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Myostatin (MSTN) is a muscle-specific secreted peptide
that functions to limit muscle growth through an auto-
crine regulatory feedback loop. Loss of MSTN activity in
cattle, mice, and humans leads to a profound pheno-
type of muscle overgrowth, associated with more and
larger fibers and enhanced regenerative capacity. Dele-
tion of MSTN in the mdx mouse model of Duchenne
muscular dystrophy enhances muscle mass and reduces
disease severity. In contrast, loss of MSTN activity in the
dyY/dy¥ mouse model of laminin-deficient congenital
muscular dystrophy, a much more severe and lethal
disease model, does not improve all aspects of muscle
pathology. Here we examined disease severity associ-
ated with myostatin (mstn~' ") deletion in mice nullizy-
gous for &sarcoglycan (scgd™'"), a model of limb-gir-
dle muscular dystrophy. Early loss of MSTN activity
achieved either by monoclonal antibody administration
or by gene deletion each improved muscle mass, regen-
eration, and reduced fibrosis in scgd ™/~ mice. How-
ever, antibody-mediated inhibition of MSTN in late-
stage dystrophic scgd ™/~ mice did not improve disease.
These findings suggest that MSTN inhibition may
benefit muscular dystrophy when instituted early or
if disease is relatively mild but that MSTN inhibition
in severely affected or late-stage disease may be in-
effective. (Am J Patbol 2006, 168:1975-1985; DOI:
10.2353/ajpath.2006.051316)

Myostatin (MSTN), also known as growth and differentia-
tion factor-8 (GDF-8), is a member of the transforming
growth factor-B superfamily of growth factors and func-

tions as a negative regulator of muscle mass." Sponta-
neous mutations in the MSTN gene in mice and cattle
have been demonstrated to lead to significantly greater
muscle mass due to both muscle hypertrophy and hyper-
plasia.?® Because of this role, inhibition of MSTN is a
potentially important mechanism for treating human dis-
eases that lead to muscle wasting and degeneration,
such as muscular dystrophy.

The mdx (X-chromosome-linked muscular dystrophy)
mouse is a well-characterized and widely used model for
the study of Duchenne muscular dystrophy (DMD). Dis-
ease in the mdx model shows a continuum of severity in
different muscles based partially on use, with the dia-
phragm being the most affected, although these mice do
not ultimately die prematurely like human DMD patients.
Studies in mdx mice have suggested that inhibition of
MSTN partially rescues muscular dystrophy. For exam-
ple, genetic deletion of mstn in the mdx background
attenuated the severity of muscular dystrophy and histo-
pathology, as well as enhanced regeneration.®” In sup-
port of this conclusion, treatment of madx mice with a
dominant-negative MSTN propeptide fusion protein or a
blocking monoclonal antibody each ameliorated/attenu-
ated dystrophic pathology.®° In contrast, a recent study
by Li and colleagues'® examined loss of MSTN in a much
more severe dystrophic mouse model, the laminin a2-
deficient dy""/dy"” mice. These mice have severe skeletal
muscle degeneration and die at 3 to 6 weeks of age.
Interestingly, loss of MSTN in dy""/dy"” mice does en-
hance muscle formation and regeneration, but it does not
ultimately rescue disease or obviate muscle pathology.'©

Here we investigated another mouse model of muscu-
lar dystrophy associated with loss of &-sarcoglycan
(scgd). This protein is a member of the sarcoglycan com-
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plex within the greater dystrophin-glycoprotein complex
(DGC) that is composed of several muscle-specific,
transmembrane proteins important for maintaining mem-
brane stability. The loss of scgd causes reductions or
complete loss of the other members of the sarcoglycan
complex and, in turn, leads to disassembly of the
DGC.""'2 Scgd ™/~ mice have cardiomyopathy and mus-
cular dystrophy (corresponding to a human limb-girdle
myopathy) that has many hallmarks of progressive and
lethal muscular dystrophy, including cell death, muscle
regeneration, inflammation, and fibrosis, in addition to
reduced survival.'"'? Here, we describe the outcome of
two strategies to inhibit MSTN activity in scgd™/~ mice.
The first approach involves inhibition of MSTN by admin-
istration of blocking antibodies, whereas the second in-
volves crossing mstn~/~ mice with scgd ™/~ mice to yield
double-null mice. We find that the timing of MSTN inhibi-
tion in scgd ™/~ mice is critical, such that early inhibition is
beneficial whereas treatment of more advanced disease
has no beneficial effect.

Materials and Methods

Animals

mstn~'~ mice were generously supplied by Dr. Se Jin
Lee (The Johns Hopkins University, Baltimore, MD), and
scgd™’~ mice were described previously.’™'® Mice of
both genotypes were in the C57BL6 background, and
littermates or appropriately aged animals in the same
background were used for controls. All animals had free
access to food and water, and all experimentation was
performed in the Cincinnati Children’s Hospital Research
Foundation animal care facility in accordance with the
guidelines of the National Institutes of Health. Experimen-
tal protocols were reviewed and approved by the Institu-
tional Animal Care and Use Committee. Both male and
female mice of ages specified in the text were used for all
analyses.

