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Figure |

Representative images of histology (H&E) and expression of fast type, slow type, or developmental myosin
heavy chain (MHC) in tibialis cranialis (TC) muscle and diaphragm of a normal (10 months old) or a CXMD,
dog (11 months old). ldentical parts of serial cross-sections are shown in longitudinal panels. In panels of affected muscles,
dots show the fibers expressing developmental MHC, Bar: 200 pm.

alteration of MHC expression and regeneration of muscle
fibers would be different between TC muscle and the dia-
phragm.

Time courses of histology and MHC expression

To investigate how MHC expression alters together with
growth of CXMD,, we examined MHC expression in TC
muscles and diaphragms of a normal or an affected litter-
mate at various ages from neonatal to adult stages (1
month to 1 year ald) in relation to histopathological fea-
tures. Affected TC muscles showed mild lesionsat 1 and 2
months old, but severe degenerative lesions were evident
at over 4 months old (Fig. 3). Expression of ast or slow
type MHC did not alter much with aging, and develop-
mental MHC was expressed continuously (Fig. 4). In con-
trast, degenerative lesions were severe in the affected
diaphragm at all ages examined (from 1 month old
onward), and endomysial fibrosis was dominantly
present over 6 months old (Fig. 3). Fast MHC fiber
number decreased markedly, while the number of slow
MHC fibers increased significantly in affected diaphragms
after 6 months old (Fig. 5). In addition, expression of
developmental MHC decreased at 6 months and 1 year

old. These observations indicated that MHC expression is
altered greatly in the affected diaphragms after 6 months
old, unlike TC muscles.

For quantitative evaluation of MHC expression in individ-
ual myofibers, we counted three types of MHC-expressing
fibers among non-regenerating or regenerating popula-
tions within an area in the TC muscle or diaphragm of a
normal or an affected littermate (Fig. 6). As normal mus-
cles still expressed developmental MHC at 1 month old
(Fig. 4 and 5), we performed the examinations at both
adolescent (2 and 4 months old) and adult stages (10 or
11 months old). In normal dogs, the number of fast MHC
fibers in TC muscle was three times greater than that of
slow MHC fibers throughout aging, while the proportions
in the diaphragms remained constant and equivalent
between the two types (Fig. 6A). In non-regenerating fib-
ers, the proportions of fiber types were not constant in
affected TC muscles at the ages examined, but the majority
of these fibers consisted of slow MHC fibers in the affected
diaphragms (Fig. 6B). These observations indicated that
slow fibers were already predominant in non-regenerating
populations of CXMD] diaphragms at younger ages. In
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The size distribution of myofibers expressing fast and/or slow type MHCs in skeletal muscles of a normal (10
months old) or a CXMD, dog (I | months old). On the basis of expression of fast and slow type MHCs, all fibers within
an area of TC muscle or diaphragm of a normal (A) or an affected dog (B, C) were classified into three types of MHC-positive
fiber. Furthermore, fast (white), hybrid (gray), or slow MHC myofibers (black) were analyzed among populations of muscle fib-
ers with non-expression of developmental MHC (A, B) or with expression of developmental MHC (C) in terms of fiber num-
bers (see Table 1) and fiber sizes (A-C). Note that larger sizes of slow MHC fibers were noticeable in populations of muscle

fibers expressing fast and/or slow MHC(s) but not developmental MHC of affected muscles (B).

regenerating fibers, in contrast to the observation that fast
MHC fibers consistently accounted for the majority of fib-
ers in affected TC muscles, the affected diaphragms were
mainly composed of hybrid and slow MHC fibers and the
proportion increased gradually with age (Fig. 6C). These
observations indicated that MHC expression in regenerat-
ing fibers was also different between affected TC muscle
and diaphragm after 4 months old, although it was rela
tively similar in the two at 2 months old

Temporal changes of MHC isoforms
To examine how progressive degeneration alters the com-
position of fiber types in affected skeletal muscles, we

detected myosin isoforms in TC muscles and diaphragms
of CXMD, at various ages by electrophoretic gel separation
(Fig. 7). Four MHC isoforms (1, [1A, 11X, and embryonic),
which migrated on electrophoresis as [1A-embryonic-[IX-1
from slowest to fastest |11,12|, were detected in canine
skeletal muscles (Fig. 7A). In affected TC muscles, type |,
11A, and embryonic isoforms were consistently detected at
similar levels, but the level of ype [IX MHC was lower
than those in normal TC muscles after 2 months old. In
contrast, type IIA MHC level decreased gradually in
affected diaphragms with growth, and type | accounted
for the majority of MHC components in animals over 6
months old. In addition, the embryonic isoform
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Table |: The numbers of myofibers co-expressing fast type, slow type, andlor develop 1 MHCs in skeletal muscles of a normal (10
months old) ora CXMD, dog (11 months old).
TC Diaphragm
Normal Affected Normal Affected
Developmental - - + . . +
Fast 265 (73%) 85 (40%) 155 (T0%) 122 (48%) 12 (1%) 20 (3.6%)
Fast & slow 0 (0%) 38 (18%) 67 (30%) 0 (0%) 160 {16%) 370 (66.8%)
Slow 96 (27%) BB (42%) | (0%) 243 (52%) 847 (B3%) 164 (29.65%)
Total 361 (100%) 201 (49%) 223 (51%) 465 (100%) 1019 (85%) 554 (35%)

The numbers of fibers analyzed were results from a normal or an affected dog. MHC expression between two groups (normal, dMHC (-) vs
affected, dMHC (-); affected, dMHC (-) vs affected, dMHC (+)), or between muscles (TC muscle vs diaphragm) was analyzed by Yates's chi-square

test. Significant differences (p < 0.05) were detected in all tests,

decreased in affected diaphragms after 6 months old.
These results were consistent with those of immunohisto-
chemical analyses (Figs. 4 and 5). These observations sug-
gested that type 1IX and IIA fast fibers may be
preferentially affected in TC muscle and diaphragm of
CXMDy, respectively. Furthermore, these observations
suggested that muscle regeneration may deteriorate from

TC

Daphr g

Figure 3

relatively younger age in the affected diaphragm, unlike
TC muscle.

Discussion

To investigate the alterations in fiber types in skeletal mus-
cles of a canine DMD model, we examined MHC expres-
sion in the TC muscle and diaphragm of CXMD, at various
ages. Our results indicated that the influences of dys-

1 year

Representative histological findings in TC muscles and diaphragms of a normal or a CXMD, dog at |, 2, 4, 6
months, and | year old. Note that severe degenerative lesions were observed from early ages in affected diaphragms, as

compared with affected TC muscles. Bar: 200 um,
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Expression of fast type, slow type, and developmental MHCs in TC muscles of a normal or a CXMD, dogat |,
2, 4, 6 months, and | year old. Note that there were no notable differences berween expression levels of fast ancl slow

type MHCs in normal and affected TC muscles. Bar: 200 pm.

trophin deficiency on fiber type composition were signif-
icantly different between TC muscle and diaphragm.

