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Increasing the size and strength of muscles represents a promising
therapeutic strategy for musculoskeletal disorders, and interest
has focused on myostatin, a negative regulator of muscle growth.
Various myostatin inhibitor approaches have been identified and
tested in models of muscle disease with varying efficacies, depend-
ing on the age at which myostatin inhibition occurs. Here, we
describe a one-time gene administration of myostatin-inhibitor-
proteins to enhance muscle mass and strength in normal and
dystrophic mouse models for >2 years, even when delivered in
aged animals. These results demonstrate a promising therapeutic
strategy that warrants consideration for clinical trials in human
muscle diseases.

gene therapy | muscular dystrophy

uscle-enhancing strategies have been proposed for a num-

ber of neuromuscular disorders, including muscular dys-
trophies and age-related muscle disorders, and have shown
promising results to build or regenerate stronger, healthier
muscles (1). These strategies have mainly focused on the use of
trophic factors, such as insulin-like growth factor-1 that induce
myocyte precursor proliferation and myofiber hypertrophy (2).
Attention has recently highlighted the potential benefit for
inhibiting myostatin, resulting in the doubled muscle phenotype
of myostatin deficient cattle (3-5) and myostatin knockout mice
(6, 7). Myostatin is a transforming growth factor-g (TGF-p)
family member that plays a crucial role in regulating skeletal
muscle mass (8, 9). Myostatin appears to function in two distinct
roles: to regulate the number of myofibers formed in develop-
ment and to regulate the postnatal growth of muscles. The
regulation of muscle growth postnatally is being explored by
various pharmacological methods for a number of muscle dis-
orders. Delivery of neutralizing antibodies against myostatin has
shown promise in dystrophic mdx mice (10), yet there have been
varying reports on the efficacy to enhance muscles when deliv-
ered in aged animals (11). Furthermore, recent data demon-
strated muscle mass enhancement and morphological recovery
in muscular dystrophy mice treated with deacetylase inhibitors.
The resulting muscle enhancement was attributed to an increase
in the protein follistatin, which has been shown in part to inhibit
the activity of myostatin (12). Trichostatin A (TSA) treatment
required daily administration and was not evaluated in aged
animals where off target effects may exist.

The identification of myostatin binding proteins capable of
regulating myostatin activity has led to potential new approaches
for postnatal muscle enhancement and expanded the potential
for gene therapy to be considered as a method to inhibit
myostatin activity. Follistatin (FS) has been shown to bind to
some TGF-B family members and can function as a potent
myostatin antagonist. Overexpression of follistatin by transgenic
approaches in muscle has been shown to increase muscle growth
in vivo (13), and a lack of follistatin results in reduced muscle
mass at birth (14). Recent data has also shown that follistatin is
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capable of controlling muscle mass through pathways indepen-
dent of the myostatin signaling cascade. In these studies, myo-
statin knockout mice were crossed to mice carrying a follistatin
transgene. The resulting mice had a quadrupling of muscle mass
compared with the doubling of muscle mass that is observed
from lack of myostatin alone, confirming a role for follistatin in
the regulation of muscle mass beyond solely myostatin inhibition
(15). In addition to follistatin, two other proteins have been
identified that are involved in the regulation of the myostatin.
Follistatin-related gene (FLRG) is highly similar to follistatin
and has been shown to inhibit activin and multiple bone mor-
phogenic proteins in vitro (16, 17). Growth and differentiation
factor-associated serum protein-1 (GASP-1) is a protein that has
been discovered to contain multiple domains associated with
protease-inhibitor proteins and a domain homologous to the
10-cysteine repeat found in follistatin. GASP-1 was shown to
bind directly to the mature myostatin and myostatin propeptide
and inhibits myostatin’s activity (18). Although recombinant
protein injections or myostatin blocking antibodies are feasible
strategies, gene therapy to express these myostatin inhibitor
genes may prove a more efficacious therapeutic route for
numerous reasons, including the lack of potential immune
response to antibody treatment and the requirement for multiple
injections.