Cardiotoxin-Induced Muscle Injury

The gastrocnemius muscle of adult mice of specified
ages was injected with 0.1 ml of 10 mmol/L cardiotoxin
diluted in phosphate-buffered saline (Calbiochem, San
Diego, CA). Muscles were harvested 10 days after injec-
tion, fixed overnight in 10% buffered formalin, and em-
bedded in paraffin. Sections were cut at a thickness of 6
um and stained with hematoxylin and eosin.

Antibody Administration

The mouse anti-MSTN monoclonal blocking antibody
(clone JA16; Wyeth Research, Collegeville, PA) was gen-
erated against recombinant MSTN and inhibits the bind-
ing of MSTN to its receptor ActRIIB. Two age groups of
scgd™’~ mice (4 and 20 weeks old) were treated with
weekly intraperitoneal injections of blocking antibodies or
control antibodies (dose, 60 mg kg~') for 3 months as
described previously.® Animals were weighed weekly.

Echocardiography

Mice were anesthetized with 2% isoflurane, and hearts
were visualized using an Agilent (Palo Alto, CA) Sonos
5500 instrument and a 15-MHZ transducer (Palo Alto,
CA). Cardiac ventricular dimensions were measured on
M-mode three times for the number of animals indicated.

Western Analysis

Muscle protein extracts were prepared by homogenizing
quadriceps muscle in cell lysis buffer containing 20
mmol/L Tris, pH 7.4, 137 mmol/L sodium chloride, 25
mmol/L B-glycerophosphate, 2 mmol/L sodium pyro-
phosphate, 2 mmol/L ethylenediaminetetraacetic acid, 1
mmol/L sodium orthovanadate, 1% Triton X-100, 10%
glycerol, 1 mmol/L phenylmethyl sulfonyl fluoride, 5 wg/ml
leupeptin, 5 ug/ml aprotinin, and 2 mmol/L benzamidine.
Proteins (80 ug) were resolved on a sodium dodecyl
sulfate-10% polyacrylamide gel, transferred to a polyvi-
nylidene difluoride membrane, and immunodetected by
using an enhanced chemifluorescence kit as specified
by the manufacturer (Amersham Biosciences, Piscat-
away, NJ). The following antibodies were used: a-tubulin
monoclonal antibody, 1:5000 dilution (Santa Cruz Bio-
technology, Santa Cruz, CA); myogenin polyclonal anti-
body, 1:500 (M-19, Santa Cruz); a-actinin polyclonal
antibody, 1:500 (Sigma); GAPDH polyclonal antibody,
1:2500 (Fitzgerald Industries International, Concord,
MA); MEF2 polyclonal antibody (C-21, Santa Cruz); and
MSTN/GDF8 polyclonal antibody, 1:500 dilution (Abcam,
Cambridge, MA). Western blot reactivity was quantified
on a Storm860 Phosphorimager (Molecular Dynamics,
Piscataway, NJ) using Image Quant software.

Histology

Paraffin-embedded sections (6 um thick) were cut at the
mid-belly of the muscle. Care was taken so that all mus-
cles were harvested in a uniform manner and so that
identical regions of muscle were compared between
animals.

Metamorph Analysis

Masson’s trichrome-stained gastrocnemius and dia-
phragm sections were photographed using an Olympus
BX51 microscope in conjunction with an Olympus U-TVI
X digital camera (Melville, NY). Images were acquired
using MagnaFire Image Capture software. For each mus-
cle section, multiple photographs were taken so as to
represent the entire section. Images were then analyzed
with MetaMorph 6.1 software (Universal Imaging Corp.,
Downingtown, PA). Threshold was established using the
hue-saturation-intensity color model. For all images, the
inclusive threshold range of 144 to 206 for hue and 0O to
255 for both saturation and intensity were used to include
only the blue fibrotic areas in the analysis as percent
relative blue staining.



Semiquantitative Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

RNA was isolated from diaphragm muscle from three to
four separate wild-type (WT), mstn~'~, scgd™/~, and
mstn~'~ scgd~'~ mice using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. cDNA synthesis was performed using SuperScript
Il first-strand synthesis system for RT-PCR (Invitrogen)
according to the manufacturer’s protocol. PCR cycling
conditions for Pax7 consisted of 96°C for 25 seconds,
57°C for 30 seconds, and 72°C for 1 minute, for L7, 96°C
for 25 seconds, 58°C for 30 seconds, and 72°C for 45
seconds, and M-cadherin, 95°C for 25 seconds, 67°C for
30 seconds, and 72°C for 30 seconds. Product was
collected at cycles 20, 23, 27, 31, and 35. Primer sets
were as follows: Pax7 (5'-TCGATTAGCCGAGTGCTCA-
GAATCA-3' and 5'-AGCTGCTCGGCTGTGAACG-3'),
and L7 (5’-GAAGCTCATCTATGAGAAGGC-3' and 5'-
AAGACGAAGGAGCTGCAGAAC-3’). M-cadherin prim-
ers have been described previously.'*

