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Extracellular Regulation of Myostatin: A Molecular Rheostat for Muscle
Mass
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Abstract: Myostatin (MSTN) is a transforming growth factor-ß family member that plays a critical role in regulating
skeletal muscle mass. Genetic studies in multiple species have demonstrated that mutations in the Mstn gene lead to dramatic and widespread increases in muscle mass as a result of a combination of increased fiber numbers and increased fiber
sizes. MSTN inhibitors have also been shown to cause significant increases in muscle growth when administered to adult
mice. As a result, there has been an extensive effort to understand the mechanisms underlying MSTN regulation and activity with the goal of developing the most effective strategies for targeting this signaling pathway for clinical applications. Here, I review the current state of knowledge regarding the regulation of MSTN extracellularly by binding proteins
and discuss the implications of these findings both with respect to the fundamental physiological role that MSTN plays in
regulating tissue homeostasis and with respect to the development of therapeutic agents to combat muscle loss.
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INTRODUCTION
Myostatin (MSTN) is a transforming growth factor-ß
(TGF-ß) family member that normally acts to limit muscle
mass [1]. Mstn RNA is first expressed during embryogenesis
by cells of the myotome compartment of developing somites
and continues to be expressed by cells of the muscle lineage
throughout development as well as in adult mice. The function of MSTN was elucidated through gene targeting studies,
in which Mstn knockout mice were found to have widespread increases in skeletal muscle mass, with individual
muscles weighing approximately twice as much as those of
control animals as a result of a combination of both increased fiber number and increased fiber size. Subsequent
genetic studies in cattle [2-5], sheep [6], dogs [7], and humans [8] have all shown that the function of MSTN as a
negative regulator of muscle mass has been highly conserved. Moreover, pharmacological agents capable of blocking MSTN activity have been shown to cause significant
increases in muscle growth when administered systemically
to adult mice [9-12], demonstrating that MSTN plays a critical role in regulating muscle homeostasis postnatally by suppressing muscle growth.
The discovery of MSTN and its biological function immediately suggested the possibility that targeting this signaling pathway may be an effective strategy for treating patients
with debilitating muscle loss. Loss of muscle mass and function occurs in a wide range of diseases and physiological
states, and a large number of studies have shown that inhibition of myostatin signaling can have beneficial effects in
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many of these disease settings (these are reviewed in detail
by other articles in this collection). Loss of MSTN signaling
has also been shown to have beneficial effects on fat and
glucose metabolism, suggesting that targeting MSTN may
also be useful for preventing or treating metabolic diseases,
like obesity and type II diabetes (the metabolic roles of
MSTN are reviewed in detail by other articles in this collection). As a result, there has been an extensive effort directed
at understanding the molecular and cellular mechanisms underlying MSTN activity with the long-term goal of determining the most effective strategies for targeting this signaling
pathway for therapeutic applications. Since the original report of the discovery of MSTN and its biological function,
an enormous amount of progress has been made in terms of
identifying key components of this regulatory system (Fig.
1). Here, I will review the work that led to the identification
of these regulatory components as well as the current state of
knowledge regarding the specific roles that each of these
molecules may play in regulating MSTN activity and muscle
growth.
Biosynthesis of MSTN
Myostatin was originally identified in a screen for new
members of the TGF-ß superfamily in mammals [1]. The
cDNA sequence predicted a 376 amino acid protein containing all of the hallmarks present in other TGF-ß family members, including an N-terminal signal sequence for secretion, a
pro region followed by an RSRR sequence representing a
putative proteolytic processing site, and a C-terminal domain
of 109 amino acids containing nine cysteine residues with
their characteristic spacing. Expression of the full-length
cDNA in Chinese hamster ovary (CHO) cells confirmed that
MSTN can be secreted and processed to generate a 38 kD Nterminal propeptide and a 12.5 kD C-terminal domain [1, 13,
14]. The processing of the MSTN precursor protein (pro© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Regulation of myostatin activity and muscle growth. Myostatin is negatively regulated by various naturally-occurring binding proteins. When not bound to these inhibitory proteins, myostatin signals by binding initially to the two activin type II receptors, ACVR2 and
ACVR2B, which then leads to binding and activation of the type I receptors, ALK4 and/or ALK5. Signaling through this pathway results in
inhibition of muscle growth. Ligand “X” refers to the as yet unidentified TGF-ß related ligand or ligands that cooperate with myostatin to
limit muscle growth. Components shown in red act to block muscle growth, and components shown in green act to promote muscle growth.
As described in the text, ligand “X” can be blocked by either follistatin or FSTL-3, but whether ligand “X” can also be inhibited by other
regulatory components is not known.

MSTN) by CHO cells was shown to be relatively inefficient
and could be significantly enhanced by transfecting in an
expression cassette for a furin protease, sPACE-1. This processing event also seems to occur inefficiently in vivo, as
Western analysis of muscle extracts using antibodies directed against the C-terminal domain has detected multiple
immunoreactive species, including a major band likely to
represent the full-length unprocessed MSTN precursor protein (for examples, see refs. [15-17]). At least two studies
have suggested that processing of the precursor protein may
be a key regulatory step in the biosynthesis of MSTN in vivo.
