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I-I Tg mice showed less fat accumulation than wild-type
mice when fed a NFD.

Changes in expression of metabolic molecules in FS I-I Tg
mice. We examined the expression levels of mRNAs encoding
the UCPs, proteins expressed on the inner membrane of the
mitochondria that uncouple the proton gradient from ATP
synthesis and are implicated in thermogenesis (7). The expres-
sion levels of UCP3 in epididymal and inguinal adipose tissues
were increased two- and threefold, respectively, in FS I-I Tg
mice compared with wild-type mice (Fig. 24). However, the
expression levels of UCP1 and UCP2 mRNAs in adipose
tissues in FS I-I Tg mice and wild-type mice were comparable
(data not shown).

We next quantified the abundance of mitochondria in adi-
pose tissues by using the mitochondria marker cytochrome ¢
(Fig. 2B). Consistent with the increase in UCP3 mRNA, the
protein expression of cytochrome ¢ was increased in the
epididymal and inguinal fat pads in FS I-I Tg mice compared
with wild-type mice (Fig. 2B). In skeletal muscle, cytochrome
expression did not change (Suppl. Fig. S1; supplementary
materials are found with the online version of this paper on the
Journal website). We also determined mitochondria size by
transmission electron microscopy (Figs. 2, C and D, and S2),
which revealed that both the number and size of mitochondria
in adipocytes were increased in FS I-I Tg mice compared with
wild-type mice. These results raise the interesting possibility
that FS I-I Tg mice exhibit increased energy metabolism and/or
energy partitioning between adipose tissue and skeletal muscle.

Expression of FS I-1 and altered Smad 3 phosphorylation in
FS I-I Tg mice. To ascertain that FS I-I expression is restricted
in skeletal muscle, we performed Western blotting using skel-
etal muscle, liver, adipose tissues and serum from wild-type
and FS I-I Tg mice. As shown in Fig. 3A, FS I-I protein was
expressed in skeletal muscle, but was not detected in either
liver or adipose tissues. In serum, follistatin was detected,
whereas FS I-I was hardly detectable. Next, we studied the
phosphorylation of Smad 3 protein by immunoblotting. As
shown in Fig. 3B, Smad 3 phosphorylation in skeletal muscle
from FS I-I Tg mice was significantly reduced compared with
that from control mice. In other tissues such as liver and
adipose tissues, Smad 3 phosphorylation was either undetect-
able or unchanged.

FS I-I Tg mice are resistant to HFD-induced obesity. We
previously reported that NFD-fed FS I-I Tg mice exhibited
greater weight gain than wild-type mice between 6 and 15 wk
of age, even though food intakes were comparable (27). Here,
the FS I-I Tg and wild-type mice were fed a HFD from weeks
4 to 13 of age to induce obesity. Interestingly, weight gain did
not differ between FS I-I Tg and wild-type mice (Fig. 44).
However, the weight of adipose tissue depots was lower in FS
I-I Tg mice than in wild-type mice, being 25.0 and 34.3%
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Fig. 3. A: detection of FS and FS I-I in serum, femoris skeletal muscle (Qf),
liver, and fats. FS is detected as 33-kDa protein in serum, whereas FS I-I is not
detectable in serum in FS I-I Tg mice (top). FS I-Iis detected in skeletal muscle
but not in liver or fats (bortom). B: detection of phosphorylated Smad3 in
skeletal muscle, liver, and epididymal and inguinal fats. In quadriceps skeletal
muscle (Qf) of FS I-I Tg mice, phosphorylated Smad 3 is reduced compared
with that of wild-type mice. Smad 3 antibody was used as a loading control. In
other tissues, phosphorylation of Smad 3 is either undetectable or unchanged.

lower for the inguinal and retroperitoneal fat pads, respectively
(Fig. 4B). By contrast, FS I-I Tg mice exhibited increased
muscle weight, as the TA, EDL, Qf, and soleus muscles were
43, 45, 21, and 27% higher in FS I-I Tg mice than in wild-type
mice (Fig. 4C). Thus, the absence of a difference in body
weight gain between wild-type mice and FS I-I Tg mice fed the
HFD was attributed to changes of adipose tissue, muscle, and
liver weights in FS I-I Tg mice (see Figs. 4, B and C, and 5B).