Determination of Hydroxyproline Content

The method used is a modified version of that described
by Woessner.'® Briefly, a small piece of diaphragm (~5
to 8 mg) or gastrocnemius (~15 to 25 mg) was weighed
and placed into a glass Pyrex tube containing 500 ul
(diaphragm) or 750 wl (gastrocnemius) 6 N HCI. The
tubes were capped loosely and placed at 100°C over-
night to completely hydrolyze the tissue. The following
day the tubes were uncapped and placed in a dessicator
containing NaOH pellets in an oven at 50°C under vac-
uum until dry (24 hours to 1 week) and then resuspended
in 5 mmol/L HC1 (1 ml). An aliquot of sample (20 ul) was
combined with 180 ul of milliQ H,O in 12 X 75-mm glass
tubes. To this, 100 ul of chloramine T solution was added
[0.14 g chloramine T (C-9887; Sigma, St. Louis, MO), 2 ml
H,0, 8 ml hydroxyproline assay buffer]. After addition of
chloramine T solution, 1.25 ml of Erlich’s reagent was
added.’® The samples were then vortexed for 15 sec-
onds and then incubated at 55°C for 20 to 25 minutes.
Once cooled to room temperature, sample absorbance
was read at 558 nm. A standard curve was run alongside
the samples using trans-4-hydroxy-L-proline (H-6002,
Sigma) standards (ranging from O to 4 ug) to determine
hydroxyproline concentration. Readings were normalized
to original tissue weight.

Results

MSTN Antibody Treatment Enhances Muscle
Mass in Younger, but Not Older, Mice

We selected two age groups of scgd ™/~ mice (4 weeks
and 20 weeks of age) for analysis to examine the effect of
anti-MSTN antibody inhibition early in disease, as well as
later when the disease was characterized by fibrotic and
fatty tissue replacement. Groups consisted of 4 weeks
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Figure 1. Comparison of relative muscle weights [muscle weight (mg)/body
weight (g)] for gastrocnemius (gastroc), plantaris, tibialis anterior (TA), and
quadriceps (quad) muscles and heart for scgd /~ mice treated with control or
MSTN antibody beginning at either 4 weeks (A) or 20 weeks of age (B). Mice
treated with MSTN antibody (Ab) beginning at 4 weeks showed gains in all
skeletal muscles examined 12 weeks later (gastroc, 7 = 11; plantaris, 7 = 12; TA,
n = 12; quad, n = 12; *#test, P < 0.01), but no change was detected in the heart
(n = 6). Mice treated with MSTN Ab beginning at 20 weeks showed gains in
muscle weight for TA (7 = 8) and quad (1 = 8) only ("P < 0.001). Plantaris
muscles showed no change (1 = 8 control, 7 = 7 MSTN Ab), while gastrocne-
mius showed a significant loss of muscle weight (12 = 7, TP < 0.0006). Again, no
change in heart weight was detected (12 = 4).

control antibody (six males), 4 weeks MSTN antibody
(five males, one female), 20 weeks control antibody (four
males, two females), 20 weeks MSTN antibody (four
males). Mice were administered a course of either MSTN
antibody or control antibody once a week for a 3-month
time period, as described previously.® At the end of the
study, animals were sacrificed and the heart and gas-
trocnemius, plantaris, tibialis anterior, and quadriceps
muscles were dissected out and weighed. In the 4-week
age group, all skeletal muscles measured demonstrated
significant gains in mass after the MSTN antibody treat-
ment relative to muscles from control antibody-treated
mice, while two of the four muscle groups also showed
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Table 1. Absolute Muscle and Body Weights in Control and MSTN Antibody-Treated Mice (Males Only)

scgd™’~ Control antibody

scgd ™~ MSTN antibody

4 Weeks
Gastrocnemius (mg)
Plantaris (mg)

TA (mg)

Quad (mg)
Heart (mg)
Body before (g)
Body after (g)

20 Weeks
Gastrocnemius (mg)
Plantaris (mg)

TA (mg)

Quad (mg)
Heart (mg)
Body before (g)
Body after (g)

119.68 = 11.92 (n = 11) 155.07 + 8.94 (n = 9)
20.64 + 0.87 (n = 12) 28.95 = 0.88 (n = 10)
57.67 = 2.47 (n = 12) 83.82 + 3.27 (n = 10)
220.2 + 9.69 (n = 12) 265.5 = 12.51 (n = 10)