To analyze MHC expression in details, we compared fiber
type composition and fiber size distribution of MHC-
expressing fibers between a normal dog (10 months old)
and an affected dog (11 months old). In normal and
affected dogs, body weight rapidly increased 10 approxi-
mately 9 kg at 4 months old, and then slightly increased
1o approximately 14 and 11 kg at 12 months old, respec-
tively [5]. As body weight reflects muscle weight, muscle
mass and fiber size would not extremely change in 1
month after 4 months old, espedially in normal dogs. In
fact, in TC muscles or diaphragms of normal dogs, there

were no significant differences among compositions of
fiber types and MHC isoforms after 4 months old (Fig 6
and 7). In addition, we examined normal dogs at 11, 12
and 14 months old, and affected dogs at 10, 12, 13 and 15
months old. Normal muscles of adult dogs showed simi-
lar expression of fast type, slow type, or developmental
MHC at all adult ages, and affected muscles also showed
similar MHC expression at examined ages (data not
shown). These observations implied that there would be
no significant difference in MHC expression between at
10 and 11 months old, in both of normal and affected

dogs.
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Expression of fast type, slow type, and developmental MHCs in diaphragms of a normal or a CXMD, dog at |,
2, 4, 6 months, and | year old. Note that slow MHC fibers were increased markedly in the affected diaphragms after &
months old, while fast MHC fibers were decreased. Bar: 200 pm.

C features bet
TC muscle and diaphragm of CXMD), shared the features
that slow MHC fibers increased and enlarged selectively in
non-regenerating populations, while fast type 11X or IIA
MHC isoform decreased. Similar observations have been
reported in skeletal muscles of the mdx mouse |13],
GRMD [14], and human DMD [12,21]. In general,
increasing and enlarging of slow fibers may be a conse-
quence of adaptive responses by metabolic enzyme sys-
tems and energy consumption, because slow fibers have
lower capacity for power output and consume less energy
than fast fibers [22]. Our results also supported the

TC muscle and diaphragm of

hypothesis that slow fibers would be more adaptable 1o
dystrophic stress than fast fibers, to compensate for the
reduced abilities of muscle function.

Two mechanisms were considered to explain the selective
increase in slow fibers during progressive muscle degener-
ation. One possibility is that slow fibers may be more
resistant to dystrophic stress than fast fibers, leading to
selective survival of slow fibers. This was supported by the
observation that slower muscle fibers contained signifi-
cantly more utrophin, a homolog of dystrophin, in com-
parison to faster counterpans [23,24]. Another is
transition of MHC isoforms, where type [IA or 11X MHC
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Figure 6

Proportions of fiber types in skeletal muscles of a
normal or a CXMD, dog at various ages. The numbers
of fast (black), hybrid ér:y). and slow MHC myofibers
(white) among populations of myofibers withour develop-
mental MHC (A, B) and with developmental MHC (C) were
counted in TC muscle and diaphragm of a normal (A) or an
affected dog (B, C) at adolescent (2 or 4 months old) or adult
stages (10 or || months old). The numbers under the ages
show toral fibers examined. MHC expression between two
groups (normal, dMHC (-) vs affected, dMHC (-); affected,
dMHC (-) vs affected, dMHC (+)), between muscles (TC
muscle vs diaphragm), or among ages (2, 4.and [0 or ||
months) was analyzed by Yates's chi-square test. Significant
differences (p < 0.05) were detected in all tests, except for
no significant differences between 4 and 10 months old in
normal TC muscles or diaphragms. Note that slow MHC fib-
ers were consistently larger than other fibers, in populations
of muscle fibers without developmental MHC of affected dia-
phragms. In populations of muscle fibers co-expressing devel-
opmental MHC and other MHC isoform(s), slow MHC and
hybrid fibers were increased markedly in the affected dia-
phragm at 4 and | | months old, unlike TC muscles.

isoforms could be transited 1o type |, as seen in hypertro-
phy and exercise |25]. MHC, Ila, 1lx, and |Ib gene expres-
sion are known to be regulated by the calcineurin pathway
|26,27]. Dystrophin deficiency may accelerate MHC tran-

http:/hwww biomedcentral.com/1471-2474/9/1

sition to slower types via caldneurin/NFAT signaling in
skeletal muscles of CXMD,, because calcineurin and acti-
vated NFATc1 protein content were higher in muscles
from mdx than wild-type mice [28|. However, it remains
possible that both mechanisms may be active at the same
time, because the calcineurin/NFAT cascade can regulate
not only the MHC promoters but also the utrophin A pro-
moter [24,29,30]

Differences between TC muscle and diaphragm of CXMD,

.The CXMD), diaphragm developed severe degenerative

lesions from earlier stages than TC muscle, which corre-
sponded to previous reports [3,5,31]. In addition, dys-
trophic changes in the CXMD, diaphragm not only
markedly altered the expression of fast and slow type
MHCs but also decreased the amount of the developmen-
tal (embryonic and/or neonatal) MHC with growth,
unlike affected TC muscle. Especially, fast MHC fibers dis-
appeared and slow MHC fibers enlarged in the adult
CXMD, diaphragm. The greater cross-sectional area of
slow fibers in affected diaphragms might be due to hyper-
trophy in compensation for loss of fast fibers, relating to
plasticity of muscle fibers, as mentioned above. The dia-
phragm keeps continuous contraction of muscle fibers
without resting, while limb skeletal muscle regularly rests
its movement. Therefore, replacement with slow fibers
may be particularly enhanced in the diaphragm rather
than TC muscle, depending on pathological severity and
contractile activity of skeletal muscles.

