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Abstract
Skeletal muscles in the limb and body trunk are composed of heterogeneous myofibers expressing
different isoforms of myosin heavy chain (Myh), including type I (slow, Myh7), IIA (intermediate,
Myh2), IIX (fast, Myh1) and IIB (very fast, Myh4). While the contraction force and speed of a
muscle are known to be determined by the relative abundance of myofibers expressing each Myh
isoform, it is unclear how specific combinations of myofiber types are formed and regulated at the
cellular and molecular level. We report here that myostatin (Mstn) positively regulates slow but
negatively regulates fast Myh isoforms. Mstn was expressed at higher levels in the fast muscle
myoblasts and myofibers than in the slow muscle counterparts. Interestingly, Mstn knockout led to
a shift of Myh towards faster isoforms, suggesting an inhibitory role of Mstn in fast Myh
expression. Consistently, when induced to differentiate, Mstn null myoblasts formed myotubes
preferentially expressing fast Myh. Conversely, treatment of myoblasts with a recombinant Mstn
protein upregulated Myh7 but downregulated Myh4 gene expression in newly formed myotubes.
Importantly, both Mstn antibody and soluble activin type 2B receptor inhibited slow Myh7 and
promoted fast Myh4 expression, indicating that myostatin acts through canonical activin receptor
to regulate the expression of Myh genes. These results demonstrate a role of myostatin in the
specification of myofiber types during myogenic differentiation.
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INTRODUCTION
Myostatin (Mstn), also known as growth and differentiation factor 8 (GDF8), is a member of
the transforming growth factor β (TGFβ) family of secreted growth factors [1]. Mstn is
translated as a secreted protein in an inactive form, which is then activated through two
separate cleavages removing the signaling peptide and inhibitory domain [2]. This active
form of Mstn can bind to a number of regulatory proteins within the blood/serum [3,4].
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Similar to other TGFβ family ligands, the activated Mstn can bind to activin receptors
(ActR) to initiate a signal transduction cascade in the target cell [5,6].

Mstn is a highly conserved negative regulator of skeletal muscle mass. Mstn is expressed in
the myotome compartment of somites and later in developing skeletal muscles throughout
embryogenesis [1]. When functional Mstn is absent during fetal development, the resultant
adult muscle mass is significantly increased due to both hypertrophy and hyperplasia of
skeletal muscle myofibers [1,7]. In adult tissues, Mstn gene is predominantly expressed in
the skeletal muscles with varying levels depending on muscle types [8].To achieve specific
physiological functions, each limb muscle contains a unique combination of fast and slow
myofibers, classified based on the expression of myosin heavy chain (Myh) isoforms: type I
(slow oxidative, Myh7), IIA (fast oxidative, Myh2), IIX (fast glycolytic, Myh1) and IIB
(very fast glycolytic, Myh4) [9]. Interestingly, fast muscles (containing predominantly type
II fast myofibers) express higher levels of Mstn than slow muscles, and such differential
expression is shown to be regulated by miR-27 [10,11]. In addition, loss of Mstn led to
increased proportions of fast myofibers in both Mstn−/−mice and the double muscled calves
[12,13]. Thus, Mstn regulates both muscle size and myofiber type composition.

Mstn has also been shown to regulate muscle progenitor cell (satellite cell) function and
myogenesis. Mstn−/− muscle contains more satellite cells per unit myofiber domain and the
satellite cells are more resistance to activation, suggesting that Mstn maintains satellite cells
in a quiescent state [14,15]. In addition, Mstn also inhibits the proliferation of satellite cells
derived from several animal species [16,17,18,19]. By contrast, Mstn seems to promote the
differentiation of myoblasts in fish [20]. It has been unknown, however, whether Mstn
regulates the differentiation of myoblasts into fast versus slow muscles.

Several important questions remain to be answered. Mstn is highly expressed in fast than in
slow muscles, yet its mutation paradoxically leads to increased proportion of fast myofibers.
It is unclear whether the observed myofiber type switching in Mstn−/− muscles is due to a
secondary effect of muscle hypertrophy. Does Mstn regulate myofiber composition
differentially in fast and slow muscles? Does Mstn regulate myofiber type formation
developmentally during myogenesis or postnatally during muscle hypertrophy? Given that
Mstn blockage-induced postnatal muscle hypertrophy does not seem to require progenitor
cell activity [21], we hypothesize that Mstn regulates myofiber type specification early
during myogenic differentiation. We provide novel evidence that Mstn is differentially
expressed in myoblasts reside in the slow and fast muscles to regulate their differentiation
potential to become slow and fast myotubes, respectively.

