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Caveolin-3, the muscle-specific isoform of caveolins, plays important roles in signal transduction. Domi-
nant-negative mutations of the caveolin-3 gene cause autosomal dominant limb-girdle muscular dystrophy
1C (LGMD1C) with loss of caveolin-3. However, identification of the precise molecular mechanism leading
to muscular atrophy in caveolin-3-deficient muscle has remained elusive. Myostatin, a member of the mus-
cle-specific TGF- superfamily, negatively regulates skeletal muscle volume. Here we report that caveolin-3
inhibited myostatin signaling by suppressing activation of its type I receptor; this was followed by hypophos-
phorylation of an intracellular effector, Mad homolog 2 (Smad2), and decreased downstream transcriptional
activity. Loss of caveolin-3 in P104L mutant caveolin-3 transgenic mice caused muscular atrophy with increase
in phosphorylated Smad2 (p-Smad2) as well as p21 (also known as Cdknla), a myostatin target gene. Introduc-
tion of the myostatin prodomain, an inhibitor of myostatin, by genetic crossing or intraperitoneal administra-
tion of the soluble type II myostatin receptor, another inhibitor, ameliorated muscular atrophy of the mutant
caveolin-3 transgenic mice with suppression of p-Smad2 and p21 levels. These findings suggest that caveolin-3
normally suppresses the myostatin-mediated signal, thereby preventing muscular atrophy, and that hyper-
activation of myostatin signaling participates in the pathogenesis of muscular atrophy in a mouse model of

LGMD1C. Myostatin inhibition may be a promising therapy for LGMD1C patients.

Introduction

Caveolins are 21- to 24-kDa integral membrane proteins and are
principal components of flask-shaped invaginations of the plas-
ma membrane known as caveolae. These proteins play important
roles in signal transduction and vesicular trafficking (1-3). They
directly bind to and regulate specific lipid and lipid-modified
molecules including cholesterol, G proteins, G protein-coupled
receptors, Src family protein kinases, Ha-Ras, and nitric oxide syn-
thases (1, 2). The interaction between caveolin and lipid-modified
proteins is mediated by a specific caveolin-binding motif on the
target protein and by a scaffolding domain in caveolin (3). There
are 3 mammalian caveolin genes, namely, caveolin-1, -2, and -3.
Caveolin-1 and -2 are coexpressed and form heterooligomers in
nonmuscle cells whereas caveolin-3 is muscle specific and forms
homooligomers in muscle cells (1, 2).

Loss of caveolin-3 resulting from dominant-negative mutations
of the caveolin-3 gene causes autosomal dominant limb-girdle mus-
cular dystrophy 1C (LGMD1C) (4). We previously generated Tg
mice overexpressing the Pro104Leu mutant caveolin-3 (CAV-3P104%)
as a model for LGMDI1C (5). The skeletal muscle pathology of the
Tg mice includes myopathy characterized by severe skeletal muscle
atrophy and a deficiency in caveolin-3. We also found a significant
increase in neuronal nitric oxide synthase activity in their skeletal
muscle. Other groups have demonstrated mislocalization of Src
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and dysferlin to the Golgi apparatus (6, 7). Despite these findings,
the precise molecular mechanism leading to muscular atrophy in
caveolin-3-deficient skeletal muscle remains to be elucidated.

Myostatin is a member of the TGF-f superfamily and plays an
essential role in the negative regulation of skeletal muscle volume (8).
Overexpression of myostatin causes severe muscular atrophy (9, 10)
whereas targeted disruption of myostatin markedly increases muscle
mass in mice (8, 11). We also generated Tg mice overexpressing the
myostatin prodomain in skeletal muscle (Mstn®°) (12), an inhibitor
of myostatin activation (13-17). Like other TGF-f superfamily mem-
bers (18), myostatin is synthesized as a precursor protein and under-
goes proteolytic processing to generate an N terminal prodomain
and a biologically active, C terminal disulfide-linked dimer (19). In
the inactive state, the prodomain binds to the C terminal myostatin
dimer and strongly inhibits its biological activity (13). The circulat-
ing active form of myostatin directly binds to and activates activin
receptor IIB (ActRIIB), a type II serine/threonine kinase receptor (19).
This, in turn, activates the type I serine/threonine kinase receptor
activin receptor-like kinase 4 (ALK4) or ALKS at the plasma mem-
brane (20, 21). The activation of a heteromeric receptor complex con-
sisting of type Il and type I serine/threonine kinase receptors induc-
es the phosphorylation of intracellular effectors Mad homolog 2
(Smad2) and Smad3 (20, 21). Phosphorylated Smad2 and Smad3
translocate from the cytoplasm to the nucleus, where they regulate
the transcription of specific target genes (20-22).