168.15 = 8.14 (n = 6) 162.28 = 5.63 (n = 5)
17.87 + 0.50 (n = 6) 15.38 + 0.21 (n = 5)
32.97 + 0.91 (n = 6) 32.05 + 0.50 (n = 5)

12457 = 4.68 (n = 7) 80.09 = 7.00 (n = 7)
25.03 = 1.00 (n = 7) 2413 = 1.33 (n = 8)
81.18 = 6.58 (n = 8) 93.56 = 6.18 (n = 8)

254.24 + 12,25 (n = 8) 286.46 + 19.37 (n = 8)

187.13 = 10.71 (n = 4) 172.2 + 8.03 (n = 4)
35.15 = 0.62 (n = 4) 33.15 + 1.22 (n = 4)
36.62 = 0.72 (n = 4) 33.95 + 1.77 (n = 4)

Raw muscle, heart, and body weights for the MSTN-treated mice beginning at 4 weeks or 20 weeks of age in scgd™”~ receiving a nonspecific
control antibody or MSTN antibody for 12 weeks. Muscle weights and heart weights were normalized to body weight and are presented in Figure 1

along with data from female mice, although this did not impact the data.

increased mass in the 20-week age group (Figure 1, A
and B; Table 1). However, no significant differences were
observed in relative heart weight between control anti-
body and MSTN antibody-treated mice (Figure 1, A and
B; Table 1).

Administration of MSTN and Associated Muscle
Pathological Changes

To observe changes in fibrosis associated with MSTN
antibody treatment, sections from gastrocnemius and di-
aphragm were stained with Masson’s trichrome. Despite
increases in relative gastrocnemius weight in 4-week-old
MSTN antibody-treated mice, there was no obvious alter-
ation in the amount of collagen staining (Figure 2A).
Amount of fibrosis assessed by MetaMorph software was
comparable for both 4-week-old antibody-treated groups
(Figure 2C). The validity of MetaMorph data were con-
firmed by comparing results to hydroxyproline assay re-
sults, both of which yielded nearly identical results (data
not shown). Similar to the gastrocnemius, there was also
no statistically significant difference in fibrosis in the dia-
phragms from 4-week-old MSTN antibody-treated mice,
although there was a nonsignificant trend toward slightly
more fibrosis (P = 0.1) (Figure 2, E and G). However,
20-week-old mice treated with MSTN antibody did show
significant fibrotic tissue replacement (P < 0.05) (Figure
2B). Quantitation by MetaMorph revealed a 43% increase
in fibrosis (Figure 2D). The same histopathology was
observed for the diaphragm from older MSTN antibody-
treated mice compared to control antibody treated
scgd ™'~ mice, showing potentially more fibrosis (Figure
2, F and H). Again, histological data obtained from the
gastrocnemius was validated by comparison with hy-
droxyproline assay results, which also suggested fulmi-
nant disease in the presence of MSTN inhibition (data not
shown).

MSTN Antibody Treatment Increases Small-
Diameter Fiber Populations in Both Age Groups
Whereas Evidence for Increased Regeneration
Is Found Only in Younger Mice

Analysis of muscle fibers from scgd™/~ diaphragm re-
vealed significant increases in populations of small-diam-
eter fibers (=300 wm?) relative to WT (Figure 3, A and B).
Many of these fibers have centrally placed nuclei, an
indirect indicator of muscle degeneration-regeneration.
This increased number of regenerating fibers is thought
to result from satellite cell proliferation and fusion to form
early regenerating myotubes. Interestingly, in both young
and old scgd ™/~ mice treated with MSTN antibody, there
was an increase in the very smallest populations of fibers
relative to control (Figure 3, A and B). These data would
support the notion of increased activation and prolifera-
tion of satellite cells in response to MSTN inhibition. To
further assess aspects of degeneration-regeneration, di-
aphragm sections were stained with wheat-germ ag-
glutinin-tetramethyl-rhodamine isothiocyanate/bis-benz-
amide to visualize muscle fibers and nuclei to determine
the percentage of total fibers containing centrally located
nuclei. The 4-week group showed a significant increase
in centrally nucleated fibers relative to their control anti-
body-treated counterparts (Figure 3C). However, the per-
centage of centrally located nuclei in diaphragm of con-
trol and MSTN antibody-treated mice in the 20-week-old
treatment group was not different (Figure 3D) (see
Discussion).