Here, we report that a one-time postnatal intramuscular
injection of adeno-associated virus (AAV) encoding myostatin-
inhibitor-proteins resulted in long-term improvement of muscle
size and strength in wild-type animals. Delivery of a myostatin-
inhibitor-protein in dystrophic mdx animals reversed muscle
pathology and improved strength, even when administered in
6.5-month-old animals. Specifically, we show here that follista-
tin-344 resulted in the greatest effects on muscle size and
function and was well tolerated with no untoward effects on
cardiac pathology or reproductive capacity in either male or
female treated animals.

Results and Discussion

AAV-mediated gene delivery to muscle provides a system to
generate high levels of protein in the target tissue or by a secreted
product carried to remote sites through the circulation (19). We
cloned the known secreted myostatin-inhibiting genes, including
growth and differentiation factor-associated serum protein-1
(GASP-1) (18), follistatin-related gene (FLRG) (17), and follista-
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Fig. 1. Myostatin inhibitor proteins increase muscle mass and strength in
wild-type C57BL/6 mice. (a) Gross hindlimb muscle mass is increased in all
myostatin-inhibitor-protein treated mice at 725 days of age compared with
AAV1-GFP injected controls. (b) Total body mass is significantly increased in
AAV1-FS-injected (**, P < 0.01) and AAV1-GASP-1-injected (*, P = 0.05) mice
compared with AAV1-GFP controls at 725 days of age (n = 10). (c) The mass of
individual hindlimb and forelimb muscles is increased in mice injected with
AAV expressing myostatin inhibitor proteins (n = 10). *, P < 0.05. (d) Hindlimb
grip strength improves >2 years in all treated mice with the greatest differ-
ences in AAV1-FS treated animals compared with AAV1-GFP controls (n = 10).
Error bars represent standard error.

tin-344 (FS) (13) into AAV serotype 1, which have demonstrated
high muscle transduction capabilities. There are two isoforms of
follistatin generated by alternative splicing. The FS-344 variant
undergoes peptide cleavage to generate the FS-315 isoform and the
other FS-317 variant produces the FS-288 isoform after peptide
cleavage. We used the human FS-344 variant, which exclusively
generates the serum circulating FS-315 isoform of FS and includes
a C-terminal acidic region (20). We chose FS-344 (FS), because the
other FS-317 isoform, lacking the C terminus, shows preferential
localization to the ovarian follicular fluid and high tissue binding
affinity through heparin sulfate proteoglycans, which may affect
reproductive capacity and bind to other off-target sites (21). FS-288
represents the membrane-bound form of follistatin (22), is a potent
suppressor of pituitary follicle stimulating hormone (23), is found
in the follicular fluid of the ovary and in the testes, and demon-
strates a high affinity for the granulosa cells of the ovary.

We sought to determine the efficacy of these proteins to
increase muscle mass in normal and dystrophic mice. We ad-
ministered 1 X 10" AAV1 viral particles per animal encoding
FS, FLRG, GASP-1, or GFP bilaterally into the quadriceps and
tibialis anterior muscles of 4-week-old wild-type C57BL/6 mice.
All animals treated with the myostatin inhibitors demonstrated
an increase in body mass with an observable gross enhancement
of muscles when analyzed at 725-days of age compared with
GFP-treated controls (Fig. 1 a and b). Evaluation of individual
muscle weights showed an increase in muscle mass for all
myostatin inhibitor-treated animals, with the greatest increase in
FS-treated animals. The increased muscle mass was found in the
injected hindlimb muscles and remote muscles to the injection
site, such as the triceps. Thus, these inhibitors were secreted into
the circulation from the site of muscle injection, enhancing
skeletal muscle mass at remote sites (Fig. 1c). The enlarged
muscle mass was accompanied by functional improvement dem-
onstrated by an increase in hindlimb grip strength (Fig. 1d).
There was no effect on heart mass or histological appearance of
cardiomyocytes, indicating that myostatin inhibition was selec-
tive to skeletal muscle tissue (data not shown). There has been
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Table 1. Reproduction was normal in animals treated
with AAV1-FS

