
View All Proceedings Next Conference Join NZSAP

New Zealand Society of Animal Production online archive
This paper is from the New Zealand Society for Animal Production online archive. NZSAP holds a regular

An invitation is extended to all those involved in the field of animal production to apply for membership of
the New Zealand Society of Animal Production at our website  www.nzsap.org.nz
 

 

The New Zealand Society of Animal Production in publishing the conference proceedings is engaged in disseminating

information, not rendering professional advice or services. The views expressed herein do not necessarily represent the views

of the New Zealand Society of Animal Production and the New Zealand Society of Animal Production expressly disclaims any

form of liability with respect to anything done or omitted to be done in reliance upon the contents of these proceedings.

This work is licensed under a  Creative Commons Attribution-NonCommercial-NoDerivatives 4.0

International License.

You are free to:

      Share— copy and redistribute the material in any medium or format

Under the following terms:

     Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were made. You may

do so in any reasonable manner, but not in any way that suggests the licensor endorses you or your use.

     NonCommercial — You may not use the material for commercial purposes.

     NoDerivatives — If you remix, transform, or build upon the material, you may not distribute the modified material.

http://creativecommons.org.nz/licences/licences-explained/

 

http://www.nzsap.org/proceedings/browse
http://www.nzsap.org/conference
http://www.nzsap.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/


85Proceedings of the New Zealand Society of Animal Production 2000, Vol 60

Myostatin, a negative regulator of muscle growth, functions by inhibiting myoblast
proliferation

M. THOMAS* , B. LANGLY*,  C. BERRY, M. SHARMA, S. KIRK, J. BASS AND R. KAMBADUR.

Animal Genomics, AgResearch, Private Bag 3123, East Street, Hamilton, New Zealand

ABSTRACT
Myostatin, a member of the transforming growth factor-b (TGF-b) superfamily has been shown to be a negative

regulator of myogenesis.  However, the molecular mechanism of myostatin function is, so far, not understood.  Here we
show that myostatin is synthesised and proteolytically processed in myoblasts and that myostatin functions by controlling
the proliferation of muscle precursor cells.  When actively growing C

2
C

12
 myoblasts were incubated with myostatin, the

proliferation of myoblasts decreased with increasing levels of myostatin.  Furthermore, we show that the myoblast inhibition
by myostatin is reversible, such that, myoblasts retain the ability to proliferate after myostatin protein is removed.  FACS
analysis revealed that myostatin inhibited myoblast proliferation through preventing the progression of myoblasts from
the G1 to S-phase of the cell cycle.  Thus, we propose that the generalised muscular hyperplasia phenotype observed in
animals that lack functional myostatin could be as a result of deregulated myoblast proliferation.
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INTRODUCTION
The Transforming Growth Factor-β (TGF-β)

superfamily of genes encode secreted factors that are
important for regulating embryonic development and tissue
homeostasis in adults.  Recently, McPherron et al. (1997)
described a new member of this family, myostatin, that is
expressed in developing and adult skeletal muscle.
Myostatin-null mice show a dramatic and widespread
increase in skeletal muscle mass due to an increase in
number of muscle fibres (hyperplasia) and thickness of
fibres (hypertrophy) (McPherron et al., 1997).
Subsequently, we (Kambadur et al., 1997) and others
(McPherron and Lee 1997; Grobet et al., 1997) reported
that the Belgian Blue and Piedmontese breeds of cattle,
which are characterised by an increase in muscle mass
(double muscling), have mutations in the myostatin coding
sequence.  Hence the function of myostatin as a regulator
of muscle mass is very well established.

Myostatin shares several features with other members
of the TGF-β superfamily: 1) a hydrophobic core of amino
acids near the N-terminus that function as a secretory signal;
2) a conserved proteolytic processing signal of RSRR in
the C-terminal half of the protein; 3) nine cysteine residues
in the C-terminal region to facilitate the formation of
“cysteine knot” structure (McPherron and Lee, 1996).
Myostatin protein is synthesised in skeletal muscle as a
375 amino acid pro-peptide that is proteolytically processed
at the RSRR (263-266) site to give rise to a 26 kD active
processed peptide (Sharma et al., 1999).  This processed
mature peptide binds to receptor to elicit biological function
(McPherron and Lee, 1996).