Recently, caveolin-1 was reported to inhibit the activation of
the type I receptor for TGF-f1, which induces growth arrest in
nonmuscle cells (23). Upon consideration of molecular analogy
and tissue distribution, we hypothesized that caveolin-3 inhibits
myostatin signaling in muscle cells in a similar manner. Accord-
ingly, an increase in myostatin activity resulting from loss of
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Caveolin-3 binds to the type | myostatin receptors and suppresses their activation. (A) Colocalization of caveolin-3 (CAV-3) and type | myostatin
receptors (ALK4 and ALK5). COS-7 cells transfected with caveolin-3 and/or ALK4 or ALK5 were double labeled with an anti-rabbit caveolin-3
polyclonal Ab (CAV) and an anti-mouse HA mAb (ALK). The enlarged images of the boxed regions are shown below the original pictures. White
arrowheads indicate colocalization of caveolin-3 with ALK4 or ALK5. Scale bars: 10 um. (B) Interaction of caveolin-3 and ALK4 (upper panels) or
ALKS5 (lower panels). Cell lysates from COS-7 cells cotransfected with FLAG- or HA-tagged caveolin-3 (CAV-3) and either HA- or FLAG-tagged
type | receptor were immunoprecipitated with anti-FLAG agarose gel, then immunoblotted using anti-FLAG mAb (a-FLAG) or anti-HA mAb (a-HA).
Also, whole cell extracts (WCE) were analyzed by immunoblotting with the same Abs. Glycogenin (Glyn) was used as a negative control for
immunoprecipitation. (C) In vitro autophosphorylation of constitutively active ALK4 and ALKS5. Cell lysates from COS-7 cells cotransfected
with FLAG-tagged wild-type or P104L mutant caveolin-3 and HA-tagged constitutively active ALK4 (HA-caALK4) or ALK5 (HA-caALK5) were
immunoprecipitated with anti-HA agarose. The in vitro kinase reaction was initiated by the addition of kinase reaction buffer and [y-32P]ATP.
Phosphorylated caALK4 or caALK5 was detected by autoradiography. Immunoprecipitated caALK4, caALK5, and caveolin-3 were analyzed by
immunoblotting with anti-HA mAb (a-HA) or anti-FLAG (a-FLAG) mAb. Bands corresponding to phosphorylated type | receptor (in vitro kinase
assay), total type | receptor (a-HA), and caveolin-3 (a-FLAG) are shown.
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caveolin-3 in muscle might participate in the pathogenesis of
skeletal muscle atrophy in LGMD1C patients. Our caveolin-3-
deficient mouse model is a useful tool for investigating how myo-
statin signaling is altered in LGMD1C patients. In the current
study, we investigated our hypothesis by examining the interac-
tion between caveolin-3 and type I myostatin receptor signaling
in vitro. Additionally, we generated and characterized the dou-
ble-Tg mice (CAV-3P104L/MSTNP™) by heterozygous mating of
the mutant caveolin-3-Tg mice (CAV-3P104) (5) with the mutant
myostatin-Tg mice (MSTNP™) overexpressing the prodomain
myostatin (12) to investigate the effect of myostatin inhibition
in vivo on caveolin-3-deficient muscular atrophy. Furthermore,
we injected a soluble form of type II myostatin receptor, another
myostatin inhibitor (19, 24), into the mutant caveolin-3-Tg mice
to investigate the therapeutic potential of myostatin inhibition
for the future treatment of LGMD1C patients.

Results

Caveolin-3 can associate with the type I myostatin receptor. We first inves-
tigated whether caveolin-3 can associate with the type I myostatin
receptor in vitro. COS-7 monkey kidney cells cotransfected with
FLAG-tagged caveolin-3 and HA-tagged type I receptor (ALK4 or
ALKS) were double immunostained with an anti-rabbit caveolin-3
polyclonal Ab and an anti-mouse mAb against HA. Confocal
microscopy showed that caveolin-3 colocalized with ALK4 or ALKS
(Figure 1A). We next investigated the potential interaction of cave-
olin-3 with the type I myostatin receptor. COS-7 cells cotransfected
with FLAG- or HA-tagged caveolin-3 and HA- or FLAG-tagged type I
receptor were lysed and precipitated with anti-FLAG agarose. We
detected coprecipitation of caveolin-3 with type I receptors and,
conversely, type I receptors with caveolin-3 by immunoblotting
with an anti-HA Ab (Figure 1B). These results indicate that caveo-
lin-3 associates with type I myostatin receptors.
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Caveolin-3 negatively regulates activation of the type I myostatin receptor.
The association of caveolin-3 with type I myostatin receptor raised
the intriguing possibility that caveolin-3 regulates the serine/thre-
onine kinase activity of ALK4 or ALKS. Therefore, to determine
whether caveolin-3 can affect the phosphorylation status of type I
myostatin receptors, we investigated the autophosphorylation of
constitutively active ALK4 or ALKS (Figure 1C). COS-7 cells were
cotransfected with HA-tagged constitutively active type I receptor
and FLAG-tagged wild-type or P104L mutant caveolin-3. Con-
stitutively active type I receptor was immunoprecipitated with
anti-HA agarose and subsequently subjected to an in vitro kinase
reaction. We found that phosphorylation of ALK4 or ALKS was
decreased by the wild-type caveolin-3, and conversely, increased by
the P104L mutant caveolin-3 (Figure 1C). These results indicate
that caveolin-3 inhibits activation of the type I myostatin receptor
whereas the P104L mutant caveolin-3 enhances activation of the
type I myostatin receptor in vitro.

Caveolin-3 inhibits myostatin-induced phosphorylation of Smad2.
Because the activation of type I receptor induces phosphory-
lation of an intracellular effector, Smad2 (20, 21), we investi-
gated whether the level of Smad2 phosphorylation is affected
by caveolin-3. COS-7 cells transfected with either the wild-type
or the P104L mutant caveolin-3 were stimulated with recombi-
nant myostatin. Cell lysates were then subjected to immunoblot
analysis using an Ab against Smad2 or phosphorylated Smad2
(p-Smad2). The amount of total Smad2 proteins was invariable
(Figure 2A). The basal and fold increases of p-Smad2 levels were
reduced in the wild-type CAV-3 transformant, but they were
increased in the mutant CAV-3 transformant (Figure 2A). Thus,
myostatin-induced Smad2 phosphorylation was inhibited by the
wild-type caveolin-3 and, conversely, enhanced by the mutant
caveolin-3, indicating that caveolin-3 regulates intracellular myo-
statin signaling at the effector level.
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Caveolin-3 inbibits myostatin-induced transcriptional activity. To
determine the effect of caveolin-3 on myostatin-induced tran-
scriptional activity, we performed a transcriptional assay using a
Smad-responsive luciferase reporter gene (13, 25). HEK293 human
embryonic kidney cells, which do not express endogenous caveo-
lin-3 (Figure 2B), were cotransfected with the luciferase reporter
and either empty vector, wild-type caveolin-3, or mutant caveo-
lin-3. Stimulation with recombinant myostatin in HEK293 cells
transfected with the empty vector caused a significant increase in
luciferase activity above the basal level (Figure 2B). In the wild-
type caveolin-3 transformant, myostatin-induced transcriptional
activity decreased by approximately 90% (Figure 2B). In contrast,
the mutant caveolin-3 transformant showed a 1.5-fold increase in
myostatin-induced transcriptional activity. These results indicate
that wild-type caveolin-3 functionally inhibits myostatin signal-
ing at the transcriptional level whereas P104L mutant caveolin-3
enhances myostatin signaling.