Fiber type determination and fiber type-specific gene
expression are regulated by multiple signaling pathways
and transcription factors. As partially described above, a
key mediator, calcineurin, plays an important role in
acquisition of fiber phenotype [29,30] and may induce
not only transition of MHC isoforms from faster to slower
types but also transformation of myofiber phenotypes in
mouse or rat muscles | 26,27,32|. In addition, calcineurin
signaling activity was greater in the diaphragm than in the
tibialis anterior muscle of the mdx mouse [28]. Therefore,
replacement with slow fibers may be up-regulated to a
greater extent in the diaphragm than in the TC muscle of
CXMD,,

We also showed age-related changes of MHC expression
in affected diaphragms after 6 months old, in contrast to
TC muscles (Fig 4, 5 and 7). In addition, fiber type com-
positions in non-regenerating or regenerating fibers were
also different between the TC muscle and the diaphragm,
depending on age. In non-regenerating fibers of affected
TC muscles, fast MHC fibers at 4 months old was higher
than those at 2 and 11 months old (Fig. 6B). It might be
partially involved in pathological changes that degenera-
tive lesions appeared obviously in affected TC muscles
after 4 months old, as described previously |3,5,31]. In

Page Sof 12

(page number nol for citalion purposes)



BMC Musculoskelets! Disorders 2008, 9:1

hitp:/iwww.biomedcentral.com/1471-2474/9/1

(C) Diaphragm

o s 8§82 k382
Sem -
£fa
g8
Euw

F
% -

]

Normal Normal

Figure 7

MHC isoforms in skeletal muscles of normal and CXMD, dogs. (A) Electrophoretic separation of MHC isoforms in TC
muscle and diaphragm. Myosin was extracted from muscles at various ages (1, 2. 4, 6 months, and | year old), and aliquots of
0.4 pg of protein were separated on 8% SDS-polyacrylamide gels containing 30% glycerol. Four MHC isoforms (1, IX, 1A, and
embryonic) were detected. NTC: normal TC muscle at | year old. Note that MHC type | increased in the affected diaphragm
after & months old. (B) Quantitative analysis of MHC isoforms. MHC expression between two groups (normal vs affected) or
among ages (1, 2, 4, 6 months and | year) was analyzed by Yates's chi-square test. Significant differences (p < 0.05) were
detected between normal and affected groups in TC muscles after 2 months old or in diaphragms after 4 months old, and

between | and 2 months old in nermal TC muscles,

regenerating fibers of the CXMD, diaphragm, the propor-
tion of myofibers expressing slow type MHC increased
markedly after 4 months old (Fig. 6C). These results sug-
gested that MHC expression in TC muscle and the dia-
phragm of CXMD, would be influenced by different
mechanisms after 4 months old. These age-dependent
MHC expression might be related to body growth, partic-
ularly increasing of muscle mass. One possibility is parti-
dpitation of insulin-like growth factor (IGF)-1, which is
important for postnatal growth of skeletal muscles |33]
and can activate multiple Ca2*-dependent signaling path-
ways, including the calcdneurin/NFAT pathway [30].
When growth rate of body weight decreases after 4
months old [5], signaling activity of IGF-1 might reduce
and MHC expression might be regulated predominantly
by alternative signaling pathways

Comparison among mdx, CXMD,, and DMD diaphragms
MHC expression in normal skeletal muscle has been well
studied in mice [15,34|, dogs [11], and humans [35]. In
normal dogs, the proportions of fiber types in TC muscle

were relatively similar to those in the representative tibia-
lis anterior muscles of mice and humans. In the dia-
phragm, however, the proportion of fiber types differed
markedly among these species. The murine diaphragm is
composed mainly of fast type 1A and IIX isofarms
[15,34], but the canine diaphragm consists of equal pop-
ulations of slow type MHC | and fast type MHC 1IA [11],
as also shown in our study. In normal human diaphragm,
the distribution of myosin isoforms has been estimated
that types |, l1A, and 11X account for approximately 45%,
40%, and 15%, respectively |35]. Thus, the proportions of
MHC isoforms in the diaphragm of healthy dogs are
much closer to those of humans than those of mice.

Some groups have studied expression profiles of MHC
isoforms in the diaphragm of the mdx mouse. The mdx
diaphragm shows increases in MHC type | fibers and elim-
ination of type [1X population at 2 years old, but not at
young ages (3 to 6 months old) [13,15,34]. In contrast to
the mdx diaphragm, that in CXMD, exhibited drastic
changes even in younger animals (6 months old). On the
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other hand, there is no direct information available
regarding the changes in fiber type composition in the
diaphragm in human DMD. In addition, there is an
important difference of MHC expression even in limb
skeletal muscles between large mammals (including dogs
and humans) and mammals with smaller body mass,
especially rodents. The former do not express the fastest
MHC 1IB isoform in limb muscdles [10,11,36], while i1 is
abundantly expressed in the latter [34]. Therefore,
changes/adaptations in skeletal muscles of dogs with
muscular dystrophy are likely 1o be more relevant to
human DMD, than that in the mdx mouse. As it is difficult
1o examine the diaphragms of DMD patients, it would be
important to investigate the differences between murine
and canine models for understanding the mechanisms of
respiratory failure in human DMD.

Conclusion

Based on fiber type classification using MHC expression,
we demonstrated the predominant replacement with slow
fibers and reduced muscle regeneration with progression
of muscular dystrophy in the diaphragm of a canine DMD
model, but these phenomena were much less strict in
affected TC muscle. In addition, the expression profiles of
MHC isoforms in the CXMD, diaphragm were evidently
different from those of the mdx mouse. Our results indi-
cated that dystrophic dog is a more appropriate model
than a murine one for human DMD, and would be useful
for investigation of the mechanisms of respiratory failure
in DMD, as well as pathalogical and molecular biological
backgrounds, and therapeutic effects in clinical trials.
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Myostatin inhibition by a follistatin-derived
peptide ameliorates the pathophysiology
of muscular dystrophy model mice

K. TSUCHIDA

Division for Therapies against Intractable Diseases, Institute for Comprehensive Medical Science (ICMS), Fujita Health
University, Tovoake, Aichi, Japan

Genestargeted therapies, such as adeno-associated viral vector
(AAV)-mediated gene therapy and cell-mediated therapy us-
ing myogenic stem cells, are hopeful molecular strategies for
muscular dystrophy. In addition, drug therapies based on the
pathophysiology of muscular dystrophy patients are desirable.
Multidisciplinary approaches to drug design would offer prom-
ising therapeutic strategies. Myostatin, a member of the trans-
forming growth lactor-f} superfamily, is predominantly pro-
duced by skeletal musele and negatively regulates the growth
and differentiation of cells of the skeletal muscle lineage. My-
ostatin inhibition would increase the skeletal muscle mass and
prevent muscle degeneration, regardless of the type of muscular
dystrophy. Myostatin inhibitors include myostatin antibodies,
myostatin propeptide, follistatin and follistatin-related protein.
Although follistatin possesses potent myostatin-inhibiting activ-
ity, it works as an efficient inhibitor of activins. Unlike myosta-
tin, activins regulate the growth and differentiation of nearly
all cell types, including cells of the gonads, pituitary gland and
skeletal muscle. We have developed a myostatin-specific inhibi-
tor derived from follistatin, designated FS I-1. Transgenic mice
expressing this myostatin-inhibiting peptide under the control
of a skeletal muscle-specific promoter showed increased skel-
etal muscle mass and strength. mdy mice were crossed with FS
I-1 transgenic mice and any improvement of the pathological
signs was investigated. The resulting mdx/FS 1.1 mice exhibited
increased skeletal muscle mass and reduced cell infiltration
in muscles. Muscle strength was also recovered in mdx/FS 1-1
mice. Our data indicate that myostatin inhibition by this fol-
listatin-derived peptide has therapeutic potential for muscular
dystrophy.