Mean litter

Reproductive study group n size (SD)
C578BI/10
AAV1-FS-treated male X untreated female 4 9.0 (2.582)
AAV1-FS-treated female X untreated male 4 9.25 (1.708)
Untreated male X untreated female 4 9.0 (2.160)
mdx

AAV1-FS-treated male X untreated female 3 4.5 (0.707)
AAV1-FS-treated female X untreated male 2 2.0 (0)
Untreated male X untreated female 6 3.83(1.169)

Male and female C57BL/10 and mdx mice treated for either 2 years or 6
months, respectively, were able to breed normally with no differences in the
litter size of treated animals compared with noninjected controls. (P > 0.05.)

concern that FS adversely effects gonadal function. We found no
change in reproductive capacity in mice treated with our AAV1
carrying the FS344 transgene (AAV1-FS, Table 1) Furthermore,
we found no histological/pathological alterations in the gonadal
tissue of FS treated-mice compared with controls (data not
shown).
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Fig. 2.  Single injection of AAV1-FS increases muscle mass and strength in
young mdx mice. (a) Gross hindlimb muscle mass is increased in AAV1-FS-
injected mdx animals at 180 days of age compared with AAV1-GFP-injected
controls. (b) The mass of individual hindlimb and forelimb muscles is increased
at 180 days of age in mice injected at 3 weeks of age with AAV1-FS compared
with AAV1-GFP controls (n = 15). *, P < 0.05. (c) Grip strength is improved in
a dose-dependent manner in young madx mice injected at 3 weeks of age with
AAV1-FS followed for 180 days (n = 15). Red, high-dose AAV1-FS; blue, low-
dose AAV1-FS; green, AAV1-GFP controls. Error bars represent standard
errors.
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mdx mice treated with AAV1-FS at 3 weeks of age and followed for 180 days demonstrate myofiber hypertrophy. (a) H&E staining of the tibialis anterior reveals

myofiber hypertrophy in AAV1-FS injected muscle compared with AAV1-GFP control. (Original magnification, X40.) (b) The mean diameter of dark (slow-twitch
oxidative), intermediate (fast-twitch oxidative glycolytic), and light (fast twitch glycolytic) myofibers in the tibialis anterior (indicated by hatched line) is significantly
increased in mice injected with AAV1-FS compared with AAV1-GFP-injected controls. (P < 0.001; n = 5). (c) The mean diameter of intermediate and light myofibers
(indicated by hatched line) in the triceps is significantly increased in mice injected with AAV1-FS compared with AAV1-GFP-injected controls. (P < 0.001; n = 5.) (d) The
distribution of dark, intermediate, and light fibers as determined by succinic dehydrogenase (SDH) staining is not changed by treatment with high or low doses of
AAV1-FS. (P> 0.05 between all groups; n = 5.) (e) The mean number of fibers counted per an unbiased 0.14 mm? counting frame is decreased in the tibialis anterior
of AAV1-FS-treated mice, given that the mean diameter of myofibers is increased. (*, P < 0.01; n = 5.) Error bars represent standard errors.