Introduction of the myostatin prodomain transgene reverses muscular
atrophy in the mutant caveolin-3-Tg mice. To determine whether cave-
olin-3 regulates myostatin signaling in skeletal muscle in vivo and
whether myostatin inhibition affects muscular atrophy in caveo-
lin-3-deficient mice, we generated double-Tg mice showing both
caveolin-3 deficiency and myostatin inhibition. Heterozygous
mating of the mutant caveolin-3-Tg mice (5) with the mutant
myostatin-Tg mice (12) gave rise to mice with 4 distinct genotypes:
wild-type, mutant caveolin-3-Tg (CAV-3P1041) mutant myostatin-
Tg (MSTNPr), and double Tg (CAV-3P104L/MSTNPr). The mRNA
expression of the transgenes in skeletal muscle was confirmed by
Northern blotting (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI28520DS1). We
examined the progressive changes in body weight between 3 and
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limbs in 10-week-old mice. Scale bar:
5 mm. Mutant CAV-3 Tg, CAV-3P104L;
mutant MSTN Tg, MSTNP; double
Tg, CAV-3P104L/MSTNPro.
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16 weeks after birth (Figure 3A). The body weights for wild-type,
mutant caveolin-3-Tg, and mutant myostatin-Tg were significant-
ly different beginning at 6 weeks and until 16 weeks of age. The
mutant caveolin-3-Tg mice were significantly smaller than wild-
type mice whereas the double-Tg mice were significantly larger
than the mutant caveolin-3-Tg mice and similar in size to the wild-
type mice (Supplemental Figure 2). This tendency was found in
both sexes. Examination of skinned hind-limb muscle showed that
muscular atrophy in the mutant caveolin-3-Tg mice was reversed
in the double-Tg mice (Figure 3B). This was also observed in axial
computed tomographic scans (Figure 3C). These results suggest
that inhibition of myostatin signaling with its prodomain reverses
skeletal muscle atrophy in the mutant caveolin-3-Tg mice.
Myostatin inbibition reverses hypoplasia and hypotrophy in mutant
caveolin-3—Tgmice. H&E staining and laminin immunostaining of tib-
ialis anterior (TA) muscle showed that reduced myofiber size in the
mutant caveolin-3-Tg mice appeared to be reversed in the double-Tg
mice even though they were still deficient in caveolin-3 (Figure 4A).
To determine whether hypertrophy (i.e., increase of myofiber size)
or hyperplasia (i.e., increase of myofiber number) contributed to
the restoration of muscle mass in the double-Tg mice, we exam-
ined the distribution of single myofiber area and the total myofiber
number in the TA muscle (n = 5; Figure 4, B and C). Compared
with the wild-type mice, the mutant caveolin-3-Tg mice showed
a significant reduction in single myofiber area (1984.7 + 660.2
versus 844.8 + 320.2 um?; P < 0.05; Figure 4B) and total myofiber
number (1663.4 + 92.2 versus 1125.2 + 68.6; P < 0.05; Figure 4C).
In contrast, the mutant myostatin-Tg mice exhibited a significant
increase in single myofiber area (2133.5 + 632.4 um?; P < 0.05 versus
wild-type; Figure 4B) and total myofiber number (3336.4 + 71.3;
P < 0.05 versus wild type; Figure 4C). In the double-Tg mice, both
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the single myofiber area (1898.6 = 642.1 wm?; Figure 4B) and the
total myofiber number (2252.8 + 85.5; Figure 4C) were significantly
(P <0.05) increased compared with the mutant caveolin-3-Tg mice.
Thus, myostatin inhibition reverses both myofiber hypotrophy and
hypoplasia in caveolin-3-deficient skeletal muscle.

Myostatin inhibition reverses muscle weaknessin the mutant caveolin-3—1g
mice in vivo. We evaluated skeletal muscle function by measuring
the peak force (g) of grip strength between 4 and 16 weeks after
birth. The mutant caveolin-3-Tg mice were significantly weaker,
and the mutant myostatin-Tg mice were significantly stronger
than the wild-type mice at all ages examined (» = 7; Figure 4D).
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The double-Tg mice were also significantly stronger than the
mutant caveolin-3-Tg mice and were as strong as the mutant myo-
statin-Tg mice (Figure 4D). Furthermore, a treadmill exercise test
showed that impaired running ability in the mutant caveolin-3-
Tg mice was recovered in the double-Tg mice (Supplemental Fig-
ure 3). Muscle weakness in the caveolin-3-deficient mice was res-
cued by myostatin inhibition.

The amount of prodomain bound to endogenous myostatin is
abundant in the mutant myostatin-Tg or the double-Tg mouse skel-
etal muscle. To examine the possibility that the transgene-derived
prodomain binds to C terminal myostatin in vivo, we performed
Volume 116