In one study, the relative amounts of unprocessed and fully
processed MSTN were found to change following differentiation of C2C12 cells in culture as well as during bovine
muscle development in vivo [16]. In another study, the majority of MSTN protein detectable in adult mouse skeletal
muscle was found to be in the unprocessed form, and at least
a portion of this MSTN precursor protein was shown to be
present extracellularly [17]. The observations that proMSTN can be cleaved by furin extracellularly in cultured
cells, that LTBP-3 (Latent TGF-ß Binding Protein-3) is capable of binding pro-MSTN and inhibiting furin-mediated
processing, and that electroporation of an LTBP-3 expression cassette directly into muscle could cause fiber hypertrophy led these authors to hypothesize that extracellular processing of MSTN may be a key regulatory step for MSTN
signaling in muscle.
The biological activity of MSTN in terms of actual signaling to target cells appears to reside in the C-terminal do-

main, which has been shown to be capable of forming disulfide-linked homodimers [13, 14]. Recent x-ray crystallographic studies [18] have confirmed that as has been shown
for other TGF-ß family members, the two subunits of the
MSTN C-terminal dimer are linked via a single intermolecular disulfide bond involving the 6th cysteine residue and that
the remaining cysteine residues are arranged in the classic
cystine knot structure characteristic of many growth factorlike molecules, including other members of the TGF-ß superfamily [19]. Initial studies using MSTN protein purified
to homogeneity from the conditioned medium of CHO cells
transfected with a full-length expression construct demonstrated that the C-terminal dimer is fully active both in receptor binding and reporter gene activation assays [13, 14]. Subsequent studies have demonstrated that the purified MSTN
C-terminal dimer exhibits a wide range of activities in regulating cell proliferation and differentiation in a variety of
different cell types in culture. As these in vitro activities are
discussed extensively in the context of the overall biological
function of MSTN by other articles in this collection, here I
will discuss the activity of MSTN only as it relates to the
regulation of MSTN activity by binding proteins.
Role of the Propeptide and MSTN Latency
Although the signaling activity of MSTN appears to reside entirely in the C-terminal domain, the N-terminal pro
domain clearly plays an important role in the biology of
MSTN. As has been reported for certain other TGF-ß family
members, the MSTN pro domain seems to perform at least
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two distinct functions. First, the presence of the pro domain
appears to be important for the maturation of the C-terminal
dimer, specifically with respect to the proper folding of the
MSTN precursor protein. The essential role of the pro domain in folding of the precursor protein was predicted based
on what had been described previously for other TGF-ß family
members. In particular, earlier studies with two other family
members, namely activin A and TGF-ß itself, had shown that
the presence of the pro domain was essential for proper dimer formation when these ligands were expressed in mammalian cells [20]. Remarkably, this effect of the pro domain
in the case of activin A and TGF-ß could be conferred in
trans, as expressing the propeptide as a separate molecule
could direct the dimerization and secretion of these ligands
when the respective C-terminal domains were co-expressed
in a separate construct using a synthetic signal sequence.
In the case of MSTN, the most convincing evidence for a
similar role for the pro domain has come from studies analyzing the properties of MSTN produced in bacteria. Specifically, although the unprocessed porcine or piscine MSTN
precursor proteins produced in E. coli could be readily refolded to form disulfide-linked dimers, the isolated Cterminal domains were incapable of forming dimers when
subjected to the same re-folding conditions [21, 22]. In the
case of piscine MSTN, attempts to re-fold the C-terminal
domain in a mixture with added propeptide were unsuccessful, leading the authors to suggest that unlike the case for
activin and TGF-ß, the MSTN propeptide may not be capable of acting in trans to direct dimer formation [22]. Given
that analogous studies to those carried out with activin A and
TGF-ß in which the propeptide and C-terminal domains were
co-expressed as separate proteins in mammalian cells have
not yet been reported for MSTN, however, it is possible that
the trans effect of the propeptide might be observed only
when it is co-synthesized with the C-terminal domain or only
in mammalian cells.
In addition to playing a role in the folding and dimerization of the MSTN C-terminal dimer, the propeptide also
plays a second role in regulating MSTN activity following
proteolytic processing and secretion. There is now considerable evidence that the propeptide remains non-covalently
bound to the MSTN C-terminal dimer following processing
of the precursor protein and that the propeptide thereby
maintains MSTN in an inactive, latent state. This role for the
propeptide first became apparent from studies analyzing recombinant MSTN protein produced by CHO cells. Two
groups working independently purified MSTN protein from
the conditioned medium of CHO cells engineered to produce
high levels of either mouse [13] or human [14] MSTN, and
both groups observed that the propeptide co-purified with the
C-terminal dimer through multiple column chromatography
steps. Both groups went on to show that the propeptide remains tightly bound non-covalently to the C-terminal dimer
following processing and secretion and that the two could be
purified away from each other by HPLC in the presence of
trifluoroacetic acid and acetonitrile. As discussed earlier, the
isolated C-terminal dimer was shown to contain the biological activity of MSTN in both receptor binding and reporter
gene activation assays in vitro; these activities of the Cterminal dimer, however, could be completely inhibited by
the addition of purified propeptide [13, 14]. Subsequent dele-
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tion analysis revealed that the inhibitory activity of the
propeptide is fully contained within a small region spanning
amino acid residues 42-115 [23].