Deletion of mstn in scgd ™'~ Mice Enhances
Muscle Mass and Cardiac Function
To better understand the consequences of MSTN inhi-

bition in dystrophic skeletal muscle, we extended our
studies in vivo by crossing scgd~/~ mice with mstn™/~
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Figure 2. Analysis of Masson’s trichrome-stained gastrocnemius and diaphragm sections for scgd™’~ antibody-treated mice. Representative trichrome-stained
sections of gastrocnemius muscle from control antibody (Ab) and MSTN Ab-treated mice beginning at 4 weeks (A) and 20 weeks (B) of age. MetaMorph 6.1
software quantification of area of fibrosis (blue staining) in gastrocnemius from animals Ab-treated beginning at 4 weeks (C) and 20 weeks (D) (*#test, P = 0.03).
Representative trichrome-stained sections of diaphragm muscle from control Ab and MSTN Ab-treated mice beginning at 4 weeks (E) and 20 weeks (F) of age.
MetaMorph quantification of fibrosis in diaphragm from animals Ab-treated at 4 weeks (G) and 20 weeks (H) (*P = 0.01).
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Figure 3. Muscle fiber areas and percent centrally nucleated fibers in scgd™/~ mice treated with control antibody or MSTN antibody beginning at 4 weeks or 20

weeks of age. Diaphragm muscle fiber areas (um?) of mice treated beginning at 4 weeks (A) with control (7 = 6) or MSTN antibody (Ab) (12 = 6) (*i-test, P =
0.01) and at 20 weeks (B) with control (7 = 6) or MSTN Ab (7 = 4) (*P = 0.03). For all Ab-treated groups ~200 to 300 fibers were measured per field (X10
magnification), with two fields counted. Myofiber areas from WT (7 = 3, >220 fibers/field, two fields) diaphragm, 31 weeks of age, were also measured to include
as a nondiseased control. Percentage of fibers containing central nuclei in diaphragm muscle from mice treated with Ab beginning at 4 weeks (C) (n = 5, average
1100 fibers examined/mouse, *P = 0.04) or at 20 weeks (D) (1 = 4, average 975 fibers examined/mouse).

mice to create scgd~’~ mstn~/~ double-targeted mice.
We examined mice at ~36 weeks of age (=4 weeks),
an age similar to the MSTN antibody-treated mice (20
weeks) when sacrificed (12 weeks later). We first ex-
amined levels of MSTN protein expression in WT, and
dystrophic diaphragm muscle. MSTN protein levels
were found to be dramatically decreased in dystrophic
muscle, although there were no changes in other con-
trol proteins such as myocyte enhancer factor 2
(MEF2), myogenin, a-actinin, GAPDH, or a-tubulin (Fig-
ure 4A). As seen in previous studies, the gastrocne-
mius, quadriceps, and soleus muscles were all signif-
icantly larger in the absence of mstn compared with
WT (Figure 4B, Table 2). However, the heart was not
hypertrophic and was actually smaller when normal-
ized to body weight, likely because mstn~/~ mice have
larger body weights (Figure 4B, Table 2). Absolute
heart weight and heart weight relative to body weight
or tibia length were not statistically different (Table 2
and data not shown).

We detected no significant difference between WT and
scgd™'~ quadriceps and soleus muscle weights, al-
though gastrocnemius muscle weight was significantly
decreased in scgd /" mice (Figure 4B, Table 2). Con-
versely, scgd™'~ mice showed cardiomyopathy and hy-
pertrophic enlargement of the heart at later ages, as
previously observed by us (E.M.M., unpublished results).
The decrease in gastrocnemius muscle weight is remi-
niscent of the trend observed in 20-week-old MSTN
antibody-treated scgd/~ mice (Figure 1B), possibly in-
dicative of advanced muscle degeneration. Relative gas-
trocnemius and quadriceps muscle weights of scgd™/~
mstn~'~ mice, although not as great as mstn~/~ mice,
are significantly increased over scgd™'~ muscles (Figure
4B, Table 2). Interestingly, average relative soleus weight
is increased even above the average value of mstn~/~
soleus weight (Figure 4B). Average relative heart weight
was also higher than that seen in mstn~/~ mice, suggest-
ing that loss of MSTN did not prevent the development
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Figure 4. MSTN expression decreases in dystrophic muscle and loss of expression enhances relative muscle weight and improves cardiac function in scgd ™/~
mstn~’~ mice. A: Western blot analysis of MSTN propeptide expression or the indicated control proteins in WT and scgd '~ quadriceps muscle (80 g protein
loaded). mstn~/~ muscle was included as a negative control. Quantitation is shown in the graph on the right. B: Comparison of relative muscle weights for
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to mstn~ /’, except heart, P = 0. 04) C: Comparison of cardiac fractional shortening by echocardiography (*P = 0.00001 relative to WT, SP = 0.02 relative to
segd 7).

of cardiomyopathy that accompanies loss of scgd
expression.

To further examine the functional impact of loss of
MSTN activity in the heart, echocardiographic analysis
was performed at ~30 weeks of age to assess changes

Genetic Loss of Myostatin Activity Leads to
Decreased Fibrosis and Increased Regeneration
in Dystrophic Muscle

in fractional shortening. Fractional shortening in WT and
mstn—'~ mice were nearly identical, whereas scgd ™/~
animals showed a significant reduction in function (Figure
4C). Interestingly, although scgd™/~ mstn™'~ mice also
showed reduced ventricular performance, there was a
significantly, albeit slight, improvement compared to
scgd ™'~ mice (Figure 4C).