Number 11~ November 2006



research article

<O <O Figure 5
. é&é be Myostatin inhibition suppresses hyperphosphorylation
é@ ,5\ \0‘? 0’\9 of Smad2 and increased p271 expression in caveolin-
060 & \»)@5\ \»)@5\ o\@ 3—deficient muscle. (A) Prodomain C terminal myostatin
A Qf NERERERS; complex was immunoprecipitated from mouse crude
1P— |M | > ) skeletal muscle homogenates (top panel) or sera (mid-
o—C-peptide uscle i Prodomain dle panel) with an Ab against the myostatin C terminal
; ) ] peptide (a—C-peptide), then immunoblotted (IB) using
1B- ) |Serum o . n- Prodomain a polyclonal Ab against the prodomain (a-prodomain).
o-Prodomain o Recombinant myostatin prodomain is used as a con-
trol. Immunoblot analysis of sera (bottom panel) shows
]cEI_:’rodomain |Serum _ Prodomain an excessive amount of prodomain putatively derived
from the transgene in the mutant myostatin—Tg mice as
B n=5 well as the double-Tg mice. (B) Immunoblot analysis
5 )
-SMad2 e - of total Smad2 and p-Smad2 in crude skeletal muscle
P — y 4.5 — homogenates from mice (left). Quantification of the
Smad2 i~ 47 ,#‘ p-Smad2/Smad2 ratio by densitometric analysis (right).
” ] o 351 Values are represented as fold increase with respect to
é& O <O <O c/E) = 3 \*Nild-type mice. Data are expressed as mean = SD (n=5).
S P W &5 25 P < 0.05. (C) Northern blot analysis in mouse skeletal
© X <)0‘> §o 2] . muscle for p21 and p15, which are myostatin-dependent
\,§\\ @C‘\ (% 15— and -independent CDK inhibitors, respectively (left).
> @0 [=8 ] Quantification of the p27/GAPDH ratio by densitometric
0.5 analysis (right). Values are represented as fold increase
0- < with respect to wild-type mice. Data are expressed as
Q éf\q‘ O O mean + SD (n = 5). *P < 0.05.
S X7
@% S o\)
X L9
N S
SR
c 18 n=>s
—~ 17 *
= 16
=6
S 13
*
o 121 T 1
S 114
= 13—
I 3
g &
l 6 .
< 2]
Q 4
d ?]
L
L %«Q 0«% é«%
AP
F & N
& &
N N
» »

immunoprecipitation analysis using an Ab against the C terminal
myostatin, followed by immunoblotting with an Ab against the
prodomain as described previously (26, 27). An excessive amount
of prodomain was immunoprecipitated with the endogenous C ter-
minal myostatin from the skeletal muscle and serum in both the
mutant myostatin-Tg mice and the double-Tg mice (Figure 5A).
The expression level of the prodomain was also very high in both
mutant MSTN Tg and double-Tg mice in immunoblot analysis
of sera (Figure SA). These results suggest that transgene-derived
prodomain binds to endogenous C terminal myostatin in vivo.
Myostatin inbibition suppresses increased Smad2 phosphorylation in caveo-
lin-3—deficient atrophic muscle. To investigate the status of intracellular
myostatin signaling in vivo, we examined the levels of Smad2 and
p-Smad2 in crude skeletal muscle homogenates (= 5 per genotype) by
immunoblotting and subsequent densitometric analysis (Figure SB).
The amount of total Smad2 protein was unchanged whereas the
level of p-Smad2 was significantly reduced in the mutant myo-
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statin-Tg mice. In sharp contrast, there was a significant increase in
the levels of p-Smad2 in the mutant caveolin-3-Tg mouse muscle. In
the double-Tg mice, the level of p-Smad2 was significantly reduced
compared with that in the caveolin-3-Tg mice and was similar to
that in the wild-type mice. These results suggest that enhanced myo-
statin signaling resulting from a loss of caveolin-3 is suppressed by
myostatin inhibition in the double-Tg mice.

Myostatin suppresses muscle cell growth via transcriptional reg-
ulation of the cyclin-dependent kinase (CDK) inhibitor p21 (22).
Therefore we further investigated the expression profile of p21 in
skeletal muscle (n = S per genotype) by Northern blotting and den-
sitometric analysis (Figure 5C). As expected, the level of p21 mRNA
was significantly reduced in the mutant myostatin-Tg mice. In
contrast, the level of p21 transcripts was significantly increased in
mutant caveolin-3-Tg mice. In the double-Tg mice, the level of p21
expression was significantly reduced compared with that in the
caveolin-3-Tg mice and was comparable to that in wild-type mice.
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Figure 6

Intraperitoneal injection of the ActRIIB-Fc fusion protein ameliorates muscular atrophy of caveolin-3 deficiency with inhibition of myostatin signal-
ing. (A) Comparison of muscle weight (mg) between mutant caveolin-3—Tg mice injected with ActRIIB-Fc and those injected with PBS on day
18. Triceps, triceps brachii muscle; quad, quadriceps femoris muscle. Data are expressed as mean + SD (n = 5). *P < 0.05. (B) H&E staining of
triceps and quadriceps muscles from mice injected with ActRIIB-Fc or PBS. Scale bar: 50 um. (C) Distribution of single myofiber area of triceps
and quadriceps muscles on day 18 from mice injected with ActRIIB-Fc or PBS (n = 5; 250 myofibers measured for each mouse). (D) Immunoblot
analysis of total Smad2 and p-Smad2 in crude muscle homogenates from mice injected with ActRIIB-Fc or PBS (left). Quantification of p-Smad2/
Smad2 ratio by densitometric analysis (right). Values are represented as fold increase with respect to PBS-injected mice. Data are expressed as
mean + SD (n = 5). *P < 0.05. (E) Northern blot analysis in muscles from mice injected with ActRIIB-Fc or PBS for p27 and p15 (left). Quantifica-
tion of the p21/GAPDH ratio by densitometric analysis (right). Values are represented as fold increase with respect to PBS-injected mice. Data

are expressed as mean + SD (n =5). *P < 0.05.

Also, there was no change in the mRNA level of p15, a myostatin-
independent CDK inhibitor (22) (Figure 5C). Increased transcrip-
tion of p21 caused by a loss of caveolin-3 was reversed by myostatin
inhibition in the double-Tg mice. Thus, these data suggest that
myostatin inhibition suppresses enhanced intracellular myostatin
signaling in caveolin-3-deficient muscle.