Key words: Myostatin, follistatin, muscular dystrophy

Actions of Myostatin

Skeletal myogenesis is under tight regulation by
growth factor signaling. Myostatin is an endogenous neg-

ative regulator of muscle growth and plays a major role in
determining skeletal muscle mass, Myostatin, also known
as growth and differentiation factor-8 (GDES), belongs to
the transforming growth factor (TGF)-f superfamily (1, 2)
Similar 1o other TGF-p superfamily members, myostatin
is synthesized as a precursor protein that is biologically
inactive. Production of mature myostatin occurs through
dimerization of the precursor and subsequent proteolytic
processing. Cleavage by furin-like protease is responsi-
ble of separating the N-terminal propeptide from the C-
terminal mature myostatin, while cleavage of the latent
propeptide by the bone morphogenetic protein-1/tolloid
(BMPI/TLD) family of metalloproteinases is responsi-
ble for activation of latent myostatin (3). The C-terminal
dimeric 26-kDa prolein acts as mature myostatin. Mice
with targeted deletion of the myostatin gene show dramatic
and widespread increases in skeletal muscle mass (2). Both
muscle fiber hypertrophy and muscle cell hyperplasia are
observed.

Myostatin signals through two types of transmem-
brane serine/threonine Kinase receptors, namely activin
type 11 receptors (ACVR2B and ACVR2A) and activin
receptor-like kinases 4 and 5 (ALK4 and 5). Its intracel-
lular signaling pathway is similar to those of activin and
TGF-f, and mediated by the Smad proteins Smad2 and
Smad3 (1, 2, 4). Myostatin negatively regulates Gl-10-S
progression in the cell cycle and maintains the quiescent
status of satellite cells (5). As a result, increased numbers
of satellite cells are present in myostatin-deficient mice
(5). Involvement of the MAP kinase pathway as well as
the Smad pathway is a characteristic of the myostalin-
regulated skeletal muscle differentiation program (6).
However, the precise mechanism of action and the skel-
etal-muscle specific signaling of myostatin have not yet
been fully elucidated.
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Myostatin Inhibition as a
Therapeutic Strategy for Muscular
Dystrophy

Interestingly, inhibition of myostatin activity is capa-
ble of increasing muscle mass and strength in the postnatal
period and even in adults. These observations suggest that
targeting of myostatin would be a suitable therapy for de-
generative muscle diseases, such as muscular dystrophy
and cachexia, and may be able to prevent muscle wasting
due to aging (1, 2, 7). In fact, antibody-mediated myosta-
tin blockade in mdx mice, a model for Duchenne muscular
dystrophy, was found to ameliorate the pathophysiology
and muscle weakness (8). Myostatin propeptide-mediated
amelioration of the symptoms in mdx mice. limb-girdle
muscular dystrophy (LGMD) 1C model mice with ca-
veolin-3 gene mutations and LGMD2A model mice with
calpain 3 gene mutations has also been reported (9-11).
However, elimination of myostatin did not recover the
pathology in laminin-a2-deficient model mice and rather
increased their mortality (12). Thus, the effectiveness of
myostatin inhibition depends on the disease state (Table
1). In addition to myostatin propeptide and myostatin an-

Table 1. Muscular dystrophies and myostatin inhibition.

Myostatin inhibition by follistatin-derived peptide

tibodies, follistatin and follistatin domain-containing pro-
teins can bind to myostatin in vive and act as effective my-
ostatin inhibitors (1, 13, 14). Small chemical compounds
that block the kinase activity of myostatin type I receptor
would also serve as myostatin inhibitors (13).

Development of Myostatin
Inhibitors for Therapies against
Muscular Dystrophy

Phage display technology and antibody engineering
have been used to develop myostatin-blocking antibodies.
The biosafety and effectiveness of humanized myostatin
antibodies, designated MYO-029, are being evaluated in
phase V11 studies in the United States in 108 patients suf-
fering from muscular dystrophy (3).

Multiple myostatin-binding proteins, such as my-
ostatin  propeptide. follistatin  and  follistatin-related
protein, have been characterized. After cleavage of my-
ostatin precursors, myostatin propeptide associates with
mature myostatin in sera (14). Proteolytic cleavage of
the propeptide at aspartate-76 by the BMP-1/TLD fam-
ily of metalloproteinases is an important step for activa-

Disease Mode of Gene Gene Myostatin Ref [Method
inheritance locus products blockage of myostatin inhibition]

Duchenne XA Xp21 Dystrophin Effective in mdx mouse  Bogdanovich et al_, (8) [1]
Wagner et al., (21) [2]
Bogdanovich et al., (9) [3]
Nakatani et al., (17) [4]

LGMD1C AD 3p25 Caveolin-3 Effective in model mouse Ohsawa el al., (10) [5]

(CAV3)

LGMD2A AR 15015 Calpain-3 Gene therapy is effective  Bartoli et al., (11) [6]

(CAPN3)

LGMD2D AR 17q12-21 w-sarcoglycan Gene therapy Is not Bartoliet al., (11) [6]

(SGCA) effective

LGMD2F AR 5q33-34  §-sarcoglycan Early therapy is effective Parsons et al., (22) [1, 2]

(SGCD) Treat early

MDC1A AR 6g22 Laminin a-2 Not effective in Lietal, (12) [2]

(LAMAZ) dy mouse

Severe fat loss

The effects of myostatin blockade on various types of muscular dystrophy are summarized. Myostatin inhibition is ap-
plicable as a therapy for multiple types of muscular dystrophy. Transgenic approaches, systemic injection and gene
therapy have been tried. Myostatin blockade by myostatin antibodies, modified myostatin propeptide or follistatin-
derived peptides is effective for ameliorating the pathophysiology in mdx mice. Myostatin inhibition is also effective
tor ameliorating several types of limb-girdle-type muscular dystrophy caused by mutations of caveolin-3 or calpain-3.
Effective therapy would be possible by early treatment. It is noteworthy that elimination of myostatin does not improve
Ihe phenotypes of laminin-a2-deficient model mice. Method of myostatin inhibition is shown as brackets. [ 1], myosta-
tin antibody treatment; [2], crossing with myostatin K/O mice; [3], myostatin propeptide treatment; [4], crossing with
mutated follistatin Tg mice; [5], crossing with myostatin propeptide Tg mice; [6]), AAV-mediated mutated myostatin
propeptide expression. References are shown with parentheses.
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tion of the mature disulfide-bonded C-terminal myostatin
dimer (2, 3). Mutation of the myostatin propeptide at the
BMP-1/TLD cleavage site by replacing aspartate-76 with
alanine (D76A) produces a better myostatin inhibitor than
the wild-type propeptide in vitro and in vive (9, 11).
Although the activin type IIB receptor, ACVR2B, is
characterized as a receptor for activins and nodal, it is
the primary ligand-binding myostatin receptor that trans-
mits myostatin signaling. A soluble form of ACVR2B has
potent myostatin-inhibitory activity and causes dramatic
increases in muscle mass (15). Only 2 weeks are required
for the soluble form of ACVR2B to increase the muscle
mass in mice by up to 60% (15). Since the soluble form
of ACVR2B even avgments muscle mass in myostatin-
knockout mice, it has been suggested that it also inhibits
other ligands including activins and GDF11 that regulate
skeletal muscle growth in addition to myostatin (15).