MATERIALS AND METHODS
Animals

All procedures involving the use of animals were approved by Purdue University’s Animal
Care and Use Committee and performed in accordance with NIH guidelines. Mice were
housed in the animal facility with free access to water and standard rodent chow. Mstn
mutant mice were generated by Dr. Se-Jin Lee (The Johns Hopkins University, Baltimore,
MD) [1]. Heterozygous mice were bred to generate Mstn null and wildtype littermates used
in this study. PCR genotyping was done using protocols as previously described [22].

Primary myoblast isolation and culture
Primary myoblasts were isolated from hind limb skeletal muscles of 2-month old wild type
mice. Muscles were minced and digested in type I collagenase and dispase B mixture
(Roche Applied Science). Cells were then filtered from debris, centrifuged, and cultured in
growth media (F-10 Ham’s medium supplemented with 20% fetal bovine serum, 4 ng/mL
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basic fibroblast growth factor, and 1% penicillin-streptomycin) on collagen-coated dishes, as
described [23].

Quantitative realtime polymerase chain reaction (qPCR)
RNA was extracted and purified from muscle tissue or cell cultures with Trizol (Invitrogen)
and contaminating DNA was removed with DNase I. Random hexamer primers were used to
convert RNA into cDNA. Genomic DNA of cell transplantation samples were extracted and
purified with phenol: chloroform. QPCR was performed using a light cycler 480 (Roche)
machine and reagents for 40 cycles, and the fold changes for all the samples were calculated
by 2−ΔΔct methods. 18s was used as housekeeping gene for mRNA qPCR. Primers used
were listed in [23], except for Mstn: F 5′-CAC TCT ACA AAG TAC GAG TCT CTC T-3′
and R 5′-CTA GAG TTG ACT GAA AGT TGA CCT-3′.

Cryosectioning
EDL and SOL muscle samples (fresh) were embedded in optimal cutting temperature
(O.C.T) compound (Sakura Finetek) and quickly frozen in dry ice cooled isopentane.
Muscles were cut into 10μm thickness by a Leica CM 1850 cryostat and the sections were
placed on superfrost plus glass slides (Electron Microscopy Sciences).

Immunostaining and image capture
Tissue sections were blocked for 30 minutes with blocking buffer (5% horse serum, 2%
bovine serum albumin, 0.2% triton X-100 and 0.1% sodium azide in PBS). Tissues were
then incubated with primary antibodies NOQ (Abcam) and MF20 (Developmental Studies
Hybridoma Bank, Iowa, USA) diluted in blocking buffer for 1 hour at room temperature,
followed incubating with secondary antibodies and Hoechst (diluted in PBS) for 30 minutes
at room temperature, and mounted with Dako fluorescent mounting media (Glostrup,
Denmark). Fluorescent images were captured with a Coolsnap HQ CCD camera
(Photometrics, USA) driven by IP Lab software (Scanalytics Inc, USA) using Leica DMI
6000B fluorescent microscope (Mannheim, Germany) with a 20X objective (NA = 0.70).

Mstn antibody and Activin receptor type IIB treatment
When primary myoblasts in growth medium were 90% confluent, they were switched to
differentiation medium (5% horse serum in DMEM) with 0 ng/mL, 200 ng/mL and 2000 ng/
mL Mstn antibody [24] or soluble activin receptor type IIB [25]. Differentiation medium
was changed every day for 6 days. For each treatment, 3 different batches of cells were used,
and each batch of cells was duplicated.

Luciferase Reporter Assay
The fast fiber-specific luciferase reporter constructs (Myh4) and pRL-TK plasmid
expressing Renilla luciferase were obtained from David Gerrad (Purdue University, IN,
USA) [26]. Primary myoblasts were co-transfected with pGL-Myh4 and pRL-TK plasmids
using the NeonTM Transfection System (Invitrogen Inc) according to the manufacturer’s
recommended protocol. 1 × 106 cells were transfected with 2 μg of plasmid DNA at a
condition of 1500 V, 10 ms and 3 pulses. The transfected cells were then plated into 48- well
plate and then induced to fuse into myotubes for 5 days. The reporter assays were performed
with Dual-Luciferase Reporter Assay System (Promega, Madison, WI), according to the
manufacturer’s recommendations. The samples were read at Tecan Genios Pro (Tecan
Group Ltd.) plate reader. Luciferase activity was calculated as the ratio between Firefly and
Renilla Luciferase.
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ImageJ analysis
The signal density of identically threshold adjusted fluorescent images was calculated with
ImageJ system. Color image was converted into grayscale by changing it into 8-bit. Rolling
ball radius under Substract Background was needed to be changed into 50 to remove some
of the background coloration from the image. All the images were measured using the same
standards.