Intraperitoneal injection of the soluble type II myostatin receptor ame-
liorates muscular atrophy in mutant caveolin-3-Tg mice. To investigate
the therapeutic potential of myostatin inhibition for the future
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treatment of LGMD1C patients, the soluble ActRIIB-Fc fusion
protein, which can inhibit myostatin-ActRIIB binding (19, 24),
was intraperitoneally injected into the mutant caveolin-3-Tg
mice (n = 5). Injection of ActRIIB-Fc protein significantly
increased the weight of triceps and quadriceps femoris muscles
when compared with the control injection of PBS. H&E staining
of triceps and quadriceps femoris muscle showed increased myo-
fiber size in the ActRIIB-Fc-injected mice (Figure 6B). Since post-
natal growth of skeletal muscle occurs by myofiber hypertrophy
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(28), we examined the distribution of single myofiber area in these
muscles. Compared with the PBS-injected mice, ActRIIB-Fc-
injected mice showed a significant increase in single myofiber area
in triceps brachii muscle (507.3 + 204.1 versus 830.6 + 304.4 um?;
P < 0.05; n = 5) and quadriceps femoris muscle (642.3 + 234.2
versus 1067.9.4 + 441.4 um?; P < 0.05; n = 5; Figure 6C). As expect-
ed, the levels of p-Smad2 and p21 transcripts were significantly
decreased in the ActRIIB-Fc-injected mice compared with those
in the PBS-injected mice (Figure 6, D and E). Thus, postnatal
myostatin inhibition also reverses muscular atrophy in the caveo-
lin-3-deficient mice in association with decreased Smad2 phos-
phorylation and decreased p21 expression.

Discussion

Identification of the molecular mechanism leading to muscular
atrophy in the caveolin-3-deficient muscle has remained elu-
sive (4-7). Caveolin-3 plays important roles in muscle cell signal
transduction by acting as a scaffolding protein (1-3); however, the
signal crosstalk between caveolin-3 and TGF-f superfamily mem-
bers, including myostatin, has not been previously described. In
the present study, we investigated molecular and functional inter-
action between caveolin-3 and myostatin to better understand the
pathogenesis of muscular atrophy in caveolin-3 deficiency and
also tested the therapeutic potential of myostatin inhibition for
the treatment of caveolin-3 deficiency.

We found that caveolin-3 colocalizes and coimmunoprecipi-
tates with ALK4 or ALKS type I myostatin receptor in transfected
COS-7 cells and that it inhibits activation of ALK4 and ALKS in
vitro. Caveolins bind to and regulate several signaling molecules
via the scaffolding domain (2, 3). Caveolin-binding proteins com-
monly possess specific caveolin-binding motifs (¢XPXXXX¢,
OXXXXPXXP, and pXPXXXXpXX¢, where ¢ indicates an aromat-
ic or aromatic-like amino acid) (3). We examined the amino acid
sequences of ALK4 and ALKS5 (29) and found that there are puta-
tive caveolin-3-binding motifs in the cytoplasmic protein kinase
domains of ALK4Y (3 JAHRDLKSKNILVKK3% 3%INMKHFDSF-
KCADIY#%4 and YQLPYYDLV#*¢) and ALKS (32IAHRDLK-
SKNILVKK34 388SINMKFESFKRADIY#02 and “4YQLPYYDLV#32
where underlines indicate aromatic or aromatic-like amino acids).
Thus, the inhibition of the type I myostatin receptor by caveo-
lin-3 may be due to a direct interaction between the caveolin-3
scaffolding domain and caveolin-3-binding motifs in the kinase
domain of type I myostatin receptors. Alternatively, caveolin-3
may facilitate raft/caveolae-mediated endocytic degradation of
ligand-bound myostatin receptors because the degradation of
ligand-bound TGF-f1 receptors is mediated by caveolin-1-coated
endocytic vesicles and is accelerated by caveolin-1 (30, 31). Further
studies are needed to clarify the mechanism of how caveolin-3
inhibits activation of type I myostatin receptor.

We also demonstrated that wild-type caveolin-3 inhibits
downstream intracellular events in myostatin signaling, namely
phosphorylation of an effector, Smad2, and transcription of a
Smad-responsive reporter gene in vitro. Other groups have dem-
onstrated that the phosphorylation of Smad2 is mediated by
activation of ALK4 or ALKS5 (20, 21). Taken together, our results
indicate that caveolin-3 negatively regulates Smad2 phosphory-
lation and subsequent transcription by inhibiting activation of
type I myostatin receptors. Interestingly, in contrast to wild-type
caveolin-3, P104L mutant caveolin-3 enhances autophosphory-
lation of type I receptor, subsequent Smad2 phosphorylation,
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and downstream transcriptional activity. Thus, the mutant cave-
olin-3 molecule could have a toxic gain of function.

We found that both hypoplasia and hypotrophy contribute to
skeletal muscle atrophy in the mutant caveolin-3-Tg mice. Previ-
ous studies in mdx mice, a mouse model of muscular dystrophy
caused by dystrophin deficiency, demonstrated that the myofiber
number in atrophic muscles was not decreased compared with
skeletal muscles from control mice (32, 33). Thus, both muscle
hypoplasia and hypotrophy are characteristic of caveolin-3 defi-
ciency. In contrast, the mutant myostatin-Tg mice showed an
opposite effect on myofibers (i.e., both hyperplasia and hypertro-
phy). These opposite effects of caveolin-3 deficiency and myostatin
inhibition on myofibers suggested that caveolin-3 interacts with
myostatin signaling pathways in muscle cells in vivo.