Myostatin Inhibitor Derived from
Follistatin

Follistatin was originally identified as a single-chain
polypeptide with a weak inhibitory activity toward fol-
licle-stimulating hormone secretion by anterior pituitary
cells. Later, follistatin was found to be an activin-bind-
ing protein (1). Gene knockout analyses revealed that
follistatin gene ablation causes multiple effects, includ-
ing skeletal and skin abnormalities, suggesting that fol-
listatin may have additional functions other than activin
inhibition (1). Follistatin and follistatin-related gene,
FLRG, were shown to bind to myostatin and inhibit its
activity (1. 2, 15, 16). Similar to myostatin, activins be-
long 1o the TGF-f superfamily and have pleiotrophic ef-
fects on numerous tissues, Since activins have a variety
of functions in tissues other than skeletal muscles and
their inhibition by follistatin is very efficient, follistatin
has multiple effects on not only skeletal muscles but also
other tissues. In fact, transgenic expression of the fol-
listatin gene has profound effects on reproductive per-
formance and fertility (1).

Recently, we developed a myostatin inhibitor derived
from follistatin, designated FS I-1, and characterized its
effects on muscle mass and strength in mdy mice (17).
Since myostatin blockade is one of the most promising
therapies for muscular dystrophy, the results of our study
should provide an additional rational therapeutic strategy
for intractable muscular diseases, including muscular
dystrophy (17).

Follistatin is composed of an N-terminal domain and
three cysteine-rich follistatin domains (FS I, FS 1l and FS
) (1). Recent crystallographic analyses have revealed
that the minimal activin-inhibiting fragment of follistatin
is comprised of the FS I and FS 11 domains, and that the
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individual FS domains may have different activities (18,
19). We created a follistatin mutant containing two FS |
domains, and characterized its binding activities toward
myostatin and activin A. Interestingly, FS I-I retained its
myostatin binding, but showed significantly weaker ac-
tivin-binding activity. The dissociation constants of fol-
listatin for activin and myostatin are 1.72 and 12.3 pM,
respectively. In contrast, the dissociation constants of FS
I-1 for actuivin and myostatin are 64.3 nM and 46.8 pM,
respectively. FS I-I was capable of inhibiting the actions
of myostatin in multiple assays, but hardly affected the
activin activity (17). Transgenic mice expressing FS I-1
under the control of a skeletal muscle-specific promoter
showed increased skeletal muscle mass, especially in the
pectoralis major, triceps brachii, gluteus and quadriceps
femoris muscles. Muscle strength was also increased.
Hyperplasia and hypertrophy were both observed. FS I-1
transgenic mice did not show any behavioral abnormali-
ties and reproduced normally. We crossed FS I-] transgen-
ic mice with mdx mice, a model for Duchenne muscular
dystrophy. Notably, the skeletal muscles in the resulting
mdx/FS I-1 mice were enlarged and showed reduced cell
infiltration (17). The numbers of infiltrated macrophag-
es in skeletal muscles were dramatically decreased in
mdx/FS 1-1 mice compared with mdx mice (17). Muscle
strength was also recovered in mdx/FS [-1 mice. These
results indicate that myostatin blockade by FS 1-1 has
therapeutic potential for muscular dystrophy and should
provide a rational therapeutic strategy for intractable
muscular diseases. The possibility that injections of this
myostatin inhibitor derived from follistatin may affect the
pathophysiology of muscular dystrophy model mice or
human patients remains to be determined.

Conclusions

The ability to control the actions of myostatin has
great potential for a number of research fields and offers
medical applications. Myostatin activity determines the
skeletal muscle mass. Myostatin blockade is effective for
increasing muscle mass, even in adults (1, 2). Thus, my-
ostatin is considered to be one of the rational drug targets
for muscle-wasting diseases, such as muscular dystrophy.
There are multiple strategies for inhibiting myostatin ac-
tivity. Myostatin inhibitors, such as monoclonal myosta-
tin antibodies, myostatin propeptide and follistatin, could
be promising lead compounds in drug development for
muscular dystrophy and related disorders (1, 2, 17).

There are various types of muscular dystrophy, in-
cluding Duchenne/Becker muscular dystrophies, con-
genital muscular dystrophies and limb-girdle muscular
dystrophies (20). Myostatin blockade could increase the
skeletal muscle mass, regardless of the type of muscu-



lar dystrophy. Antibody-mediated or myostatin propep-
tide-mediated myostatin blockade in mdx mice, a model
for Duchenne type muscular dystrophy, ameliorates the
pathophysiology and increases muscle strength (8, 9, 18)
(Table 1). Crossing of myostatin knockout mice with mdx
mice also attenuates severity of muscular dystrophy (21).
The pathophysiologies of three models of limb-girdle
muscular dystrophy, including &-sarcoglycan-deficiency,
caveolin-3 mutations and calpain-3-deficiency, are also
ameliorated by myostatin blockade (10, 11, 22). How-
ever, myostatin elimination did not combart laminin-a2-
deficiency in mice, but rather increased their postnatal
mortality due to fat loss (12). Similarly, myostatin inhi-
bition was not effective for prolonging the survival of
LGMD2D model mice with mutations of a-sarcoglycan
(11). However, since the expression by AAV-myostatin
propeptide used in the study was extremely low, it is still
possible that different mode of action, such as the use of
neutralizing myostatin antibody could be beneficial for
a-sarcoglycan deficiency (11).

Mpyostatin inhibition would increase the relative ra-
tio of fast myofibers to slow myofibers. Exercise in my-
ostatin-deficient cattle led to early exhaustion, which
may have been caused by a decrease in the number of
mitochondria (23). However, a decreased number of mi-
tochondria associated with myostatin absence was spe-
cific for myostatin-knockout mice and not observed in
myostatin-inhibitor-expressing transgenic mice (our un-

Myostatin Inhibition by follistatin-derived peptide

published observations). Thus, regulation of the number
of mitochondria seems to depend on the way in which
myostatin is inhibited. This observation suggests that my-
ostatin inhibition by our follistatin-derived peptide would
not decrease the number of mitochondria, although this
aspect needs to be clarified in future studies.