Statistical analysis
The data were presented with mean ± standard error of the mean (SEM). P-values were
calculated using two-tailed student’s t-test. The ones with P-value less than 0.05 were
considered as statistic significant.

RESULTS AND DISCUSSION
Mstn is differentially expressed in the fast and slow muscles at the whole muscle,
myofiber and primary myoblast levels

The extensor digitorum longus (EDL) and soleus (SOL) muscles have been widely used as
representative fast and slow muscles, respectively [27,28,29,30,31]. They both are hind limb
muscles and very small in size (each contains about 1000 myofibers) in mouse, thus
allowing for unbiased analysis of myofiber composition and gene expression at the whole
muscle level [23]. In addition, single myofibers can be enzymatically released from these
muscles, free of connective tissue and other interstitial cells, thus providing great
opportunities to examine muscle cell specific gene expression. As expected, the expression
of Type IIB fast myosin heavy chain (Myh4) was about 10 times higher, but Type I slow
myosin heavy chain (Myh7) was about 100 times lower, in the EDL than SOL muscles (Fig.
1A). Strikingly, Mstn was expressed ~10 times higher in EDL than SOL muscles (Fig. 1A).
This result is consistent with previous reports that Mstn expression level is correlated to the
abundance of Type IIB myofibers [32].

To confirm that the higher level of Mstn expression in the EDL muscle is myofiber specific
(not due to non-muscle cells in the whole muscle), we extracted individual myofibers from
EDL and SOL muscles. Consistently, Mstn mRNA and Myh4 levels were 17 and 62 times
higher, but Myh7 was 25 times lower, in EDL myofibers than in SOL myofibers (Fig. 1B).
We further asked if Mstn is differentially expressed in satellite cells associated with EDL
and SOL muscles of adult mice by examining satellite cell-derived primary myoblasts
established from these two muscles. Interestingly, Mstn mRNA level was 2.4 times higher in
the EDL myoblasts than SOL myoblasts (Fig. 1C). By contrast, Myh4 and Myh7 expression
were not significantly different in the EDL and SOL derived myoblasts during proliferation
prior to differentiation (Fig. 1C). Thus, Mstn expression is higher in the fast muscles at the
whole muscle, myofiber and myoblast levels. The novel finding that Mstn is differentially
expressed in fast and slow muscle derived myogenic progenitor cells (myoblasts) prior to
their differentiation into myotubes indicates that Mstn has important roles in myofiber type
determination during myogenesis.

Mstn mutation reduces slow myofibers and leads to myofiber type switching towards
faster myosin heavy chain isoforms in mature fast and slow muscles

To further explore the roles of Mstn in muscle myofiber type determination, we compared
myofiber composition of Mstn knockout mice and their wild type littermates. SOL and EDL
muscles were isolated from young adults (2-3 months of age), cryosectioned and labeled
with monoclonal antibodies specific for Type I (Myh7), IIA (Myh2) and IIB (Myh4) myosin
heavy chain (Fig. 2A, B, D, E). In the slow SOL muscles, loss of Mstn reduced the
percentage of Type I myofibers from 51% in the wildtype to 40% in the Mstn−/− (Fig. 2C).
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Meanwhile, the percentages of Type IIX and IIB myofibers were both increased in the
Mstn−/− than in wildtype SOL (Fig. 2C; Type IIX myofibers: 1% in the wildtype vs 8% in
the mutant). In the fast EDL muscles, the abundance of Type IIB myofibers increased from
60% in the wildtype to 80% in the Mstn−/−, accompanied by reduced abundance of Type I
and IIA myofibers (Fig. 5F; Type IIA myofibers: 23% in the wildtype vs 3% in the
Mstn−/−). As myofiber type distribution is known to exhibit regional clustering even within a
muscle [33,34], our analysis of myofiber type across the entire cross sectional area of both
fast and slow muscles provides unbiased assessment of myofiber type distribution. Our
results demonstrate that loss of Mstn leads to the myofiber type transition from slow to fast
in mature resting muscles.