Therefore, to investigate the in vivo interaction of caveolin-3 and
myostatin signaling, we mated P104L mutant caveolin-3-Tg mice
with mutant myostatin-Tg mice overexpressing the myostatin
prodomain to generate the double-Tg mice with both a caveolin-3
deficiency and myostatin inhibition. We found that myostatin
inhibition in the double-Tg mice reversed the skeletal muscle atro-
phy and weakness observed in the mutant caveolin-3-Tg mice.
A morphometric study demonstrated that both hypoplasia and
hypotrophy seen in the skeletal muscle of mutant caveolin-3-Tg
mice was reversed in the double-Tg mice. After confirming that an
excessive amount of prodomain bound to endogenous C terminal
myostatin in the mutant myostatin-Tg mice and double-Tg mice
in vivo, we further investigated intracellular myostatin signaling
in mouse skeletal muscles to clarify the mechanism by which myo-
statin inhibition rescues muscle atrophy in caveolin-3-deficient
mice. Skeletal muscle from mutant myostatin-Tg mice showed a
decrease in p-Smad2 protein and downregulation of p21, a myo-
statin-dependent CDK inhibitor (22). These results agree with
previous in vitro studies showing that myostatin induces Smad2
phosphorylation and increases p21 transcription (20-22) and an
in vivo study demonstrating that overexpression of myostatin
enhances the expression of p21 in mouse skeletal muscle (9). Nota-
bly, we found that skeletal muscle from the mutant caveolin-3-Tg
mice increased p-Smad2 protein and upregulated p21, which is
consistent with our in vitro results. Importantly, the double-Tg
mice showed levels of p-Smad2 and p21 transcription in the skele-
tal muscle comparable to those of the wild-type mice, even though
they were still deficient in caveolin-3. Consistent with the results
from the double-Tg mice, we found that intraperitoneal injection
of the soluble type II myostatin receptor ActRIIB-Fc (24) into the
mutant caveolin-3-Tg mice also ameliorated muscle atrophy in
association with decreased p-Smad2 and p21. These in vivo results
suggest that overactivation of the intracellular myostatin signal
resulting from loss of caveolin-3 plays a significant role in skeletal
muscle atrophy in the LGMD1C model mice. In the current study,
however, we cannot conclude that hyperphosphorylation of Smad2
and upregulated p21 expression in caveolin-3-deficient skeletal
muscle result simply from overactivation of myostatin signaling,
since myostatin prodomain or soluble type II myostatin receptor
may suppress not only myostatin but also other TGF-f ligands,
including growth and differentiation factor 11 (GDF11) (13, 19,
24,34, 35). In fact, injection of the soluble type I myostatin recep-
tor further increased skeletal muscle mass of muscular myostatin
knockout mice (24). Thus, TGF-f ligands other than myostatin
also could be involved in the pathogenesis of muscular atrophy of
caveolin-3 deficiency via Smad2-p21-mediated pathway.
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Consistent with our results, Sotgia et al. recently reported
that mammary epithelial cells derived from caveolin-1 null mice
showed constitutively active TGF-f signaling, including epithe-
lial mesenchymal transition and hyperphosphorylation of Smad2
(36). This report, together with their previous results (23) and
our current results, indicates that caveolins may suppress TGF-f
superfamily-mediated growth inhibition signaling in the isotype-
and cell type-specific manner: specifically, these data suggest that
caveolin-1 suppresses TGF-B1-mediated signaling in nonmuscle
cells while caveolin-3 suppresses myostatin activity in muscle cells.
Our current in vitro and in vivo data suggest a novel intracellular
regulatory mechanism of myostatin by caveolin-3 that prevents
myostatin-induced skeletal muscle atrophy.

Myostatin inhibition therapy has recently been considered for the
treatment of muscular dystrophy (37-39). Intraperitoneal admin-
istration of a mADb against myostatin or the myostatin prodomain
improves the phenotype of mdx mice (37, 38); however, the precise
molecular mechanism by which myostatin inhibition improves
the phenotype of dystrophin-deficient skeletal muscle is not fully
understood, and, to our knowledge, an interaction between myo-
statin and the dystrophin-glycoprotein complex has not been pre-
viously reported. Moreover, myostatin inhibition therapy does not
improve the phenotype but rather increases the postnatal lethality
of dy mice, a mouse model of muscular dystrophy with laminin a2
deficiency (39). Therefore, myostatin inhibition therapy does not
appear to be effective for all types of muscular dystrophy. It will
be necessary to determine to which types of muscular dystrophy
myostatin inhibition therapy could be applied and what the res-
cue mechanism of myostatin inhibition for muscular dystrophy is.
Our present data suggest that myostatin inhibition may be a rea-
sonable and promising therapy for caveolin-3-deficient muscular
dystrophy associated with enhanced myostatin signaling. Indeed,
myostatin inhibition is likely to be more successful in LGMD1C
patients than in those with other types of muscular dystrophy.

Methods

Plasmid constructs. Total RNA (1 ug) from mouse or human skeletal muscle
was reverse-transcribed with oligo(dT)12-1s primer and then subjected to
PCR using the following primer sets: caveolin-3, 5'-CGGGATCCATGAT-
GACCGAAGAGCACAC-3' (BamHI-CAV-3F, forward) and 5'-GGAATTCT-
TAGCCTTCCCTTCGCAGCAC-3' (EcoRI-CAV-3R, reverse); caveolin-3 with
C terminal FLAG-tag, BamHI-CAV-3F and 5-GGAATTCTTACTTATCAT-
CATCATCCTTGTAGTCGCCTTCCCTTCGCAGCAC-3' (EcoRI-FLAG-
CAV-3R, reverse); caveolin-3 with C terminal HA-tag, BamHI-CAV-3F
and 5'-GGAATTCTTAGGCGTAATCGGGGACGTCATAAGGGTAGTC-
GCCTTCCCTTCGCAGCAC-3" (EcoRI-HA-CAV-3R, reverse); ALK4
with C terminal FLAG-tag, 5'-CCGGAATTCATGGCGGAGTCGGCCG-
GAGCC-3 (EcoRI-ALKA4F, forward) and 5'-CCGCTCGAGCTACTTAT-
CATCATCATCCTTGTAGTCGATCTTCACGTCTTCCTGCACG-3'
(XhoI-FLAG-ALKA4R, reverse); and ALKS with an N terminal FLAG-tag,
5'-CCATCGATATGGAGGCGGCGGTCGCTGCTC-3' (Clal-ALKSF, for-
ward) and 5'-TGGCTGCAGTTACTTATCATCATCATCCTTGTAGTC-
CATTTTGATGCCTTCCTGTTG-3' (Pstl- FLAG-ALKSR, reverse). The PCR
products were subcloned into the pCS2+ vector (40) using the appropriate
restriction sites. Using the QuickChange Site-Directed Mutagenesis Kit
(Stratagene), the P104L mutation of caveolin-3 cDNA was introduced into
pCS2+wild-type caveolin-3 vector or pCS2+C terminal FLAG-tagged wild-
type caveolin-3 vector with the following primers: 5'-CACATCTGGGCC-
GTGGTGCTCTGCATTAAGAGCTACCTG-3' (P104L-CAV-3F, forward)
and 5'-CAGGTAGCTCTTAATGCAGAGCACCACGGCCCAGATGTG-3'