Follistatin and FLRG are efficient myostatin block-
ers, and inhibit not only myostatin but also activins. We
have developed a myostatin inhibitor derived from fol-
listatin, designated FS I-1, that does not affect activin ac-
tivity (17). FS I-1 is capable of ameliorating the patho-
physiology of mdx mice. It must be determined whether
FS I-1 affects other TGF-f-like ligands that regulate mus-
cle fiber growth. Since transgenic expression of FS I-1 is
effective for treatment of mdx mice, FS I-1 and related
follistatin-derived myostatin inhibitors would join the list
of potential therapeutic myostatin inhibitors.

Myostatin inhibitor peptides could be directly infused
into muscular dystrophy patients. In addition, a delivery
system using myogenic cells is also possible. Further-
more, myostatin inhibition could be combined with other
therapeutic approaches. Myostatin inhibition is con-
sidered to be most effective when combined with gene
correction or other ways of delivering dystrophin (24).
In this sense, one advantage of myostatin inhibitor pep-
tides is their application to combined therapy for muscu-
lar dystrophy. If cDNAs for myostatin inhibitor peptides
can be expressed in myogenic stem cells, cell-mediated

Myostatin inhibitors

Myogenic stem cells y
expressing myostatin inhibitors* @:’.\

| e %

7'! myostatin inhibitors

’*‘ viral vector for myostatin inhibitors

Figure 1. Potential delivery systems for myostatin inhibitars in vive
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therapy with myostatin inhibition would become possible
(Fig. 1). By using this method, defective genes such as
dystrophin would be amended by myogenic stem cells.
Alternatively, viral vectors containing myostatin inhibitor
peptides could be combined with other possible therapies
for muscular dystrophy, such as exon-skipping reagents
or genes (24).

Studying the role of myostatin in tissues other than
skeletal muscle is important to avoid the possible ad-
verse effects of myostatin inhibition. In this respect, it
is important to determine whether or not myostatin acts
solely on skeletal muscles. Adipose tissues are affected
by myostatin signaling. Reduction of adipose tissue mass
is observed in myostatin-null mice. Whether myostatin
directly acts on adipocytes or factors from hypertrophied
skeletal muscle secrete factors affecting adipocyte re-
mains to be determined.

Finally, ethical issues must be considered for use
of myostatin inhibition. Athletes are already interested
in myostatin for increasement of their muscle strength.
There is a discussion that myostatin inhibition would be
non-steroidal doping methods that are difficult to iden-
tify.

In summary, | have presented an outline of myostatin
inhibition therapy for muscular dystrophy with emphasis
on a myostatin inhibitor derived from follistatin. | hope
that this novel therapeutic strategy will prove useful to-
ward establishing realistic therapies for intractable dis-
cases, such as muscular dystrophy.
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Caveolin-3 regulates myostatin signaling.
Mini-review
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Caveolins, components of the uncoated invaginations of plasma
membrane, regulate signal transduction and vesicular traf-
ficking. Loss of caveolin-3, resulting from dominant negative
mutations of caveolin-3 causes autosomal dominant limb-gir-
dle muscular dystrophy (LGMD) 1C and autosomal dominant
rippling muscle disease (AD-RMD). Myostatin, a member of
the muscle-specific transforming growth factor (TGF)-fi super-
family, negatively regulates skeletal muscle volume, Herein we
review caveolin-3 suppressing of activation of type T myostatin
receptor, thereby inhibiting subsequent intracellular signaling.
In addition, a mouse model of LGMDIC has shown atrophic
myopathy with enhanced myostatin signaling. Myostatin in-
hibition ameliorates muscolar phenotype in the model mouse,
accompanied by normalized myostatin signaling. Enhanced
myostatin signaling by caveolin-3 mutation in human may con-
tribute to the pathogenesis of LGMDIC. Therefore, myostatin
inhibition therapy may be a promising treatment for patients
with LGMDIC. More recent studies concerning regulation of
TGF-p superfamily signaling by caveolins have provided new
insights into the pathogenesis of several human diseases.

Key words: caveolin-3, limb-girdle muscular dystrophy 1C (LG-
MDI1C), autosomal dominant rippling muscle disease (AD-RMD),
myostatin, transforming growth factor-p (TGF-§)

Caveolins are primary components
of caveoclae

Caveolae, uncoated invaginations of the plasma
membrane, are an abundant feature of many terminally
differentiated cells, such as adipocytes, endothelial cells,
and muscle cells. Caveolin family proteins, 21-24 kDa
integral membrane proteins, are the principle components
of caveolae, designated as caveolin-1, -2, and -3 (1, 2).
Caveolin-1 and caveolin-2 are coexpressed and form
heterooligomers in nonmuscle cells, whereas caveolin-3

is muscle specific and forms homooligomers in muscle
cells (3, 4). De novo synthesized caveolins assemble
to about 350 kDa oligomers in the endoplasmic reticu-
lum, subsequently target to the plasma membrane via
the trans-Golgi network, and play a crucial role in the
formation of caveolae. These caveolin family proteins
have been implicated in numerous cellular events in-
cluding vesicular trafficking, lipid metabolism, and sig-
nal transduction (1-6). They directly bind to and regu-
late specific lipid and lipid-modified proteins including
cholesterol, G-protein, G-protein coupled receptors, Src
family kinase, Ha-Ras, and nitric oxide synthases (5-7).
The interaction between caveolins and these molecules is
mediated by a caveolin-binding motif on the target pro-
tein and a scaffolding domain in caveolin (7). The number
of in vitro studies linking caveolins to signal transduction
pathways has grown exponentially. To date, however,
only a few studies have been concluded the exact roles of
caveolins to signal transduction in vive (3).

Dominant-negative mutations of
caveolin-3 gene causes LGMD1C/
AR-RMD

Many mutations in caveolin-3 gene have been detect-
ed in autosomal dominant limb-girdle muscular dystrophy
(LGMD) 1C and autosomal dominant rippling muscle
disease (AD-RMD) (8, 9). Mutations of the caveolin-3
gene cause a significant reduction in the cell surface level
of caveolin-3 protein in a dominant-negative fashion and,
to a lesser extent, mistargeting of the mutant caveolin-3
protein to the Golgi complex (8-10).

