakis D, Conti LR, Anderson S, Radeke CM, McGuire LM, et al. (2004)
Protein trafficking and anchoring complexes revealed by proteomic analysis of
inward rectifier potassium channel (Kir2.x)-associated proteins. J Biol Chem
279: 2 31–22346.
11. Connors NC, Adams ME, Froehner SC, Kofuji P (2004) The potassium channel
Kir4.1 associates with the dystrophin-glycoprotein complex via alpha-syntrophin
in glia. J Biol Chem 279: 28387–28392.
12. Chen Z, Hague C, Hall RA, Minneman KP (2006) Syntrophins regulate
alpha1D-adrenergic receptors through a PDZ domain-mediated interaction.
J Biol Chem 281: 12414–12420.
13. Neely JD, Amiry-Moghaddam M, Ottersen OP, Froehner SC, Agre P, et al.
(2001) Syntrophin-dependent expression and localization of Aquaporin-4 water
channel protein. Proc Natl Acad Sci U S A 98: 14108–14113.
14. Lumeng C, Phelps S, Crawford GE, Walden PD, Barald K, et al. (1999)
Interactions between beta 2-syntrophin and a family of microtubule-associated
serine/threonine kinases. Nat Neurosci 2: 611–617.
15. Hasegawa M, Cuenda A, Spillantini MG, Thomas GM, Buee-Scherrer V, et al.
(1999) Stress-activated protein kinase-3 interacts with the PDZ domain of
alpha1-syntrophin. A mechanism for specific substrate recognition. J Biol Chem
274: 12626–12631.
16. Hogan A, Shepherd L, Chabot J, Quenneville S, Prescott SM, et al. (2001)
Interaction of gamma 1-syntrophin with diacylglycerol kinase-zeta. Regulation
of nuclear localization by PDZ interactions. J Biol Chem 276: 26526–26533.
17. Luo S, Chen Y, Lai KO, Arevalo JC, Froehner SC, et al. (2005) {alpha}Syntrophin regulates ARMS localization at the neuromuscular junction and
enhances EphA4 signaling in an ARMS-dependent manner. J Cell Biol 169:
813–824.
18. Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, et al. (1996)
Interaction of nitric oxide synthase with the postsynaptic density protein PSD-95
and alpha1-syntrophin mediated by PDZ domains. Cell 84: 757–767.

PLoS ONE | www.plosone.org

9

December 2010 | Volume 5 | Issue 12 | e15355

a-Syntrophin Modulates Myogenin Expression

and dystrophin-associated proteins (DAPs) in the C2C12 muscle cells: DAPs
nuclear localization is modulated during myogenesis. J Cell Biochem 105:
735–745.
40. Sebastian S, Sreenivas P, Sambasivan R, Cheedipudi S, Kandalla P, et al. (2009)
MLL5, a trithorax homolog, indirectly regulates H3K4 methylation, represses
cyclin A2 expression, and promotes myogenic differentiation. Proc Natl Acad
Sci U S A 106: 4719–4724.
41. Peters MF, Kramarcy NR, Sealock R, Froehner SC (1994) beta 2-Syntrophin:
localization at the neuromuscular junction in skeletal muscle. Neuroreport 5:
1577–1580.

PLoS ONE | www.plosone.org

42. Kameya S, Miyagoe Y, Nonaka I, Ikemoto T, Endo M, et al. (1999) alpha1syntrophin gene disruption results in the absence of neuronal-type nitric-oxide
synthase at the sarcolemma but does not induce muscle degeneration. J Biol
Chem 274: 2193–2200.
43. Simon JA, Tamkun JW (2002) Programming off and on states in chromatin:
mechanisms of Polycomb and trithorax group complexes. Curr Opin Genet Dev
12: 210–218.
44. Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G (2007)
Genome regulation by polycomb and trithorax proteins. Cell 128: 735–745.

10

December 2010 | Volume 5 | Issue 12 | e15355