2932 The Journal of Clinical Investigation

http://www.jci.org

(P104L-CAV-3R, reverse). HA-tagged ALK4, HA-tagged constitutively active
ALK4, HA-tagged ALKS, and HA-tagged constitutively active ALKS were
constructed and provided by K. Miyazono (University of Tokyo, Tokyo,
Japan) and T. Imamura (The Cancer Institute of the Japanese Foundation
for Cancer Research) as described previously (41, 42). The pGL3-(CAGA) 12—
luciferase reporter containing the Smad-binding sequence (CAGA) was
provided by C.-H. Heldin (Uppsala University, Uppsala, Sweden) (24). The
pCMV-p-gal vector was used as described previously (43).

Cell culture, transfection, and induction. HEK293 human embryonic kidney
and COS-7 monkey kidney cells were maintained in DMEM containing 10%
FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, and 50 pg/ml
kanamycin. Cells were transfected with plasmid DNA-lipid complex using
the FuGENE 6 transfection reagent (Roche Diagnostics) according to the
manufacturer’s protocol. Recombinant myostatin (R&D Systems) was pre-
pared as a 100 ug/ml stock solution in 0.1% BSA with 4 mM HCI.

Immunofluorescence and immunoprecipitation analyses of transfected cells. COS-7
cells cotransfected with FLAG-tagged caveolin-3 and HA-tagged type I
receptor were fixed, permeabilized, and double-stained with anti-rabbit
caveolin-3 polyclonal Ab (BD Bioscience) and an anti-HA mAb 12CAS
(Roche Diagnostics) for 60 minutes. After washing with PBS, the cells were
incubated for 30 minutes with Alexa Fluor 488-conjugated anti-rabbit and
Alexa Fluor 594-conjugated anti-mouse IgG Abs (Invitrogen). Immuno-
fluorescent images were captured using a TCS SP2 Laser Scanning Con-
focal Microscope (Leica Microsystems). For immunoprecipitation, COS-7
cells cotransfected with FLAG- or HA-tagged caveolin-3 and HA- or FLAG-
tagged type I receptor were incubated for 30 minutes on ice with a lysis buf-
fer containing 50 mM Tris-HCI (pH 7.4), 50 mM NaCl, 1% Triton X-100,
and 100 mM octyl glucoside (Sigma-Aldrich) supplemented with a pro-
teinase inhibitor cocktail (complete, EDTA-free; Roche Diagnostics). Cells
were precleared by centrifugation at 10,000 g for 30 minutes, after which
anti-FLAG mAb M2 agarose gel (Sigma-Aldrich) was added to precleared
lysates. After rotary mixing for 2 hours at 4°C, immunoprecipitates were
washed 3 times with lysis buffer. The immunoprecipitates or whole cell
lysates were separated by SDS-PAGE (3% to 18% linear gradient of acryl-
amide), transferred to a PVDF membrane, and subjected to immunoblot
analysis. The membrane was blocked with 5% milk in Tris-buffed saline
(50 mM Tris-HCl [pH 7.5] and 137 mM NacCl) containing 0.1% Tween-20
and then incubated overnight at 4°C with anti-FLAG mAb M2 (Sigma-
Aldrich) or anti-HA mAb 12CAS. After washing with Tris-buffered saline
containing 0.1% Tween-20, the blots were incubated with horseradish-
conjugated anti-mouse IgG Ab (Amersham Biosciences). Immunoreactive
bands were visualized using ECL reagents (Amersham Biosciences).

In vitro autophosphorylation of constitutively active ALK4 or ALKS. Lysates from
COS-7 cells cotransfected with FLAG-tagged wild-type or P104L mutant
caveolin-3 and HA-tagged constitutively active forms of type I receptor, ALK4
or ALKS, were immunoprecipitated with anti-HA 12CAS agarose gel (Sigma-
Aldrich). Immunoprecipitates of constitutively active ALK4 or ALKS were
equilibrated with 50 ul of kinase reaction buffer (40 mM HEPES [pH 7.4],
10 mM MgCl,, 3 mM MnCl,, 10 mM fB-glycerol-phosphate, 10 mM NaF, and
2mM DTT) for 5 minutes on ice. The kinase reaction was initiated by adding
10 uCi of [y->*P]ATP. After incubation for 20 minutes at 25°C, the reaction
was terminated by addition of 50 ul of x2 SDS-PAGE sample buffer and
boiling for 5 minutes. The sample was subsequently subjected to SDS-PAGE
(3% to 18% linear gradient of acrylamide), and phosphorylated constitutively
active ALK4 or ALKS was detected by autoradiography using a Fuji Imaging
Plate (Fujifilm). Total type I receptor or caveolin-3 was immunoblotted using
anti-HA mADb 12CAS or anti-FLAG mAb M2.

In vitro analysis of Smad2 phosphorylation. Recombinant myostatin was
added to COS-7 cells transfected with wild-type caveolin-3, P104L mutant
caveolin-3, or empty vector control. After 24 hours, cells were lysed in PBS
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containing 1 mM EDTA and 0.1% Triton X-100, and resulting cell lysates
were subjected to immunoblot analysis using a rabbit polyclonal Ab against
Smad2 or p-Smad2 (Ser465/467; Cell Signaling Technology).