The loss of caveolin-3 by mutations of the caveolin-3
gene in LGMDIC/AD-RMD patients has resulted in subse-
quent abnormalities of caveolin-3-binding molecules. The
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enzymatic activity of neuronal nitric oxide synthase, which
is strongly suppressed by caveolin-3, increases in the skel-
etal muscles from a transgenic mouse model of LGMDIC
and LGMDIC/AD-RMD patients (11, 12). Consistently,
cytokine-induced NO production increases in C2C12 my-
oblast cells transfected with LGMDIC/AD-RMD-type
mutant caveolin-3 compared to ones transfected with wild-
type caveolin-3 (9). Src tyrosine kinase, a membrane tyro-
sine kinase whose activation regulates the balance between
cell survival and cell death, is extremely activated and
accumulates not in the plasma membrane but in the peri-
nuclear region in cells transfected in LGMD1C/AD-RMD
mutant caveolin-3 (13). Muscle-specific phosphofruktoki-
nase, an enzyme of central importance in the regulation of
glycolytic metabolism is also significantly reduced in cells
transfected with LDMDIC/AD-RMD mutant caveolin-3
probably through ubiquitin-proteasomal degradation (14).
Noteworthy also is the finding that dysferlin, a membrane-
repair molecule deficient in LGMD2B/Miyoshi myopathy,
mistargets to the cytoplasm from sarcolemma in skeletal
muscle from LGMDI1C/AD-RMD patients, probably due
to the caveolin-3's delivery function to the correct targeting
of plasma membrane (15-18).

Despite these findings, the underlying molecular
mechanism leading to LGMDI1C/AD-RMD in caveolin-
3-deficient muscle remains to be elucidated.

Myostatin, a muscle-specific
TGF-[3 superfamily member, is a
therapeutic target of muscular
dystrophy

Myostatin is a muscle-specific transforming growth fac-
tor (TGF)-§ superfamily member and negatively regulates
skeletal muscle growth and skeletal muscle volume (19).
Overexpression of myostatin causes severe muscle atro-
phy, whereas targeted disruption of myostatin increases
skeletal muscle mass in mice (19, 20), Like most members
of the TGF-f superfamily, myostatin is synthesized as a
precursor protein and undergoes proteolytic processing to
generate an N-terminal prodomain and a biologically ac-
tive, C-terminal disulfide-linked dimer (21). In the inac-
tive state, the prodomain strongly inhibits the biological
activity of the C-terminal dimer (22, 23), as do follistatin,
and the follistatin-related gene (FLRG); which are col-
lectively called natural inhibitors for myostatin (24). The
circulating active form of myostatin directly binds to and
phosphorylates the type Il serine/threonine kinase recep-
tor, namely activin receptor IIB (ActRIIB) (Fig. 1) (25).
This, in turn, phosphorylates the type I serine/threonine
kinase receptors, namely activin receptor-like kinase 4/5
(ALK4/5) at the plasma membrane (25-27). The acti-
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vation of a heteromeric receptor complex consisting of
phosphorylated type IT and type 1 serine/threonine kinase
receptors induces the phosphorylation of intracellular
effectors, receptor-regulated Smads (R-Smads), namely
Smad2/3 (26, 27). Phosphorylated R-Smads translocate
to the nucleus from the cytoplasm, where it regulate the
transcription of specific target genes inducing skeletal
muscle atrophy (26-28).

Notably, administration of ablocking antibody against
myostatin, myostatin vaccine, and myostatin prodomain,
or genetic introduction of a follistatin-derivative amel-
iorates the pathophysiology of dystrophin-deficient mdx
mice (29-32). In addition, a blocking antibody against
myostatin improves the condition of young model mice
with &-sarcoglycan-deficient LGMD2F (33). An adeno-
associated virus (AAV)-mediated myostatin prodomain
has ameliorates the pathology of calpain-3-deficient LG-
MD2A model mice (34). Therefore, myostatin inhibition
through different strategies has recently come to be con-
sidered for a therapeutic option for muscular dystrophies.
However, the precise molecular mechanism by which
myostatin inhibition improves the above dystrophic skel-
etal muscle is not fully understood; i.e. the molecular
interaction of myostatin and the dystrophin-glycoprotein
complex is unknown.

Caveclin-1 regulates TGF-3
superfamily signaling in vitro

Recently, caveolin-1 has drawn attention as a regula-
tor of TGF-f superfamily signaling. Caveolin-1 binds to
and suppresses activation of the type I receptor of TGF-
f1, which induces growth arrest in nonmuscle cells (35).
Consistently, the binding affinity of caveolin-1 with type
I TGF-B1 receptor decreases after stimulation with TGF-
B1. In addition, caveolin-1 associates with the type II
receptor of TGF-fi1 (36-38). Caveolin-1 also facilitates
ligand-bound TGF-fi1 receptors internalization and deg-
radation via the formation of endocytic vesicles with
ubiquitin-ligase (39, 40). In addition, caveolin-1 interacts
with type I1 and type 1 receptors of bone morphogenic
proteins (BMPs) in vive (41). These findings indicate that
caveolin-1 regulates TGF-p superfamily signaling, in-
cluding TGF-fi1 and BMPs, at its receptor level.

Caveolin-3 suppresses myostatin
signaling through iis type |
receptor in vitro

Upon consideration of molecular analogy and tissue

distribution, we hypothesized that caveolin-3 inhibits my-
ostatin signaling in a similar manner to that of inhibition



of caveolin-1 to multiple TGF-B superfamily signaling
in nonmuscle cells. We found several caveolin-3 binding
motifs (7); XX XXX XXX, where ¢ indicates aromat-
ic or aromatic-like amino acids in the cytoplasmic kinase
domain of type 1 serine/threonine myostatin receptors,
ALK4/5 (42). Therefore, we cotransfected caveolin-3 and
these type I myostatin receptors in COS-7 monkey kidney
cells and found that caveolin-3 colocalized with type 1
myostatin receptor. Immunoprecipitation and subsequent
immunoblot analysis revealed that caveolin-3 associates
with the type I myostatin receptor. In addition, phospho-
rylation level of the type I myostatin receptor decreased
with the addition of caveolin-3 in cells cotransfected with
constitutively active type I receptor and caveolin-3. More-
over, caveolin-3 eventually suppressed subsequent intrac-
ellular myostatin signaling; the phosphorylation level of
an R-S5mad of myostatin, Smad2 as well as the transcrip-
tion level of the Smad-sensitive (CAGA)Izlrcpnncr gene.
Therefore, caveolin-3 suppresses the myostatin signal at
its type I receptor level, in a similar manner to caveolin-1
for TGF-B1 signaling in vitro.