The ability of the propeptide to block MSTN activity has
also been documented extensively in vivo. Three groups [13,
24, 25] independently generated transgenic mouse lines expressing the propeptide specifically in skeletal muscle by
placing the expression of the propeptide under the control of
myosin light chain regulatory sequences. In each case, the
transgenic mice exhibited significant increases in muscle
mass, thereby phenocopying Mstn null mice, although some
differences were noted among the various studies with respect to the magnitude of the effect and with respect to the
contribution of increased fiber numbers to the overall phenotype. Because the propeptide was expressed specifically in
muscle in these transgenic lines, however, these studies left
open the formal possibility that the effect of the propeptide
may have been not to block the activity of the C-terminal
dimer but rather to interfere with MSTN production by forming heterodimers with endogenously-expressed full length
MSTN precursor molecules. Indeed, this type of dominant
negative mechanism was almost certainly responsible for the
increased muscling observed in two other sets of transgenic
mouse lines expressing mutant forms of MSTN in which
either the furin cleavage site [26] or one of the conserved
cysteine residues [27] was altered.
A number of subsequent studies have provided additional
evidence demonstrating that excess propeptide is capable of
inducing muscle growth by blocking MSTN signaling rather
than simply by interfering with MSTN production. One set
of studies has been to use viral vectors to deliver propeptide
expression constructs to mice [28-32]. Increases in muscle
mass were observed in all of these studies, and in two cases,
effects on muscle mass were apparent at sites distant from
the site of propeptide production. In one case, the virus was
delivered by intramuscular injection, and effects on muscle
growth were observed on the contralateral side [28]. In the
other case, significant muscle growth was induced when an
AAV8 vector was used to deliver a propeptide expression
construct intravenously even though the propeptide was
found to be expressed in liver and heart but not muscle [29].
These findings suggested that in each case, at least part of
the effect was being mediated by circulating propeptide protein. The most definitive studies demonstrating the ability of
the propeptide to block MSTN signaling in vivo have been
ones in which purified propeptide protein was administered
directly to mice [11, 33]. In these experiments, the propeptide was made as a fusion protein with an Fc domain in order
to enhance its stability in vivo, and systemic administration
of the propeptide/Fc fusion protein to either wild type or mdx
mice was shown to cause significant and widespread increases in muscle mass. As discussed below, the most potent
form of the propeptide has been shown to be a mutant version in which aspartate residue 76 was changed to alanine in
order to render it resistant to cleavage by members of the
BMP-1/TLD family of metalloproteases [11].
Mechanisms Underlying Activation of Latent MSTN
Although both of the initial studies identifying the MSTN
latent complex [13, 14] were carried out using MSTN pro-
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duced by CHO cells, subsequent studies confirmed the important role that the propeptide plays in regulating MSTN
activity in vivo. Specifically, MSTN was shown to circulate
at relatively high levels in the blood in mice, and the circulating form of MSTN was found to exhibit properties reminiscent of those observed with CHO cell-produced MSTN
[34]. By testing serum samples for their ability to activate a
Smad-responsive reporter gene, these authors observed that
although no MSTN activity could be detected in untreated
serum samples, MSTN activity could be readily detected in
serum samples that had been subjected to low pH. Because
acid treatment was known to be capable of dissociating the
purified MSTN latent complex, these findings were consistent with the possibility that the circulating form of MSTN
might be a complex of the propeptide with the C-terminal
dimer, similar to what had been observed for CHO cellproduced MSTN. This possibility was confirmed by a follow-up study analyzing proteins bound to the C-terminal
dimer when affinity purified from serum using a monoclonal
antibody directed against this portion of the MSTN molecule
[35]. Following analysis by mass spectrometry, a major protein species identified in the bound fraction was the propeptide, and quantitative analysis suggested that perhaps the
majority of the C-terminal dimer present in serum is normally bound to the propeptide.
Based on these studies, it seems clear that MSTN is produced as a latent complex of the propeptide and the Cterminal dimer in vivo and that this non-covalently-held
complex represents the major circulating form of MSTN in
the blood. A critical question with respect to understanding
the regulation of this signaling pathway is how MSTN is
activated from this latent state. Studies with purified latent
complex demonstrated that MSTN can be activated artificially in vitro by heat treatment [11]. A clue to how this
complex might be activated in vivo came from the analysis
of MSTN produced by CHO cells [11]. Western analysis of
conditioned medium prepared from MSTN-expressing CHO
cells using antibodies directed against the propeptide revealed that although most of the propeptide exhibited an
electrophoretic mobility consistent with the predicted molecular weight, a faster migrating species could be detected
to varying levels in different preparations. Analysis of this
faster migrating species identified it to be a degradation
product resulting from proteolytic cleavage of the propeptide
immediately N-terminal to aspartate residue 76. The finding
that this truncated product could not be detected in the conditioned medium of CHO cells expressing a mutant form of
MSTN in which aspartate 76 was changed to alanine suggested that this degradation product resulted from cleavage
of the propeptide by specific proteases made by CHO cells.
For two reasons, members of the BMP-1/tolloid family of
metalloproteases were attractive candidates for the proteases
that might be responsible for cleavage of the propeptide.
First, although most of the substrates that had been identified
for these proteases were components of the extracellular matrix, most notably the numerous isoforms of procollagen (for
review, see ref. [36]), this group of proteases had also been
shown to be capable of cleaving chordin, which normally
functions to bind to and inhibit the activities of certain TGFß family members, namely, the bone morphogenetic proteins
(BMPs). Genetic and biochemical studies in Drosophila and
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Xenopus had demonstrated that the BMP-1/TLD family of
proteases is capable of cleaving and inactivating chordin,
thereby releasing the bound BMPs to allow signaling to occur [37-39]. These findings raised the possibility that this
group of proteases may also be capable of similarly regulating the activities of other binding proteins for the TGF-ß
family, including their respective propeptides. Second,
analysis of the precise cleavage sites for many of the substrates revealed that in virtually every case, the cleavage occurs immediately N-terminal to an aspartate residue (for review, see ref. [36]).