Antibody-mediated MSTN inhibition was of no patholog-
ical detriment when administered early in disease, but it
had either no effect or possibly worsened disease when
administered late. Because scgd™'~ mstn™'~ mice lack
MSTN expression at all stages of growth and develop-
ment, these mice likely benefit from a developmental
effect that might impart protection even in late adulthood.

Table 2. Absolute Muscle and Body Weights in the Indicated Cohorts of Mice (Males Only)

wWT scgd ™/~ mstn~/~ scgd™ "~ mstn™/~
Gastrocnemius (mg) 141.01 = 3.02 (n = 12) 89.76 = 8.62 (n = 12) 29714 £ 9.76 (n = 8) 15717 £5.46 (n = 12)
Soleus (Mg) 12.78 £ 1.16 (n = 12) 11.85 £ 1.04 (n = 12) 23.58 = 5.14 (n = 8) 15.93 = 1.93 (n = 12)
Quadriceps (mg) 24114 £ 568 (n =12) 19153 +26.23(n =12) 44176 = 1496 (n=8) 29193 *=7.75(n =12)
Heart (mg) 15195 +21.82(n=6) 194.85 +4.14(n =6) 183.7 £13.28(n=4) 170.18 £ 11.43 (n = 6)
Body (g) 34.54 + 1.39 (n = 6) 3151 £ 1.23(n =6) 41.33 £1.84 (n = 4) 34.00 = 1.92 (n = 6)

Raw muscle, heart, and body weights for the indicated groups of mice sacrificed at 36 weeks of age. Muscle weights and heart weights were
normalized to body weight and are presented in Figure 4 with the addition of female mice, which did not alter the overall conclusions (males and
females showed similar affects).
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Figure 5. Analysis of Masson’s trichrome-stained gastrocnemius and diaphragm sections for WT, scgd™'~, mstn™'~, and scgd™'~ mstn™'~ mice. A: Representative
trichrome-stained sections of diaphragm muscle. B: MetaMorph quantification of area of fibrosis in diaphragm muscle (WT, 1 = 3; mstn™/~, n = 3; scgd /=, n = 12;
segd™'~ mstn™'~, n = 11; *Hest, P = 0.005). C: Hydroxyproline assay data obtained from diaphragm muscle (WT, n = 3; mstn™'~, n = 3; scgd '~ n = 4; scgd'~
mstn™/~, n=5;*P = 0.002 relative to scgd~’ 7). Dz Percentage of fibers containing central nuclei in diaphragm muscle (WT, n = 4; mstn™'~, n = 3; scgd™'~, n = 3;
scgd '~ mstn/”, n = 3; average 640 fibers examined/mouse, *P = 0.03 relative to scgd ' 7). E: Representative trichrome-stained sections of gastrocnemius muscle.
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Figure 6. Representative semiquantitative RT-PCR data. Expression of satellite cell markers Pax7 and M-cadherin in diaphragm tissue of WT, scgd /™, mstn~
~ mice of ~36 weeks of age. Data are representative of that seen from analysis of three to four mice per genotype per marker, although data
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from only two mice in each group are shown (mouse 1 and mouse 2). L7 is a housekeeping control mRNA.

Indeed, Masson’s trichrome staining of diaphragm sec-
tions revealed that muscle from scgd™/~ mstn™/~ mice
contained more fibers than did those from scgd ™/~ mice
(Figure 5A). Moreover, the double-null mice demon-
strated noticeably less fibrosis, verified by MetaMorph
quantitation (Figure 5B) as well as by hydroxyproline
content (Figure 5C). Furthermore, analysis of diaphragm
sections stained with wheat-germ agglutinin-tetramethyl-
rhodamine isothiocyanate/bis-benzamide to visualize
muscle fibers and associated nuclei showed that
scgd '~ mstn~/~ diaphragm contained more centrally-
nucleated fibers, indicating increased regeneration (Fig-
ure 5D). There were also similar decreases in fibrosis in
the gastrocnemius muscles of scgd™/~ mstn~/~ mice
compared with scgd™/~ mice alone (Figure 5E).

Expression of Satellite Cell Markers Is Increased
in mstn-Deficient Tissue

The predominant mechanism by which loss of MSTN
activity functions to benefit dystrophic muscle is still un-
clear. A previous study by McCroskery and colleagues'®
found that MSTN negatively regulates satellite cell self-
renewal. Thus, loss of MSTN could further enhance
satellite cell activity to benefit dystrophic muscle as
previously proposed.® To examine this possibility we per-
formed RT-PCR from WT, scgd /~, mstn~'~, and scgd ™/~
mstn~/~ diaphragm muscle to analyze two well-known
satellite cell markers: M-cadherin and Pax7. Interestingly,
in both dystrophic and WT muscle we found similar low
levels of Pax7 and M-cadherin expression (Figure 6).
However, mstn~'~ and scgd™'~ mstn~'~ muscle showed
increased expression of both satellite cell markers (Fig-
ure 6). These data suggest that mstn deletion may par-
tially benefit disease in scgd™'~ mice through enhanced
satellite cell activity.