Reduced formation of slow myosin heavy chain-expressing myotubes in Mstn mutant
myoblasts

The observed increases in fast and decreases in slow myofiber types in steady state Mstn−/−

muscles can be established during development, or during postnatal muscle hypertrophy,
which is known to be associated with myofiber type switching towards fast Myh [35]. To
distinguish these different possibilities, we investigated if Mstn plays a role in the
determination of myofiber types during myogenesis by examaining the expression of Myh
isoforms in cultures of satellite cell-derived myoblasts of Mstn−/− mice and wildtype
littermates. Primary myoblasts derived from Mstn−/− mice and wildtype littermates were
induced to differentiate by serum withdrawal. At day 6 after induction, nascent myotubes
were formed in both wildtype and Mstn−/− myoblast cultures (Fig. 3A-B). Immunolabeling
of slow myosin heavy chain with NOQ antibody and total myosin heavy chain with MF20
antibody indicates that the abundance of NOQ-expressing slow myotubes are robustly
reduced in the Mstn−/− myoblast cultures (Fig. 3C). Interestingly, the nascent myotubes
formed by Mstn−/− myoblasts are much smaller than those formed by the wildtype
myoblasts (Fig. 3A-B). The smaller size of nascent myotubes allows sufficient muscle
hyperplasia without increasing the overall muscle mass/body size during development, as
observed in Mstn−/− mouse embryos [36].

The reduced abundance of nascent slow myotubes in Mstn−/− myoblast cultures indicates
that Mstn promotes slow myosin heavy chain expression during myogenesis. To directly test
this possibility, we treated wildtype primary myoblasts with Mstn recombination protein
(600 ng/ml) for 5 days in differentiation medium. We then extracted RNA from the control
(vehicle) and Mstn treated cultures and conducted quantitative realtime PCR analysis to
examine the expression levels of Myh2, Myh4, and Myh7. Mstn treatment led to 4 times
upregulation of slow Myh7 expression and 87% reduction of fast Myh4 expression (Fig.
3D). The expression of Type IIA fast oxidative myosin (Myh2) was also moderately reduced
by recombinant Mstn treatment (Fig. 3D). These results suggest that Mstn not only enhances
the expression of slow myosin heavy chain gene, but also inhibits the expression of fast
myosin heavy chain genes.

Blockage of Mstn signaling inhibits slow but promotes fast myosin heavy chain
expression

We next asked if Mstn acts through canonical activin receptors to regulate myosin heavy
chain expression. To this end, we used an Mstn antibody (Anti-myo) and a soluble activin
receptor type IIB (ActRIIB) to block the Mstn signal transduction [24,25]. We treated
primary myoblasts from wildtype mice with Anti-myo and ActRIIB while they were in
differentiation medium. After 6 days of differentiation, immunostaining was performed to
detect slow myosin heavy chain and total myosin heavy chain expression using NOQ and
MF20 antibodies, respectively (Fig. 4A-C). Analysis of NOQ and MF20 signal areas with
ImageJ software indicates that Mstn antibody dose-dependently reduces the expression of
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slow myosin heavy chain expression (Fig. 4D). Soluble ActRIIB similarly inhibited slow
myosin heavy chain expression in nascent myotubes (Fig. 4E). Thus, inhibition of Mstn
signaling pathway reduces formation of slow type myosin heavy chain during myogenic
differentiation.

We finally examined if Mstn antagonism also upregulates fast Myh4 gene expression in
addition to suppressing slow Myh7. We transfected a Myh4-luciferase reporter plasmid into
primary myoblasts, and then treated the cells with Mstn antibody or soluble ActRIIB for 5
days in differentiation medium. Both Mstn antibody and ActRIIB treatment increased the
luciferase reporter activity (Fig 4F). These results indicate that Mstn antagonism enhance the
transcription of the fast Myh4 gene. Together, the Mstn ligand and receptor blockage
experiments provide strong evidence that Mstn acting through activin receptors to enhance
slow myosin heavy expression and inhibit fast myosin heavy chain expression.