These known properties of the BMP-1/TLD proteases
taken together with the observation that the degradation
product of the propeptide present in the conditioned medium
of CHO cells overexpressing MSTN resulted from proteolytic cleavage immediately N-terminal to aspartate residue
76 raised the possibility that proteolytic degradation of the
propeptide may have resulted from the activities of one or
more members of this protease family. Indeed, studies using
purified proteases and purified MSTN latent complex
showed that each of the four proteases in the BMP-1/TLD
family (BMP-1, TLD, TLL-1, and TLL-2) is capable of
cleaving the MSTN propeptide in the latent complex precisely N-terminal to aspartate residue 76 [11]. Furthermore,
analysis of the products of the reaction in reporter gene assays demonstrated that cleavage of the propeptide by each of
these proteases resulted in activation of the MSTN Cterminal dimer. The actual catalytic activity of these proteases was shown to be essential for activation of the MSTN
latent complex, as purified latent complex comprised of the
C-terminal dimer and a mutant form of the propeptide in
which aspartate 76 had been changed to alanine (D76A) was
shown to be resistant to proteolytic cleavage and incapable
of being activated by BMP-1/TLD proteases.
Although these experiments focused on the ability of this
group of metalloproteases to activate the MSTN latent complex in vitro, there is now considerable evidence supporting
a role for this activation mechanism in vivo. In the initial
study describing this activation mechanism, it was shown
that unlike the wild type propeptide, the D76A mutant form
of the propeptide was capable of increasing muscle growth
when administered systemically as an Fc fusion protein to
wild type adult mice [11]. This finding suggested that the
mutant propeptide was capable of binding free C-terminal
dimers in vivo and forming latent complexes that could not
be activated by proteolytic cleavage. The role of proteolysis
in activation of latent MSTN has also been investigated using genetic approaches in mice to manipulate levels of proteolytic cleavage in vivo. One approach was to knock in the
D76A mutation into the endogenous Mstn gene, thereby replacing the normal MSTN protein with the D76A mutant
version [40]. As in the case of mice carrying the original
Mstn deletion mutation, mice heterozygous or homozygous
for the D76A point mutation exhibited dose-dependent increases in muscle mass, consistent with a critical role for
proteolysis at this site in the activation of MSTN. A remarkable finding in these mice was that the circulating levels of
MSTN protein were increased dramatically compared to
those of wild type mice, and yet the mice behaved phenotypically as if they substantially lacked MSTN activity; the
simplest interpretation of these data is that MSTN protein
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accumulated to very high levels in these mutant mice and
that essentially all of this protein was incapable of being activated from its latent state. Although the increases in muscle
mass observed in mice carrying the D76A point mutation
approached those seen in mice carrying the Mstn deletion
mutation, the effect was incomplete, implying that proteolytic cleavage of the propeptide is likely to be the major but
not the sole mechanism for activating latent MSTN in vivo.
A second genetic approach to validating the role of these
proteases in activating latent MSTN in vivo was to target the
proteases themselves. In particular, mice homozygous for a
deletion mutation in one of the genes in this family, namely
Tll2, were shown to exhibit statistically significant increases
in muscle mass, consistent with a role for TLL-2 in regulating MSTN activity [40]. The effects seen in Tll2 mutant
mice, however, were relatively small compared to those seen
in mice carrying the D76A point mutation in the Mstn gene,
implying that the function of TLL-2 is redundant with those
of other members of this protease family. In this respect,
although Tll2 has been shown to be expressed in developing
muscle [41], little or no TLL-2 appears to be made by adult
muscle, suggesting that other proteases likely play a more
prominent role in regulating MSTN activity in adult muscle.
Because inactivating mutations in the other genes in this
family, namely Bmp1/Tld (BMP-1 and TLD are made from a
single gene by alternative splicing) and Tll1, have been reported previously to result in embryonic lethality in the homozygous state [42, 43], further genetic analysis of the role
of these proteases in the biology of MSTN will await the
generation and characterization of mice carrying conditional
knockout alleles for each of these genes.
Role of Follistatin in Regulating MSTN Activity
In addition to the propeptide, several other proteins have
been identified that appear to be involved in binding and
regulating MSTN extracellularly. One of these is follistatin
(FST), which was originally identified in follicular fluid for
its ability to block secretion of follicle stimulating hormone
(FSH) by pituitary cells [44, 45]. Follistatin was found to act
not by signaling directly to target cells but rather by binding
and inhibiting activins [46], which are TGF-ß family members shown to have the opposite activity to follistatin,
namely, to stimulate FSH secretion [47, 48]. Subsequent
studies showed that follistatin is also capable of blocking the
activities of other TGF-ß family members as well, including
some of the BMP isoforms [49-51]. Of particular interest
with respect to MSTN was the finding that follistatin could
bind and inhibit GDF-11/BMP-11 [52]. Because GDF11/BMP-11 is highly related to MSTN (the two are greater
than 90% identical at the amino acid level in the C-terminal
domain) [1, 52], these findings raised the possibility that
follistatin might also be capable of binding and inhibiting
MSTN.