Discussion

Although the results reported in the mdx model are ex-
citing and suggest that MSTN inhibition could benefit

disease, some issues require discussion. First, mdx mice
might have greater regenerative capacity in their skeletal
muscle compared with humans with muscular dystro-
phy."”22 Second, mdx mice can show up-regulation
of utrophin that may partially compensate for the lack of
dystrophin, thus reducing pathological manifestations of
disease somewhat. In contrast, humans with DMD show
no significant utrophin up-regulation and are character-
ized by progressive muscle degeneration with satellite
cell senescence.?°22 Finally, progression of disease in
human DMD patients leads to significantly shortened life
expectancy, while mdx mice have a near-normal lifespan.
On the other extreme, a recent study involving the ge-
netic cross of a laminin-a2-deficient mouse and the msin-
null mouse observed no benefit to muscle necrosis and
inflammation on MSTN inhibition, although indexes of
regeneration and muscle size were increased.'® How-
ever, the phenotype of dy"/dy” mice could have also
been secondarily impacted by the loss of fat in the ab-
sence of mstn, thus possibly contributing to the observa-
tion of increased early neonatal lethality, in conjunction
with defective skeletal muscle.'® This last point notwith-
standing, a case could be made that MSTN inhibition
may not be beneficial in all dystrophic contexts.

Here we used the scgd /~ mouse model, which has a
pathological course of disease that is intermediate be-
tween mdx and dy"/dy”™ mice. Loss of §-sarcoglycan in
the mouse models a form of human limb-girdle muscular
dystrophy referred to as LGMD2F. However, loss of any
of the proteins within the DGC, or other membrane-asso-
ciated structural genes such as dystrophin, leads to a
similar disease mechanism that involves destablization of
the sarcolemma and influx of calcium, which induces
apoptotic and necrotic cell death of myofibers. Thus,
although the scgd™/~ mouse model used here corre-
sponds to a rare form of human disease, its use to dissect
disease progression in the absence of MSTN is likely
relevant to most forms of muscular dystrophy. Indeed,
scgd™’~ mice show both skeletal muscle and cardiac
muscle disease, they show fairly widespread pathology
in all skeletal muscles examined that is reminiscent of the
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pathology observed in the most common human muscu-
lar dystrophies, and they have shortened lifespan as
seen in many human muscular dystrophies such as
DMD.11’12

In addition to disease severity as a potential variable
for muscular dystrophy progression in association with
MSTN inhibition, the timing of inhibition is also a critical
variable that may indirectly reflect disease severity. For
example, at 3 to 4 weeks of age scgd™/~ mice undergo a
typical severe bout of myofiber degeneration and subse-
quent regeneration, but after this initial period disease is
more stable and is characterized by a gradual progres-
sion of pathology.’® As scgd™/~ mice age beyond 4
months muscle damage becomes more cumulative and
is characterized by endomysial fibrosis, fiber splitting,
dystrophic calcification, and fatty infiltration. The data
presented here show that MSTN inhibition in young
scgd™’~ mice enhances muscle mass and indexes of
regeneration. However, even at this early stage of treat-
ment, MSTN inhibition had no effect on the fibrotic con-
tent of gastrocnemius and diaphragm, suggesting that
there are early dystrophic changes that cannot be re-
versed by MSTN inhibition. By 20 weeks of age, most
pathological changes appear relatively fulminant, such
that MSTN inhibition was of no obvious benefit, despite
leading to increased muscle mass in some muscles (tib-
ialis anterior and quadriceps). Consistent with the study
in the young scgd '~ mice, the more heavily used mus-
cles such as the diaphragm and gastrocnemius showed
even greater pathology and decreased relative muscle
weight on MSTN inhibition from week 20 through week
32. Itis important to note that we did not examine whether
initiation of treatment with JA-16 at an earlier age could
impact the pathology observed in the older mice. Ideally,
treatment would have had to be initiated at 1 to 2 weeks
of age, before significant disease is observed, and con-
tinued for 7 to 8 months.