Luciferase assays for myostatin activity. HEK293 cells were seeded in 12-well
plates at a density of 1.0 x 10° cells per well and cultured for 24 hours. Cells
were then cotransfected with the pGL3-(CAGA)i;-luciferase reporter gene,
the pCMV--gal, and either empty vector (pCS2+), wild-type caveolin-3
(pCS2 + wild-type CAV-3), or P104L mutant caveolin-3 (pCS2 + mutant
CAV-3). After 24 hours, medium was replaced with serum-free DMEM con-
taining 20 ng/ml recombinant myostatin. After an additional 24 hours, cells
were lysed with x1 lysis buffer (Promega), and luciferase activity in the cell
lysates was determined by a luciferase reporter assay system (Promega) using
an LB9506 MiniLumat Luminometer (Berthold Technologies). Luciferase
activities were normalized by B-gal activity as described previously (43).

Generation of double-Tg mice coexpressing P104L mutant caveolin-3 and myostatin
prodomain. We previously generated CAV-3P194 and MSTNP™ mice (5, 12).
Heterozygous mating of these mice gave rise to F1 offspring with 4 distinct
genotypes: wild-type, mutant caveolin-3-Tg (CAV-3P194L) mutant myostatin-
Tg (MSTN"), and double Tg (CAV-3P104./MSTNP"). The presence of trans-
genes (P104L caveolin-3 or myostatin prodomain) was determined by PCR
amplification from tail DNA as described previously (5, 12). All animal experi-
ments were performed at the Laboratory Animal Center with the approval of
the Animal Research Committee at the Kawasaki Medical School.

Computed tomographic analysis of muscle volume. Axial-computed tomogra-
phy at the center of the distal hind limb in mice was performed using a
LaTheta LTC-100 (Aloka).

Immunohistochemical and morphometric analyses. Unfixed distal hind
limbs of mice were snap-frozen in liquid nitrogen-cooled isopentane
and sectioned transversely (10 um) at the center of the TA muscle using a
cryostat (Leica Microsystems) with an A35 Microtome Blade (Tech-Jam) as
described previously (44). Sections were postfixed in 1% formalin in PBS
for 10 minutes and then immunostained according to the M.O.M. pro-
cedure (Vector Mouse on Mouse Kit; Vector Laboratories) using a rabbit
polyclonal Ab against caveolin-3 (BD Biosciences) or a rat mAb against
laminin a2 (clone 4H8-2; Sigma-Aldrich) followed by rabbit or rat FITC-
conjugated secondary Abs. The single myofiber area in the TA muscle (n = 5;
250 myofibers measured for each mouse) and the total myofiber number
in the TA muscle (n = 5) were measured from the fluorescence images of
anti-laminin a2-stained sections using the 2-color technique with Lumina
Vision software version 2.0 (Mitani Corp.).

Grip strength and treadmill exercise tests. Mice grasping wire mesh with their
forelimbs and hind limbs were pulled horizontally by their tails until they
lost their grip. Peak grip strength (g) was measured using an MK-380S
automated Grip Strength Meter (Muromachi). For Supplemental Video 1,
the mice were placed on an MK-680S treadmill (Muromachi) with a shock
bar (1 mA) and run at 14 m/min for 10 minutes.

Immunoprecipitation and immunoblot analyses of skeletal muscles and sera. As
described previously (26, 27), myostatin was immunoprecipitated from
skeletal muscle or serum samples from each mouse at 10 weeks of age
using an Ab against the myostatin C terminal peptide (R&D Systems).
Immunoblot analysis was performed using a polyclonal Ab against the
myostatin prodomain (gift of Wyeth). Control recombinant myostatin
prodomain was purchased from R&D Systems. For immunoblot analy-
sis of Smad2 and p-Smad2, skeletal muscle from 10-week-old mice was
homogenized in 10 volumes (w/v) of a buffer consisting of 50 mM Tris-
HCI (pH 7.4), 100 mM NaCl, 1 mM EDTA, S mM p-mercaptoethanol,
0.1 mM PMSF, and 1 mM benzamidine. The crude extracts were separated
by SDS-PAGE (3% to 18% linear gradient of acrylamide) and transferred to
PVDF. Immunoblot analysis was performed using the same Abs described
for in vitro analysis of Smad2 phosphorylation.
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Northern blot analysis. RT-PCR products of mutant caveolin-3 trans-
gene (5), mutant myostatin transgene (12), mouse p21 (nt1-255), and
mouse pl5 (nt1-421) were subcloned into the pCRII-TOPO vector
(Invitrogen) and then digested with EcoRI. The digested insert was sep-
arated by agarose gel electrophoresis and extracted using a Rapid Gel
Extraction System (Marligen Bioscience). Each DNA fragment was then
labeled with [a-32P]dCTP using the MegaPrime DNA Labeling System
(Amersham Biosciences). Twenty micrograms of total RNA from the
skeletal muscle of a 10-week-old mouse from each strain was separated
on a 0.7% agarose gel containing 7% formaldehyde and blotted onto
Hybond-N+ (Amersham Biosciences). Hybridization was performed at
42°C for 24 hours, and autoradiography was performed using a Fuji
Imaging Plate (Fujifilm).

Intraperitoneal injection of the ActRIIB-Fc fusion protein to mutant caveolin-3-Tg
mice. According to the method described previously (24), 10 mg/kg of
human ActRIIB-Fc fusion protein, purchased from R&D Systems, was
injected into 6-week-old P104L mutant caveolin-3-Tg mice on days 1, 4, 8,
and 15 (n = 5). Mice were sacrificed on day 18 for analysis of skeletal mus-
cle. Morphometrical analysis of single myofiber area in the triceps brachii
and quadriceps femoris muscles (# = 5; 250 myofibers measured for each
muscle), Smad2 phosphorylation analysis, and p21 expression analysis
were performed using the same method as described above.

Statistics. Statistical analysis was performed on paired observations
using Bonferroni’s test after 1-way ANOVA. P values less than 0.05 were
considered significant.
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