Indeed, follistatin has been shown to function as a potent
inhibitor of MSTN both in vitro and in vivo. Initial studies
demonstrated that purified follistatin is capable of blocking
MSTN activity in vitro in both receptor binding [13] and
reporter gene activation [34] assays, with IC50s in the range
of about 300-500 pM. Two groups subsequently used surface
plasmon resonance analysis to demonstrate that follistatin
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can bind directly to MSTN, although the measured dissociation constants were somewhat discrepant, ranging from 584
pM in one study [53] to 12.3 nM in the other study [54]. The
nature of the binding interaction between these proteins has
now been revealed in detail by the analysis of the crystal
structure of the follistatin/MSTN complex [18]. In the complex, two molecules of follistatin were shown to surround the
MSTN C-terminal dimer, completely blocking all of the putative sites of interaction between MSTN and its receptors.
The N-terminal domains (ND) of each of the two follistatin
molecules in the complex were shown to contact both MSTN
subunits in the dimer and block the prehelix loops of the
MSTN molecules necessary for interaction with the type I
receptors. The first two follistatin domains (FSD1 and
FSD2) of each follistatin molecule in the complex were
shown to contact one subunit of the MSTN dimer and
thereby block the putative MSTN binding site for the activin
type II receptors. No direct contacts were observed between
MSTN and the third follistatin domain, FSD3.
A comparison of the crystal structure of the follistatin/MSTN complex with that of the follistatin/activin A
complex [55] revealed both similarities and differences in
the manner in which follistatin interacts with these two
ligands to regulate their activities. In general, the role of the
ND in blocking the type I receptor binding interface and the
role of the FSDs in blocking the type II receptor binding
interface were found to be similar for the two ligands. One
significant difference, however, is that the ND appears to
play a more prominent role in the case of MSTN binding by
making more extensive contacts with the ligand and burying
more surface area. Two observations, however, still remain
somewhat unexplained by these structural studies. First, despite the fact that more overall surface area seems to be buried in the follistatin/MSTN complex than in the follistatin/activin A complex, activin A has been reported to
have a higher affinity than MSTN for follistatin [53, 54, 56].
Second, despite the fact that the FSD1 and FSD2 domains
each make intimate contacts with the ligand in both complexes, structure-function studies have shown that the FSD1
domain seems to be more important for binding to MSTN
whereas the FSD2 domain seems to be more important for
binding to activin A [57]. Whatever the molecular basis for
this specificity might be, the differing roles of the individual
FSD domains have been exploited to engineer follistatin
variants with higher affinity for one ligand versus the other.
In particular, a construct consisting of the configuration
ND/FSD1/FSD1 has been shown to have much higher inhibitory activity on MSTN than on activin A [54, 57], raising
the possibility that neo molecules of this type may be preferable to full length follistatin in terms of being able to generate more selective targeting for clinical applications.
In this respect, there is now considerable evidence that
follistatin can function as a potent inhibitor of MSTN signaling in vivo. In the initial study identifying follistatin as a
MSTN antagonist, overexpression of follistatin in skeletal
muscle as a transgene under the control of a myosin light
chain promoter and enhancer was shown to cause dramatic
increases in muscle mass, consistent with inhibition of
MSTN activity [13]. The follistatin transgene phenocopied
the Mstn loss-of-function mutation in that both fiber numbers
and fiber sizes appeared to be affected, although the relative
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contribution of muscle fiber hypertrophy to the overall phenotype was much more substantial in the follistatin transgenic mice than in Mstn -/- mice [13, 58]. These findings
suggested that follistatin is capable of blocking MSTN activity postnatally to induce muscle fiber growth, and this has
now been documented definitively by a number of subsequent studies using a variety of different experimental approaches. Specifically, significant effects on muscle growth
have been demonstrated by using viral vectors to deliver
follistatin expression cassettes to adult mice [59] and to adult
monkeys [60], by electroporating follistatin expression constructs directly into the muscles of adult mice [61], by treating adult mice with deacetylase inhibitors to induce endogenous follistatin expression [62, 63], and by delivering purified follistatin protein systemically to neonatal mice [64] and
rats [65]. Moreover, two studies utilizing an engineered follistatin variant with enhanced specificity for MSTN have
provided strong evidence that at least a substantial component of the effect of follistatin in vivo results from inhibition
of MSTN activity. In particular, a follistatin variant with the
configuration ND/FSD1/FSD1, which can bind MSTN but
not activins [54, 57], was shown to cause significant increases in muscle mass when overexpressed either as a standard germline transgene [54] or following delivery of an
expression cassette by electroporation into adult muscles
[61]; importantly, in the latter study, the effect of overexpressing this altered form of follistatin was eliminated when
electroporated into muscles of Mstn -/- mice, clearly demonstrating that this molecule was, indeed, targeting MSTN.
Although numerous studies have documented the ability
of follistatin to promote muscle growth when overexpressed
in vivo, what role follistatin plays normally in regulating
muscle homeostasis is still somewhat unclear. Mice homozygous for a targeted deletion of the Fst gene have been
shown to have multiple abnormalities [66], some of which
can be clearly attributed to loss of inhibition of specific
ligands. For example, Fst -/- mice exhibit posterior transformations of the axial skeleton, which is the opposite of what
is seen in Gdf11 -/- mice [67], suggesting that at least one role
for follistatin during development is to block GDF-11 signaling. Significantly, Fst -/- mice were also found to have a reduced amount of muscle tissue at birth [66], which is what
one might expect for loss of inhibition of MSTN signaling.