Although the functional role of myostatin in control of
muscle mass has been well documented by genetic models,
the mechanism by which myostatin controls muscle fibre
number is not known.  Since increased muscle fibres can
result from increased myoblast proliferation and delayed
differentiation, we investigated the role of myostatin in
controlling myoblast proliferation and cell cycle
progression.  Using cultured C

2
C

12
 myoblast cells and

recombinant myostatin protein, we show here that myostatin
protein is synthesised and proteolytically processed in
myoblasts.  We also show that myostatin does indeed
regulate myoblast proliferation and furthermore, achieves
such by controlling the G1 to S-phase and G2 to M phase
transition of the cell cycle.  Hence, the increased number
of myofibres seen in cattle and mice with heavy muscling
thus appears to be the result of deregulated myoblast
proliferation caused by the absence of functional myostatin.

MATERIALS AND METHODS
Subcloning and expression of myostatin in E.coli

The pET protein expression system (Novagen) was used
to express and purify recombinant myostatin.  Briefly, BL
21 Escherichia coli was transformed with bovine myostatin
cDNA (aa 67-375) in pET 16-B vector.  An overnight culture
in 1 L LB; amp (50 mg/L) was grown to an OD of 0.8
(600nm).  Expression of the myostatin fusion protein was
induced by 0.5 mM IPTG for 2 hours.  Bacteria was lysed
in 40 ml lysis buffer [6 M guanidine hydrochloride; 20 mM
Tris pH 8.0; 5 mM 2-mercaptoethanol] and sonicated.
Myostatin was purified by Ni-agarose affinity
chromatography (Qiagen), according to the manufacturer’s
protocol.  Soluble fractions containing myostatin were
dialysed against two changes of 50 mM Tris-HCl (pH 8.0);
500 mM NaCl; 10% glycerol for 6 hours.

Bovine myoblast culture generation
Standard superovulation and embryo transfer techniques

were used to generate Belgian Blue (double muscled)
foetuses and Hereford x Friesian crossbreed (normal
muscled) foetuses as previously described (Kambadur et
al., 1997).  The M. semitendinosus muscle was excised from
foetuses (day 160 gestation), and frozen in liquid nitrogen
in Minimal Essential Media (MEM) (Life Technologies
Ltd.); 20% Foetal bovine serum (FBS) (Life Technologies
Ltd.); 10% DMSO.  For use in experiments, the mixed
cultures (myoblasts and fibroblasts) were thawed, minced
and digested with 0.25% trypsin (Sigma) for 45 min at 37˚C.
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Primary cells were cultured in MEM; 10% FBS; 41.9
mM NaHCO

3
 (Sigma); 7.22 nM Phenol red (Sigma); 1 x

105 IU/L penicillin (Sigma); 100 mg/L streptomycin
(Sigma); 5% CO

2
.  The method of O’Malley et al. (1996)

was used to enrich cultures for myoblasts.  Briefly, 1 x 106

cells were added to Matrigel (CBR) coated 10 cm dishes
(Nunc) and grown for 3 days, then digested with 0.5 g/L
Type 1-A collagenase (Sigma) for 10 minutes to
preferentially detach fibroblasts.  Desmin staining of
enriched myoblasts under differentiation inducing
conditions showed a myoblasts population of 90%.

C2C12 myoblast  proliferation
C

2
C

12
 myoblasts (Yaffe and Saxel, 1977) were grown

prior to assay as stated above in either un-coated (C
2
C

12

cultures) or gelatin coated (bovine primary cultures) 96-
well Nunc microtitre plates.  Plates were gelatinised by the
method of Quinn and Namaroff (1983).  C

2
C

12
 cultures were

seeded at 1,000 cells/well and bovine cultures at 3,000 cells/
well.  After a 16-hour attachment period myostatin test
media (MEM; 10% FBS; 0-10 mg/ml myostatin) was added.
Proliferation was assessed after 72 hour incubation using a
methylene blue photometric endpoint assay as previously
described (Oliver et al., 1989).  In this assay absorbance at
655 nm is directly proportional to final cell number.