The progression of disease in the mice analyzed here
does not appear to be related to satellite cell exhaustion
because the satellite cell markers Pax3, Pax7, and M-
cadherin were not decreased in the diaphragm on MSTN
inhibition (data not shown). This is further substantiated
by the increased population of small-diameter fibers in
MSTN-inhibited mice relative to control. Previous work
has demonstrated that, in general, aged skeletal muscle
does not regenerate as robustly as young skeletal mus-
cle.?" Indeed, we observed that our older group did not
resolve a cardiotoxin injury response in the gastrocne-
mius as well as younger mice (Supplemental Figure 1 at
htto://ajp.amjpathol.org). Both WT and scgd ™/~ mice at 4
months of age showed good resolution of injury 10 days
after cardiotoxin injection, while by 8.5 months the reso-
lution was noticeably delayed and extensive histopathol-
ogy was still present, especially in the scgd™/~ mice
(Supplemental Figure 1 at http://ajp.amjpathol.org). The
reason for impaired regenerative ability with age is not
completely understood, although recent studies suggest
that there are modifications within the environment of
aged muscle that affect activation of satellite cells.?® For
instance, the injury-specific induction of the Notch ligand
Delta decreases with age, dramatically decreasing the

regenerative capacity of the muscle.?® Other circulating
neuroendocrine factors likely underlie these affects be-
cause the systemic environment was shown to be critical
for controlling the regenerative potential of satellite cells
in old mice that shared a common circulation with young
mice.?* Consistent with these results, other endocrine/
paracrine regulatory factors such as insulin-like growth
factor-1 and hepatocyte growth factor are known to be
important regulators of satellite cell activity and
proliferation.?%-27

Our working hypothesis is that the lack of rescue in the
older scgd™'~ mice after MSTN antibody treatment is
related to myotube formation/differentiation in the context
of aged dystrophic muscle. Differentiation is a process
whereby myoblasts fuse to existing damaged fibers or to
each other to form new primary myofibers. Whereas
MSTN inhibition in young mice increased populations of
myofibers containing central nuclei, mice treated with
MSTN antibody at 20 weeks of age demonstrated no
change in percentage of myofibers containing central
nuclei. Thus, despite any positive effects on satellite cell
proliferation, the incorporation of these cells into new
fibers appears to be impaired, leading to an imbalance in
the regenerative process. This impairment might be due
to a progressive spatial separation and confinement of
the satellite cells within the endomysial spaces of degen-
erated muscle fibers as well as by extreme interstitial
fibrosis.?® This defect in regenerative capacity might also
be exacerbated by the advanced age of the muscle and
accompanying decline of systemic factors (such as insu-
lin-like growth factor-1 and hepatocyte growth factor).
The net result of this impairment is continued degenera-
tion and a progressive increase in fibrosis relative to
control. Alternatively, there could be additional disease
modifying secreted factors that change as dystrophy
progresses to affect regenerative capacity. Indeed, hu-
man DMD patients surveyed throughout development
show a progression in transforming growth factor-g levels
in muscle that could also impact disease and satellite cell
activity, although MSTN levels were not altered.?®

In contrast to the phenotype observed in older scgd ™/~
mice treated with MSTN blocking antibody, deletion of
the mstn gene in the scgd™/~ background consistently
improved pathology at all time points analyzed. On the
surface, this later observation seems inconsistent with the
antibody treatment study of older scgd™/~ mice that
showed either no effect or possibly worsening of disease.
However, mstn gene disruption produces dramatic de-
velopmental effects that result in greater muscle fiber
number'® and greater satellite cell number.'® Satellite
cells from mstn~'~ mice also showed increased prolifer-
ative ability that is associated with faster injury resolu-
tion."®3% Thus, genetic deletion of mstn may fundamen-
tally alter the composition of muscle and satellite cells
rendering muscle better able to deal with degenerative
events or diseases throughout life. Another possibility is
that increased muscle mass itself associated with mstn
deletion leads to less overall stress per individual fiber
because more overall fibers contribute to a contraction
event, thus degeneration is slowed somewhat. However,
despite these potentially favorable effects, scgd ™/~



mstn~~ mice still show significant disease because the

underlying genetic defect is still present. Indeed, the
gastrocnemius and quadriceps muscle from scgd ™'~
mstn~'~ mice weighed significantly less than their
mstn~'~ counterparts. These observations can be ex-
plained because loss of MSTN does not correct the pri-
mary genetic defect, so although there is more muscle, it
is nonetheless, defective.

In conclusion, our results in scgd ™/~ mice support the
overall findings reported in mdx mice, suggesting that
MSTN inhibition could be therapeutically beneficial for
treating DMD if administered before disease progression
becomes irreversible. Another important result is that
MSTN inhibition with the blocking antibody (Figure 4C) or
by gene deletion (data not shown) was of no detriment to
the heart, and may even benefit it. However, skeletal
muscle pathology was not favorably influenced by anti-
body-based MSTN inhibition in older scgd™/~ mice in
which disease was more firmly entrenched. To date, mu-
rine models suggest that MSTN inhibition, whether
achieved pharmacologically or through selective gene
deletion, will be more effective in less severe dystrophic
diseases such as Becker-type muscular dystrophy, mild
limb-girdle muscular dystrophies, or in young DMD pa-
tients that have not yet manifested more serious disease.
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