Given the robust effects of FS delivery, we next tested the
potential for AAVI1-FS delivered postnatally in a clinically
meaningful paradigm to increase muscle mass and strength and
delay muscle deterioration in the mdx mouse model of Duchenne
muscular dystrophy (DMD). DMD is an X-linked recessive
disease resulting in the wasting of skeletal muscles and cardiac
function, ultimately resulting in death. Recently, FS was inves-
tigated in mdx animals overexpressing a duplicated domain of
the follistatin gene. Results demonstrated increased muscle mass
and attenuated pathology, although the results were only doc-
umented to 15 weeks of age (24). In our studies, mdx animals
were injected bilaterally in the quadriceps and tibialis anterior
muscles with a low (1 X 109 viral particles) or high dose (1 X
10" viral particles) of AAV1-FS at 3 weeks of age and followed
for 5 months before necropsy. Increased levels of circulating FS
were detected in the serum of both low and high dose treated
animals with the high dose expressing the greatest levels of
serum detected FS (high dose, 15.3 * 2.1 ng/ml; low dose, 6.8 =
0.4 ng/ml; GFP controls, 0 = 0.1 ng/ml; n = 8 per group; P <
0.01). We demonstrated that AAVI1-FS increased body mass
compared with GFP treated controls, with the greatest increase
in the high dose FS group (data not shown). Gross observation
of AAVI-FS treated mice displayed a significant increase in
muscle size compared with AAV1-GFP treated animals (Fig.
2a), with the greatest individual muscle weight increase in high
dose FS-treated animals (Fig. 2b). Effects were not restricted to
the injected muscles; they were also found at sites remote from
directly targeted muscles (Fig. 2b). Increased muscle mass
translated to a dose-dependent improvement in muscle strength
in the hindlimbs and forelimbs of treated animals compared with
GFP treated controls (Fig. 2¢). Histological and morphometric
analyses of AAVI-FS injected muscles and at remote sites
demonstrated myofiber hypertrophy, supporting gross observa-
tions made at the time of necropsy (Fig. 3 a—c). Furthermore,
there was no shift in muscle fiber types in AAV-FS treated
animals; however, there were fewer total fibers per square
millimeter of area in the tibialis anterior muscle in animals
treated with the high dose AAV-FS (Fig. 3 d and e). Strikingly,
FS-treated mice demonstrated a significant reduction in serum
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creatine kinase compared with GFP-treated controls (Fig. 4a).
This is of interest, because FS was protective despite its lack of
correction of the underlying dystrophin deficiency. The exact
mechanism is not clear, but one might speculate that increasing
the strength of individual fibers makes them less susceptible to
damage from the stress of normal activities. The involvement of
satellite cells in postnatal myostatin inhibition remains to be fully
resolved; however, we did not see a statistical change in muscle
satellite cell markers for FS-treated animals (data not shown).

We also evaluated the potential for AAV1-FS to increase
muscle strength in mdx animals when treated at an older age. We
found that AAVI-FS injection at 210 days of age increased
muscle strength ~60 days after administration and that the
increased strength persisted long-term throughout the 560 days
evaluated in this study (Fig. 4b). As early as 180 days of age,
before AAVI-FS treatment, there was evident pathology in
muscles of untreated mdx animals, with prominent endomysial
connective tissue proliferation and inflammation (Fig. 4 c and d).
Pathological evaluation of gastrocnemius and diaphragm mus-
cles at 560 days of age demonstrated that AAVI-FS treated
animals had substantially fewer focal groups of necrotic muscle
fibers and mononuclear cell infiltrates. Importantly, AAV1-FS
treated animals had significantly reduced focal areas of endomy-
sial connective tissue proliferation, which were pronounced in
GFP treated animals, demonstrating that fibrosis, a hallmark of
muscular dystrophy, was decreased in FS-treated animals (Fig.
4c). Pathology in the diaphragm also showed that FS-treatment
reduced inflammation and fatty replacement compared with
GFP-treated animals (Fig. 4d). Furthermore, AAV1-FS treat-
ment demonstrated significant increases in muscle fiber diam-
eters at this age compared with control GFP-treated animals
(Fig. 4 ¢ and d). These results demonstrated that myostatin
inhibition by FS treatment was beneficial in aged mdx animals
that had undergone multiple rounds of muscle degeneration and
regeneration. Translation to a clinical parallel suggests that
AAV-mediated FS gene therapy could have potential for the
older DMD patient independent of replacing the missing gene
and may have a potential role in combinational therapy similar
to that demonstrated for IGF-1 and minidystrophin gene re-
placement (25).