Previous studies have also reported that loss of Mstn expression is associated with a
decrease in the slow-twitch myofibers [12,13]. However, it is has been unclear how and
when Mstn works to affect myofiber type composition. It has been suggested that Mstn
regulates fiber-type composition by regulating myocyte enhancer factor 2 (MEF2) and
MyoD gene expression [10]. In our study, we show for the first time that mstn is
differentially expressed in different populations of myogenic progenitors (myoblasts) to
specify their developmental fate to become either fast or slow myofibers. Our results
provide novel insights into the molecular regulation of skeletal myofiber type specification.
Such information will lead to strategies that target myostatin signaling to alter the ratio of
fast and slow myofibers, which is a critical determinant of athletic motor performance [37].
Specific combinations of fast and slow muscles also affect the quality and taste attributes of
meat products in animal production industry [38].
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Highlights

• Myostatin (Mstn) is a TGFβ family master regulator of muscle mass

• Mstn is differentially expressed by progenitors in fast and slow muscles

• Mstn promotes slow but inhibits fast myosin heavy chain expression

• Mstn specifies fast/slow fiber types during myogenic differentiation

• These results establish a new role of Mstn in myogenesis
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Figure 1. Mstn is differently expressed in the fast (EDL) and slow (SOL) muscles at the whole
muscle, myofibers and myoblast levels
(A) Relative mRNA abundance of Mstn, Myh7 and Myh4 in EDL and SOL whole muscles.
(B) Relative mRNA abundance of Mstn, Myh7 and Myh4 in EDL and SOL myofibers free
of connective tissues and non-muscle cells. (C) Relative mRNA abundance of Mstn, Myh7
and Myh4 in myoblasts derived from the EDL and SOL muscles. The expression levels in
the SOL muscle/myofiber/myoblast are normalized to 1 for each gene examined. N = 3
replicates using samples from 3 pairs of mice, *p <0.05 and **p < 0.01 by Student t-Test.
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Figure 2. Myofiber composition in the fast and slow muscles of Mstn knockout and wildtype
mice
(A B, D, E) Representative staining of EDL and SOL muscle sections collected from 2-
month-old Mstn knockout (Mstn−/−) mice and wildtype littermates. Blue, red and green
signals are for Myh7, Myh2 and Myh4 immunofluorescence that mark Type I, IIA, and IIB
myofibers, respectively. The unlabeled myofibers are presumably Type IIX (Myh1). (C, F)
Distribution (%) of Type I, IIA, IIX and IIB myofibers in SOL (C) and EDL (F) muscles,
respectively. N = 2 pair of mice, *p <0.05 by Student t-Test. WT: Wildtype, MUT: Mstn
mutant.
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Figure 3. Mstn enhances slow myosin and inhibits fast myosin expression during myogenic
differentiation
(A-B) Primary myoblasts collected from the hindlimb muscles of 2-month-old Mstn−/− and
their littermate wildtype mice were induced to differentiate for 6 days and stained for NOQ
(red) and MF20 (green) antibodies that specifically label slow and pan- myosin heavy chain.
(C) Ratio of NOQ/MF20 staining signals quantified using Image-J software. (D) Relative
mRNA expression levels of Myh7, Myh2 and Myh4 genes in nascent myotubes
differentiated from wildtype myoblasts treated with vehicle control or recombinant
myostatin (600 ng/ml) for 5 days. Error bars represent SEM (N = 3). *p<0.05 (student’s T
test).
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Figure 4. Blockage of myostatin signaling inhibits slow myosin expression and increases fast
myosin expression
(A-C) Primary myoblasts isolated from limb muscles of 2-month-old wildtype mice were
induced to differentiate for 6 days in the presence of Mstn antibody, soluble Activin receptor
type IIB (ActIIB) and vehicle control. Nascent myotubes were fixed and stained with NOQ
(red) and MF20 (green) antibodies to label the slow and pan- myosin heavy chain proteins.
(A-C) NOQ and MF20 staining on newly differentiated myotubes without treatment (A,
vehicle control); with 2000 ng/ml myostatin antibody (B); and with 2000 ng/ml ActIIB (C).
(D) The ratios of NOQ/MF20 signals measured with Image J in myotubes treated with Mstn
antibody at the concentration shown. (E) The ratios of NOQ/MF20 signals measured with
Image J in myotubes treated with soluble ActRIIB at the concentration shown. (F) Primary
myoblasts from adult wildtype mice were transfected with the fast fiber (Myh4) specific
luciferase reporter construct and pRL-TK plasmid expressing Renilla luciferase. Cells were
then induced to differentiate and treated with Mstn antibody or ActRIIB for 5 days at the
concentrations shown. The Y-axis shows the ratio of Myh4 luciferase and Renilla luciferase.
Error bars represent SEM (N = 3). *p <0.05 (student’s T test).
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