Reversibility of myostatin inhibitory effect on
proliferation

C
2
C

12
 myoblasts were seeded into Nunc 96-well plates

at a density of 1,000 cells/well.  After an overnight
attachment period (time zero) one set of eight replicates
received DMEM/10% FBS media without myostatin
(control wells).  ‘Rescued’ replicates received DMEM/10%
FBS containing 4 mg/ml myostatin.  After 24-hour
incubation period all plates were washed and DMEM/10%
FBS without myostatin was added into control and “24 hour
rescue” replicates, while DMEM/10% FBS containing 4
mg/ml myostatin was added other replicates.  This method
was continued for 72 and 120 hour replicates.  Plates were
fixed at 24-hour intervals throughout the experiment and
assayed for cell proliferation as described above.

Flow cytometry
A method by Darzynkiewicz and Li was used that

enabled the analysis of apoptosis in addition to cell cycle
analysis.  C

2
C

12
 cells were cultured as described above in

100 mm dishes with or without myostatin for 48 hours.
Cells (~3x106) were harvested, fixed in 800 ml 70% ethanol/
PBS then resuspended in 500 ml PBS + 500 ml DNA
extraction buffer [200 mM NaHPO

4
; 100 mM citric acid]

for 10 minutes at room temperature.  DNA extraction buffer
was replaced with DNA staining buffer [50 mg/ml
Propidium iodide; 50 mg/ml DNase-free RNase A in PBS],
cells resuspend and incubated at room temperature for 30
minutes, in the dark.  Cells were then examined for
propidium iodide fluorescence using a Becton-Dickinson
FACScan® flow cytometer and analyzed using CellFit
software.

RESULTS
Myostatin protein is synthesised and proteolytically
processed in Myoblasts

Myostatin expression is detected very early in the
myotome of the developing somites of mice and cattle
embryos and the expression continues into adult muscle
(McPherron et al., 1997; Kambadur et al., 1997).  However
the site of myostatin biosynthesis and its processing has
not been demonstrated so far.  To characterise the site of
synthesis, Western blot analyses on protein extracts prepared
from bovine primary myoblasts were performed.  Anti-
myostatin antibodies specifically detected two bands on the
Western blot corresponding to the unprocessed full-length
protein (52 kD) and the N-terminal LAP (latency-associated
peptide) (40 kD).  In skeletal muscle extract, the anti-
myostatin antibodies detected the mature processed
myostatin (26 kD) which is not detectable in myoblast
extracts.

FIGURE 1  Detection of myostatin protein in skeletal muscle and
myoblast protein extracts by Western blot analysis.  Fifteen micrograms
of total protein from Bovine M. biceps femoris and 70 day primary bovine
myoblast cultures, was resolved in each lane and myostatin protein was
detected with rabbit anti-myostatin antibodies.  Precursor, processed and
LAP forms of myostatin are indicated.  Molecular weights of the Western
positive bands are indicated.

Myostatin inhibits the proliferation of myoblasts
Inactivating mutations in the myostatin gene lead to a

heavy muscling condition in both cattle and mice
(McPherron et al. 1997; Kambadur et al. 1997).  This
observed heavy muscle growth is due to hyperplasia of
muscle fibres.  Since the increased number of muscle fibres
could be due to increased proliferation of myoblasts, we
investigated if recombinant myostatin affected the
proliferation rate of myoblasts.  To this end, C

2
C

12
 myoblasts

and primary bovine myoblasts (from normal and double
muscled cattle) were cultured in the presence of varying
concentrations of myostatin and their proliferation was
evaluated the by methylene blue assay.  Myostatin inhibited
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the growth of C
2
C

12
 myoblasts in a dose-dependent manner

with half-maximal inhibition occurring at approximately
2.5 mg/ml myostatin.  Myoblast cultures from both normal
and double muscled 160-day foetuses also displayed dose-
dependent inhibition of growth, with half-maximal
inhibition occurring with a myostatin concentration of
approximately 1.75 mg/ml (Fig. 2d).
Myostatin inhibition of myoblast proliferation is
reversible