Haidet et al.
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Fig. 4. mdx mice treated with AAV1-FS show decreased markers of muscle
damage and aged mdx mice are responsive to FS treatment with functional
benefit. (a) Serum creatine kinase levels (units/liter) are decreased at 3 months
after injection with AAV1-FS compared with AAV1-GFP-injected controls. (*,
P < 0.05; n = 10.) Error bars represent standard errors. (b) Hindlimb grip
strength is significantly increased (P = 0.05) at 275 days and beyond in aged
mdx mice treated with AAV1-FS at 210 days of age (n = 15). Red, high-dose
AAV1-FS; green, AAV1-GFP controls. (c) H&E stain of aged gastrocnemius
demonstrates reduced pathology when injected at 210 days of age with FS
compared with GFP-injected controls. (Original magnification, x40.) (d) H&E
stained diaphragm of animals injected at 210 days of age with FS shows less
fat replacement than GFP-injected controls at late stage. (Original magnifi-
cation, %x20.)

These results suggest that inhibition of myostatin by FS-344,
delivered by a single AAV1 injection can enhance muscle size
and strength and is well tolerated for >2-years. The results of
FS344 may offer a more powerful strategy than others target-
ing solely myostatin because of additive effects, such as
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follistatin’s involvement in multiple signaling pathways, and
the recent finding demonstrating a reduction in inflammation
in a model of endotoxemia (15, 26). The striking ability of FS
to provide gross and functional long-term improvement to
dystrophic muscles in aged animals warrants its consideration
for clinical development to treat musculoskeletal diseases,
including older DMD patients.

Materials and Methods

Animals. C57BL/6, C57BL/10, and C57BL/10ScSn-DMD™d/) were purchased
from The Jackson Laboratory. All studies were approved by Institutional
Animal Care and Use Committee.

Cloning and AAV Production. The cDNA for human follistatin-344 (FS) was
obtained from Origene, follistatin-related gene (FLRG) was obtained from
American Type Culture Collection, and growth and differentiation factor-
associated serum protein 1 (GASP-1) was cloned from a human c¢DNA library
(Clontech). Recombinant AAV serotype 1 vectors were produced by a contract
manufacturing company (Virapur).

AAV Injections and Testing. Mice received bilateral intramuscular injections of
a total dose of 1 X 10" viral particles (high = 1 X 10", low = 1 X 10'9) (n =
10-15 per group) at 3-4 weeks of age or at 6.5 months of age. Muscle strength
was assessed weekly, using a grip strength meter (27). Force measurements
were recorded in three separate trials and averaged. Mouse coordination was
tested by using the accelerating rotarod (Columbus Instruments).

Histological Analysis. Muscles were dissected, weighed, snap-frozenin liquid
nitrogen-cooled isopentane, cryostat sectioned, and stained by hematox-
ylin-eosin (H&E) or succinic dehydrogenase (SDH) for analysis of fiber
diameters. Five animals per group were chosen randomly for muscle fiber
size morphometry. For each analysis, five representative pictures (one
central and four peripheral) were taken of muscle sections, compounding
to 0.7 mmZ2. Images were captured at X20 magnification, and diameters
were measured with a calibrated micrometer, using the AxioVision 4.2
software (Zeiss). Fiber size-distribution histograms were generated and
expressed as percentage of total fibers analyzed.

Creatine Kinase and Follistatin Assay. Serum CK was performed by using a CK
test kit (Pointe Scientific) and expressed as units/liter. Serum was collected at
90 days after injection and assayed by using the human follistatin quantikine
ELISA kit (R&D Systems) with normalization to controls.

Statistical Analysis. All statistical analysis was performed in Graph Pad Prizm
software, using one- and two-way ANOVA with Bonferroni post hoc
analysis.
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