Caveolin-3 deficient muscles
exhibit enhanced intracellular
myostatin signaling

We previously generated transgenic (Tg) mice over-
expressing mutant caveolin-3 (CAV-3"'™%) 1o develop a
mouse model of LGMDI1C/AD-RMD (11). The skeletal
muscle phenotype of the transgenic mice showed severe
myopathy with loss of caveolin-3. To determine wheth-
er caveolin-3 regulates myostatin signaling in vive, we
generated and characterized the double-transgenic mice
showing myostatin deficiency and myostatin inhibition.
Heterozygous mating of mutant caveolin-3 Tg mice
with other Tg mice overexpressing myostatin prodomain
(MSTN™) (43), a potent inhibitor of myostatin signaling,
gave rise to mice with four distinct phenotypes: wild-type,
mutant caveolin-3 Tg, mutant MSTN Tg, and double-mu-
tant Tg (CAV-3"™/MSTN™). Growth curves revealed
that the double-mutant Tg mice were significantly larger
than the mutant caveolin-3 Tg mice and similar in size to
the wild-type mice beginning at 6 weeks until 16 weeks
of age (42). The muscle atrophy seen in the mutant ca-
veolin-3 Tg was reversed in the double-mutant Tg with
increased myofiber size and myofiber number. Thus, my-
ostatin inhibition reverses caveolin-3-deficient muscular
atrophy in vivo.

Caveolin-3-deficient muscle from mutant caveolin-
3 Tg mice showed hyperphosphorylation of an R-Smad
of myostatin, Smad2 and significant upregulation of a
myostatin target gene, p21. These in vivo findings were
consistent with our in vitro study in which caveolin-3
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suppresses myostatin signaling. In the double-mutant Tg
mouse, the levels of phospho-Smad2 and p21 gene ex-
pression were significantly reduced compared to those in
the mutant caveolin-3 Tg mice and were similar to those
in the wild-type mice. Thus, myostatin inhibition by ge-
netic introduction of myostatin inhibitor normalized en-
hanced myostatin signaling and also reversed muscular
phenotype in the caveolin-3 deficient mouse.

Myostatin inhibition therapy
reversed muscular atrophy
in caveolin-3 deficiency

We injected a soluble form of the extracellular do-
main of type Il myostatin receptor, ActRIIB, which can
inhibit myostatin-its type II receptor binding (25, 44),
into the mutant caveolin-3 Tg mice to develop myosta-
tin inhibition through its type II receptor as a therapeutic
strategy for patients with LGMDIC. Intraperitoneal injec-
tion of soluble ActRIIB four times significantly increased
skeletal muscle mass and reversed myofiber hypotrophy
accompanied with suppression of Smad2 phosphoryla-
tion and downregulation of p21. This finding, therefore,
suggests that myostatin inhibition therapy may be a rea-
sonable and promising therapy for caveolin-3-deficient
muscular dystrophy associated with enhanced myostatin
signaling.

Conclusions and prospective for
future research

Caveolin-3 has been considered to regulate numer-
ous signal pathways for maintaining the normal integrity
of skeletal muscles, but the in vive significance of signal
alterations by loss of caveolin-3 in the pathogenesis of
LGMDIC/AD-RMD has not been well delineated. As re-
viewed herein, caveolin-3 regulates myostatin signaling
in vitro, and thus disrupted interaction between caveolin-
3 and myostatin could contribute to the pathogenesis of
caveolin-3-deficient muscular dystrophy (Fig. 1).

We could not conclude that activated intracellular
signaling molecules, hyperphosphorylation of an R-
Smad, Smad2, and upregulation of p21 in the caeveolin-
3 deficient skeletal muscle result simply from enhanced
myostatin signaling by loss of caveolin-3, because the
myostatin prodomain or the soluble myostatin recep-
tor suppresses not only myostatin, but also other TGF-
B ligands including growth and differentiation factor 11
(GDF11) (22, 25, 44, 45). In fact, evidence of an un-
known TGF-p ligand exists in the form of a similar nega-
tive regulator of muscle mass like myostatin (45, 46).
Thus TGF-f ligands other than myostatin also could be
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involved in the pathogenesis of caveolin-3 deficieny via
the Smad2-p21-mediated pathway. Crossing of mutant
caveolin-3 mice with myostatin-null mice is a prospec-
tive project for obtaining straightforward evidence that
hyperphosphorylation of Smad2 and upregulation of p21
in caveolin-3-deficient muscles is the simple result of en-
hanced myostatin signaling.

More recent studies have shown to be caveolins as
an exact negative regulator of TGF-f superfamily signal-
ing because the loss of caveolins has play important roles
in the pathogenesis of human disorders. Mutations of the

caveolin-1 gene or downregulation of caveolin-1 protein
have been detected in some sporadic breast cancers (47)
and epithelial cells derived from caveolin-1 null mice
have shown hyperphosphorylation of Smad2 and epithe-
lial mesenchymal transition, corresponding to premalig-
nant status (48), In addition, loss of caveolin-1 has been
strongly associates with idiopathic pulmonary fibrosis
(49, 50). Caveolin-1 protein has been found to be reduced
in the lung tissue from patients with idiopathic pulmonary
fibrosis. TGF-P 1-induced extarcellular matrix production,
which is indicative of fibrosis, significantly increases in
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Figure 1. Putative scheme of the regulation of myostatin signaling by caveolin-3. Myostatin (MSTN) signaling is propa-
gated through the myostatin receptor, a heteromeric complex consisting with transmembrane receptor serinefthreonine
kinases. Myostatin binds to and phosphorylates its type |l serine/threonine kinase receptor (Type || Receptor). Sub-
sequently, its type | serine/threonine kinase receptor (Type | Receptor) is phosphorylated by Type |l Receptor and is
recruited into the heteromeric complex, which in turn phosphorylates receptor-regulated Smads (R-Smads), a family
of transcription factor controlling the expression of specific target genes. Caveolin-3 (CAV-3) binds to and suppresses
activation of the Type | Receptor of MSTN at the plasma membrane and suppresses intracellular myostatin signaling,

including phosphorylation of R-Smads and transcription of

specific target genes. Loss of caveolin-3 resulting from

dominant negative mutations of the caveolin-3 genes in patients with LGMD1C could enhance intracellular myostatin
signaling, and thereby result in muscle mass reduction. Type Il Receptor, ActRIIB; Type | Receptor, ALK4/5; R-Smads,

Smad2/3. P indicates phosphorylation
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primary fibroblasts isolated from patients with idiopathic
pulmonary fibrosis. Moreover, retroviral introduction of
caveolin-1 ameliorates bleomycin-induced lung fibrosis
in mice. Together with this review, it may be concluded
that aberrant TGF-§ superfamily signaling by loss of ca-
veolins participate in the pathogenesis of some human
diseases, including LGMDIC/AD-RMD, breast cancer,
and idiopathic pulmonary fibrosis.

Myostatin inhibition therapy is effective, to some
exient, with mouse models of several types of muscular
dystrophies (29-34). Further investigation is needed to
determine which types of myostatin inhibition therapy
could be applied and to clarify the molecular mechanism
by which myostatin-inhibition improves muscular dys-
trophy for prospective treatment of patients with muscu-
lar dystrophy. As reviewed herein, myostatin inhibition
may be a potent therapy for caveolin-3-deficient muscu-
lar dystrophy with enhanced myostatin signaling.
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