Active processed forms of TGF-β and its members bind
to their respective receptors to trigger the biological
response (McPherron and Lee 1996).  Hence in an in vitro
bioassay, once the ligand is removed, the biological
response, such as cell growth arrest by TGF-β, is reversed
resulting in normal growth.  To see if myostatin growth-
inhibition is reversible, C

2
C

12
 myoblasts were incubated

with a growth-inhibitory dose of myostatin for 24, 72 or
120 hours before myostatin withdrawal and proliferation
assessed at 24 hour intervals by the methylene blue assay.
Myoblasts incubated without myostatin showed a steady
increase in cell number.  When myostatin was added, total
cell number remained constant for the duration of the
experiment (Fig. 3).  When myostatin was removed from
the cultures at either 24, 72 or 120 hours, myoblasts resumed
proliferation and total cell number increased (Fig.
3).Myostatin arrests the growth of C

2
C

12
 myoblasts by

interfering at G1- and G2/M-phases of the cell cycle

FIGURE 2  Inhibition of myoblast growth by myostatin.  Myoblasts were grown in the presence of increasing concentrations of myostatin (0 to 10 µg/
ml) for 72 hours and proliferation was monitored by methylene blue assay. Optical density (at 655nm) and increasing concentration of myostatin are
shown on the Y- and X-axes respectively.  C2C12 (panel A), Normal muscled myoblasts (panel B) and double muscled myoblast cultures (Panel C) were
used in different experiments.  Percentage of myoblast growth inhibition at increasing concentrations of myostatin is represented in Panel D (�= C

2
C

12
,

�= normal muscled, q=double muscled).

FIGURE 3  Proliferation of rescued C2C12 myoblasts.  C
2
C

12
 cells were

incubated with 4mg/ml myostatin for either 24 hours (�), 72 hours (q)
or 120 (s) hours and myostatin was removed from the culture media.
Proliferation of myoblasts was measured (OD) by methylene blue assay
at 655 nm and is represented on Y-axis.  Hours of myostatin treatment are
showed on X-axis.  Proliferation of myoblasts with no myostatin (�) in
the media and the myoblasts incubated with myostatin (¢) throughout
the experiment are also shown.
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In order to determine if the observed decrease in C
2
C

12

myoblast proliferation is due to apoptosis or altered cell
cycle regulation we performed FACS analysis on control
and myostatin treated myoblasts.  Flow-cytometry analysis
of actively growing C

2
C

12
 myoblast cells were cultured with

or without myostatin for 48 hours showed no increased
apoptosis, as seen by the percentage of cells with low DNA
content (Fig. 4; Table 1).  However, the FACS analysis
showed a dramatic decrease in the number of cells in S-
phase (26.64±0.18% to 5.96±0.93%), accompanied by an
increase in the percentage of cells in both the G1
(50.94±0.42% to 63.77±1.07%) and G2/M (22.43±0.43%
to 29.74±0.93%) cell cycle phases.

DISCUSSION
The TGF-b superfamily members are synthesised as

precursor proteins.  Subsequently they are proteolytically
processed at the site of synthesis and the biologically active
mature peptide is secreted into circulation (McPherron and
Lee, 1996). Since the myostatin primary structure has all
the hallmarks of the TGF-β members the key issue we
address here is whether myostatin is processed at its site of
synthesis.

Myostatin specific antibodies detect the precursor (52
kD) and the LAP (40 kD) forms of myostatin (Fig. 1) in
Western blot analyses performed on cultured bovine
myoblast extracts.  This indicates that myostatin protein is
indeed synthesised and proteolytically processed in
myoblasts.  Despite being detected in the total skeletal
muscle extracts, the anti-myostatin antibodies failed to
detect the processed, active form of myostatin in the
myoblast extract (Fig. 1).  Since processed myostatin is
secreted into the circulation, it is possible that the low
amount of remaining processed myostatin protein in

myoblasts is undetectable by the Western blot technique.
Based on the primary structure and reported mechanism