Because Fst -/- mice die immediately after birth, however, an
elucidation of the normal role for follistatin in regulating
muscle growth and homeostasis will await additional genetic
studies in which follistatin function has been targeted in a
conditional or tissue-specific manner.
Roles of Other Binding Proteins in MSTN Regulation
In addition to follistatin, a related protein, FSTL-3 (also
called FLRG), has also been implicated as a regulator of
MSTN activity. FSTL-3 was originally cloned from the
breakpoint for a chromosomal translocation in a B-cell
chronic lymphocytic leukemia [68]. FSTL-3 was found to be
similar to follistatin both in its predicted sequence, which
contains two follistatin domains [68], and in its ability to
bind activin and inhibit its activity in vitro [69, 70]. The initial study suggesting that FSTL-3 may play a role in regulating MSTN signaling was the analysis of proteins normally
bound to MSTN in serum [35]. These investigators used a
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monoclonal antibody directed against the C-terminal domain
of MSTN to affinity purify MSTN protein complexes from
serum and then identified bound proteins eluted from gel
slices by mass spectrometry. As discussed earlier, one of the
major proteins detected in this analysis was the MSTN
propeptide. A second major protein detected in the bound
fraction in both mouse and human serum was FSTL-3. Curiously, follistatin itself was not detected as one of the proteins
bound to MSTN despite the fact that follistatin is known to
circulate in the blood (for review, see ref. [71]). Although it
is possible that these negative findings mean that follistatin
does not play a role in regulating systemic MSTN activity, it
is also possible that binding of follistatin to MSTN masked
the epitope recognized by the anti-MSTN monoclonal antibody or that the levels of follistatin were below the limits of
detection in these studies.
A variety of studies have demonstrated that FSTL-3, like
follistatin, can act as a potent inhibitor of MSTN activity. In
the original study identifying FSTL-3 as a MSTN binding
protein, recombinant FSTL-3 was shown to be capable of
blocking MSTN activity in vitro in reporter gene assays [35].
The ability of FSTL-3 to block MSTN activity in vivo has
been demonstrated in two subsequent studies. In one study,
transgenic mice overexpressing FSTL-3 in skeletal muscle
using myosin light chain regulatory sequences were shown
to exhibit significant increases in muscle mass [58]. In the
other study, delivery of an FSTL-3 expression cassette to
adult mice using an AAV vector was also shown to be effective in increasing muscle mass and grip strength, demonstrating the effectiveness of FSTL-3 in inducing muscle growth
postnatally [59]. What role FSTL-3 plays normally in regulating MSTN activity and muscle growth, however, is unclear, as muscle mass has been reported to be normal in mice
carrying a deletion of Fstl3 [72].
In addition to follistatin and FSTL-3, several other
MSTN binding proteins have also been identified. One of
these is GASP-1 (Growth and Differentiation FactorAssociated Serum Protein-1; also called WFIKKN2), which
was the third protein, along with the MSTN propeptide and
FSTL-3, that was shown to be bound to MSTN following
affinity purification of MSTN complexes from serum using a
monoclonal antibody directed against the MSTN C-terminal
domain [73]. A full length cDNA clone encoding GASP-1
was isolated based on the peptides identified by mass spectrometry, and the predicted GASP-1 amino acid sequence
was found to contain a follistatin domain as well as multiple
domains associated with protease inhibitors, including a
whey acidic protein domain, a Kazal domain, two Kunitz
domains, and a netrin domain; in fact, it was on the basis of
the predicted netrin domain that this gene had been previously identified by another group and named WFIKKN (subsequently renamed WFIKKN2) [74]. Studies with recombinant GASP-1 demonstrated that the protein is capable of
binding directly to the MSTN C-terminal dimer and inhibiting its activity in vitro in reporter gene assays [73]. A related
protein, GASP-2 (also called WFIKKN1), has also been
shown to be capable of binding MSTN [75], although
GASP-2 was not detected as one of the proteins bound to
endogenous MSTN in serum [73]. Surprisingly, GASP-1
was shown to be capable of binding not only the MSTN Cterminal dimer but also the MSTN propeptide [73], and sub-

Extracellular Regulation of Myostatin

sequent structure-function studies with GASP-2 showed that
different domains of the protein are responsible for these
different interactions, with the follistatin domain mediating
the binding to the C-terminal region and the netrin domain
mediating the binding to the propeptide [75]. GASP-1 has
also been shown to be capable of inhibiting the MSTNrelated protein, GDF-11/BMP-11; unlike follistatin and
FSTL-3, however, GASP-1 is unable to block activin activity
[73]. GASP-2 appears to be similar to GASP-1 in its ability
to bind GDF-11/BMP-11 [75], but effects of GASP-2 on
other TGF-ß related ligands have not yet been reported. Finally, GASP-1 also appears to be capable of blocking MSTN
activity in vivo, as viral delivery of a GASP-1 expression
cassette into adult muscle has been shown to induce increases in muscle mass and grip strength [59]. An elucidation of the roles that GASP-1 and GASP-2 normally play in
vivo will await the characterization of mice carrying targeted
mutations in these genes.