of proteolytic processing of TGF-β proteins, the processing
of myostatin putatively occurs at the conserved RSRR
residues (263-266).  This should result in a processed
peptide of 12 kD apparent molecular weight and a 40 kD
unprocessed precursor myostatin protein.  However, using
Western blot analysis we observe the precursor, LAP and
processed myostatin as 55 kD, 40 kD and 26 kD proteins
respectively (Fig. 1) (Sharma et al., 1999). The observed
discrepancy in the molecular weight of processed myostatin
protein could be due to post-translational modifications.
Indeed, Gonzalez-Cadavid et al. (1998) have recently
reported that the monomer form of human processed
myostatin protein (26 kD) is glycosylated.  In contrast to
this, McPherron et al. (1997) have reported that recombinant
processed myostatin and precursor myostatin behave as 12
kD and 52 kD proteins, respectively, in CHO cells.  The
observed lower molecular weight for processed myostatin
protein (12 kD instead of 26 kD), ectopically expressed in
CHO cells, could be due to the absence of specific post-
translational modifications that occur in muscle cells.  It is
unlikely to be a result of alternate proteolytic processing
site usage in different cell types.

Since mutations in myostatin can lead to increased
muscle fibres (McPherron et al., 1997; Kambadur et al.,
1997), it is possible that myostatin functions by controlling
myoblast number during development. To examine this
possibility, we incubated myoblast cultures with increasing
amounts of myostatin.  The results indicate that the
exogenous addition of myostatin indeed inhibits the
proliferation of exponentially growing myoblasts (Fig.
2a,b,c).  The inhibition of myoblast proliferation by
myostatin appears to be specific since mutant recombinant
myostatin from the Piedmontese allele (Kambadur et al.,
1997) fails to inhibit myoblast proliferation in a similar
assayi .  In addition, cell culture experiments also indicated
that this inhibition of growth by myostatin is reversible by
removing myostatin from cultures (Fig. 3).

Since the surviving myoblasts at the end of the assay is
the net result of cell proliferation and apoptosis (Wang and
Walsh, 1996), we performed both TUNEL assay and flow-
cytometric analysis to quantify the extent of apoptosis and
assess the cell cycle progression in myoblasts treated with
myostatin.  Both of these analyses indicated that there is
no increase in apoptosis (Fig. 4; Table 1).  However, the
FACS analysis showed that when myoblasts are incubated
with myostatin, an increased number of myoblasts are
arrested in G1-phase, and therefore did not make the
transition to the S- (DNA synthesis) phase (Fig. 4; Table
1).  Furthermore, it is also observed that myostatin affected
the G2 to M progression of myoblasts.

Myogenic regulatory factors (MRFs) such as MyoD and
Myf-5 have been shown to specify the formation of
myoblasts (Rudnicki et al., 1992; Braun et al., 1992).  Once
specified, myoblasts continue to proliferate until they
receive a differentiation signal.  Based on the results shown
here and the fact that there is delayed differentiation in
myoblasts that lack functional myostatin (Quinn et al.,
1990), we propose that during embryonic myogenesis Myf-
5 and MyoD specify cells to adopt the myoblast fate.

Figure 4  Effect of myostatin on C2C12 cell cycle progression.  C
2
C

12

cells, either treated with (Plus) or without (Minus) myostatin, were stained
with propidium iodide and were analyzed on Flow-cytometer.  Ten
thousand cells for each treatment were analyzed and distributed graphically
into apoptotic or G1, S and G2-M phases of cell cycle, based to the DNA
content.

Table 1 Cell cycle distribution of C2C12 myoblasts after myostatin
treatment.  Percentage of cells from 10,000 counts in apoptotic, G1, S,
or G2-M phases of the cell cycle according to FACS-analysis (shown in
Figure 5).  Data are averages ± standard error of quadruplicate
determinations.

Thomas et al - MECHANISM OF MYOSTATIN FUNCTION

i Berry et al., Unpublished result.
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Myoblasts then migrate and proliferate.   In response to
myostatin signalling, myoblast G1 to S-phase cell cycle
progression is inhibited, resulting in decreased or inhibition
of myoblast proliferation.  Myoblasts are then able to fuse
and undergo differentiation forming mature muscle fibres.
Thus the increases in muscle fibre number (hyperplasia)
seen in Belgian Blue cattle and myostatin-null mice, where
myostatin signalling is absent, are the result of deregulated
(increased) myoblast proliferation and delayed
differentiation.
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