In addition to the MSTN propeptide, follistatin, FSTL-3,
GASP-1, and GASP-2, several other proteins have also been
identified as potential regulators of MSTN activity. One of
these is Latent TGF-ß Binding Protein-3 (LTBP-3), and as
discussed earlier, LTBP-3 has been proposed to play a role
in regulating the processing of the MSTN precursor protein
[17]. Decorin has also been shown to bind MSTN with high
affinity and has been proposed to play a role in maintaining
MSTN bound to the extracellular matrix [76]. Decorin also
appears to be capable of regulating muscle cell differentiation and muscle regeneration, which may be mediated at
least in part by effects on expression of both MSTN and follistatin [77]. Finally, two proteins, Titin-Cap [78] and hSGT
[79] were identified as MSTN binding proteins using yeast
two-hybrid screens and have been proposed to play roles in
regulating MSTN secretion and/or activation.
Existence of Other TGF-ß Family Members with Functional Redundancy with Myostatin
Several studies investigating the effects of these various
MSTN binding proteins in vivo have demonstrated that
MSTN is not the sole target for these inhibitors in muscle
and that other TGF-ß family members seem to function with
MSTN to limit muscle mass. The first hint that other ligands
may be functionally redundant with MSTN came from the
original transgenic studies overexpressing follistatin in muscle [13]. A striking finding was that the increases in muscle
mass observed in at least one of the founder animals appeared to surpass those seen in Mstn knockout mice, raising
the possibility that the effects of follistatin were being mediated by inhibition of more than just MSTN. Indeed, this possibility was borne out by subsequent studies demonstrating
that the follistatin transgene could cause significant increases
in muscle mass even in mice lacking MSTN [58]; in fact, the
follistatin transgene could cause yet another doubling of
muscle mass (i.e. an overall quadrupling) when crossed onto
a Mstn -/- background. The fact that most of the increased
muscle mass in these mice could be attributed to muscle fiber hypertrophy implied that this additional ligand (or
ligands) also functions to regulate postnatal growth of fibers,
and this was demonstrated conclusively by electroporation
studies in which delivery of a follistatin expression cassette

Immun., Endoc. & Metab. Agents in Med. Chem., 2010, Vol. 10, No. 4

189

was shown to induce muscle fiber hypertrophy not only in
wild type mice but also in Mstn -/- mice [61].
The existence of additional ligands with similar activity
to MSTN in suppressing muscle growth was also demonstrated in studies using a different MSTN inhibitor. The
demonstration that MSTN signals by binding initially to the
activin type II receptors, ACVR2 and ACVR2B [12, 13, 80],
led investigators to develop and test a soluble form of one of
these receptors for its ability to block MSTN signaling. Specifically, the extracellular domain of ACVR2B fused to an
Fc domain (ACVR2B/Fc) was shown to be capable of inhibiting MSTN activity in vitro and promoting muscle growth
when administered systemically to adult mice [12]. The effects of ACVR2B/Fc, however, were significantly greater
than what had been observed with other myostatin inhibitors,
raising the possibility that ACVR2B/Fc was targeting more
than just MSTN to exert its effect, and indeed, the effects of
ACVR2B/Fc were shown to be attenuated but not eliminated
in Mstn null mice.
Finally, genetic studies analyzing the effect of a musclespecific FSTL-3 transgene in combination with a Mstn mutation demonstrated that like follistatin, FSTL-3 was also capable of inducing muscle hypertrophy to an extent that could
not be explained simply by inhibition of MSTN [58]. Taken
together, all of these studies have demonstrated that muscle
mass is suppressed by the coordinate activities of multiple
TGF-ß family members, including MSTN, and that the capacity for increasing muscle growth by targeting this general
signaling pathway is much greater than previously appreciated.
The identities of the other ligands that cooperate with
MSTN to limit muscle growth are currently unknown. The
TGF-ß family consists of almost 40 proteins, and only some
of these can be eliminated as candidates based on the criterion that the key ligands can be blocked both by follistatin,
by FSTL-3, and by the soluble ACVR2B receptor. One approach to homing in the key ligands has been to identify
those that can be affinity purified from serum using
ACVR2B/Fc as a ligand trap [81]. This approach identified
GDF-11, BMP-9, BMP-10, and various activin isoforms as
possible candidates present in both mouse and human serum.
Among these, the most obvious candidate was GDF-11,
which is highly related in amino acid sequence to MSTN and
is known to be expressed in muscle [1, 52, 82]. Mice homozygous for a targeted deletion of the Gdf11 gene have been
shown to exhibit multiple developmental abnormalities and
die during the perinatal period [67, 83-88], which has precluded a detailed analysis of the effect of complete loss of
GDF-11 on muscle function. Studies have been carried out,
however, in which a floxed allele of Gdf11 was used to analyze the effect of targeting the gene selectively in skeletal
muscle, and these studies failed to uncover any role for
GDF-11 in regulating muscle development or growth [82].
Perhaps the next most obvious candidates would be the activins, as a variety of studies have demonstrated that they can
regulate differentiation of muscle cells in culture [81, 89-91].
Moreover, electroporation of an activin A expression construct into muscle has been shown to induce muscle atrophy
[61], analogous to the muscle atrophy that has been observed
upon overexpression of MSTN in vivo [34]. To date, how-
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ever, no loss-of-function data have been reported supporting
a role for any of the activin isoforms in regulating muscle
mass.
Implications and Speculations
As discussed in the preceding sections, an extensive volume of work over the past 13 years has led to the identification of numerous components of the MSTN regulatory system, and a variety of experimental approaches have been
used to demonstrate that manipulating the activities of these
components can lead to significant effects on skeletal muscle
mass. A partial summary of some of the genetic data demonstrating the effects of manipulating many of these regulatory
components is shown in Fig. (2), where percent increases in
muscle mass in a variety of transgenic and mutant mouse
lines are plotted for four different muscles (pectoralis, triceps, quadriceps, and gastrocnemius). Collectively, these
genetic data illustrate a number of key features of this regulatory system. First, all of these data are consistent with the
model shown in Fig. 1 that many different components can
be manipulated to regulate levels of signaling through this
pathway. In particular, increased activity of components
shown in green or decreased activity of components shown
in red all lead to decreased signaling and, consequently, to
increased muscle growth. The fact that effects in muscle can
be achieved by manipulating so many different components
implies that there will be many alternative strategies for targeting this general signaling pathway for development of
therapeutic agents. Second, the range of effects that can be
generated in terms of muscle mass is enormous, with the
maximal effect generated to date being a 250-350% increase
in muscle weights (i.e. an overall quadrupling) in mice carrying both a follistatin transgene and a Mstn loss-of-function
mutation. Third, within this large range, one can generate an
almost continuous spectrum of effects depending on how the
system is manipulated. The fact that the effect on muscle is
titratable suggests that there is a dose-dependent effect of
signaling through this pathway. In this respect, one of the
striking features of this system is that many of the components exhibit haploinsufficiency, such that mice heterozygous for a given mutation have muscle weights that are intermediate between homozygous mutant and wild type mice.
This dose-dependence is one of the most attractive features
of this signaling system from the standpoint of targeting the
pathway for the development of therapeutic agents. In particular, the dose-dependence suggests that it will not be necessary to block the pathway completely in order to produce a
therapeutic effect and that it should be possible to produce
different magnitudes of effects for different applications and
different patient populations. Fourth, multiple TGF-ß family
members, including MSTN, work coordinately to suppress
muscle growth. Hence, agents capable of targeting multiple
ligands have the potential to produce much larger effects
than those targeting just MSTN. Of course, agents with a
broader range of specificity also have a higher potential for
causing side effects outside of muscle, so it will be essential
to pursue multiple strategies for targeting this pathway in
order to determine the optimal profile of biologics in which
the appropriate balance between therapeutic benefit and offtarget activity can be achieved.
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All of these features of this signaling system relate to
what is likely to be the fundamental reason that this regulatory network is so complex; that is, this system has likely
evolved to include so many regulatory components in order
to allow the control of growth of individual muscles to be
linked both to a variety of specific local physiological stimuli and to the overall physiological state of the animal. In this
respect, a conundrum with respect to the biology of MSTN
has been the fact that MSTN circulates in the blood. The
question is how the growth of individual muscles can be
regulated via this signaling system if MSTN protein is distributed to all muscles of the body via the circulation. One
possibility is that the circulating protein actually plays no
regulatory role and is merely the result of leakage of MSTN
from the muscle into the blood. This possibility seems unlikely for two reasons. First, studies have shown that MSTN
made at one site in the body (albeit at rather high levels) can
exert effects at distant sites [34]. Second, the Mstn loss-offunction mutation appears to exert a maternal effect such that
effects of MSTN loss can vary to some extent depending on
the genotype of the mother, consistent with the possibility
that MSTN protein in the maternal circulation can cross the
placenta and influence muscle development in the fetus [58].
A more likely possibility is that the circulating MSTN
protein can, indeed, enter the active pool to regulate local
muscle growth. In this respect, a critical aspect of this regulatory system is that most, if not all, of the circulating MSTN
protein is bound to inhibitory proteins and is therefore inactive. Hence, a reasonable model is that the levels of active
MSTN protein at any given site may be determined by the
extent to which this latent form is activated, such as by proteolytic cleavage of the propeptide by members of the BMP1/tolloid family of metalloproteases, and that levels of activation could be controlled locally to regulate growth of individual muscles. An appealing aspect of this model is that the
levels of circulating MSTN could then be regulated in response to other physiological stimuli in order to set limits on
the amount of protein that would be made available generally to skeletal muscle. Given that levels of MSTN signaling
can have profound influences on both fat and glucose metabolism (metabolic functions of MSTN are reviewed in detail by other articles in this collection), I speculated previously that perhaps this regulatory system is so complex because a major role for MSTN may be to regulate the overall
balance between fat and muscle [92]. According to this
model, circulating levels of MSTN would be high in certain
physiological states, which would favor storage of energy
reserves in adipose tissue, whereas circulating levels of
MSTN would be low in other physiological states, which
would allow more of a metabolic shift toward muscle. Because the circulating MSTN protein exists in an inactive,
latent state, MSTN can serve this dual role of globally regulating the metabolic balance between fat and muscle while at
the same time serving as the local gatekeeper to regulate the
growth of individual muscles. Clearly, the identification of
additional components of this regulatory system and a detailed analysis of the specific roles played by each of the
regulatory components under different physiological conditions and disease states will be essential not only for understanding how both local and systemic cues are integrated by
this signaling system to regulate muscle growth but also for
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Fig. (2). Effects of targeted mutations and/or muscle-specific transgenes for various components of the myostatin signaling pathway in mice.
Percent increases in muscle weights relative to wild type mice are shown for four muscles: pectoralis (red), triceps (gray), quadriceps (blue),
and gastrocnemius (green). For details, see refs. [12, 13, 40, 58].

developing the most effective strategies for manipulating this
regulatory system for clinical applications.
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