We next measured serum parameters, including triglyceride,
NEFA, total cholesterol, insulin, leptin, and adiponectin levels

Fig. 2. A: relative mRNA expression of UCP3 in epididymal and inguinal adipose tissues in wild-type and FS I-I Tg mice. Adipose tissues from 5 mice each
for wild-type and FS I-I Tg mice were used and quantitated. UCP3 mRNA expression levels were quantified by RT-PCR. *P < 0.05, Student’s #-test. B: protein
expression of cytochrome ¢ in epididymal and inguinal fat pads from wild-type and FS I-I Tg mice. Cytochrome ¢ was detected at 14 kDa. Tubulin expression
was used as a loading control (top). Adipose tissues from 3 mice each for wild-type and FS I-I Tg mice were used and quantitated. *P < 0.02, Student’s r-test
(bottom). C: transmission electron microscopy of epididymal adipose tissues from 20-wk-old wild-type and FS I-I Tg mice. Higher magnification views of
indicated regions (squares) at fop are shown at bottom. Scale bars, 1 wm in top left, 2 pm in top right, and 500 nm in bottom. Lip, lipid droplet; nuc, nucleus;
white arrowheads, plasma membranes; black arrowheads, mitochondria; V, vasculature, D: analysis of mitochondria size and number from wild-type and FS I-1
Tg mice. One hundred fifty mitochondria of epididymal adipocytes each from 3 wild-type and FS I-I Tg mice were analyzed and plotted. E: mean mitochondria

areas of wild-type and FS I-I Tg mice. *P < 0.001, Student’s z-test.
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Fig. 4. A: body weights (g) of wild-type and FS I-I Tg mice fed a high-fat diet (HFD) from 4 to 13 wk of age; n = 5 mice per group. B: weight of epididymal,
inguinal, and retroperitoneal fat pads of wild-type and FS I-I Tg mice fed HFD from 4 to 13 wk of age. *P < 0.05, Student’s #-test; n = 5-6 mice per group.
C: weights of the tibialis anterior (TA), extensor digitorum longus (EDL), quadriceps femoris (QF), and soleus muscles from wild-type and FS I-I Tg mice fed
a HFD from 4 to 13 wk of age. *P < 0.005, Student’s r-test; » = 5 mice per group. D: triglycerides, NEFA, cholesterol, insulin, leptin, and adiponectin levels
in wild-type and FS I-I Tg mice fed HFD from 4 to 13 wk of age. *P < 0.0005, **P < 0.003, ***P < 0.05, ****P < 0.007, Student’s #-test; n = 4—6 mice
per group. E: glucose tolerance test in wild-type and FS I-I Tg mice fed either normal diet (NFD) or HFD from 4 to 13 wk of age. Blood glucose was measured
at 0, 15, 30, 60, and 120 min after glucose (dextrose) injection; » = 6—8 mice per group. *P < 0.05 and **P < 0.01, Student’s #-test.

in FS I-I Tg and wild-type mice (Fig. 4D). Of note, triglycer-
ide, NEFA, cholesterol, and leptin levels were lower in FS I-I
Tg mice by 19.7, 13.6, 7.7, and 58.4%, respectively, compared
with wild-type mice (Fig. 4B and Table 1). However, the serum
adiponectin levels were 25.7% higher in FS I-I Tg mice than in
wild-type mice when fed the HFD. By contrast, there were no
significant differences in triglyceride, NEFA, cholesterol, lep-

tin, and adiponectin levels between NFD-fed FS I-I Tg and -

wild-type mice (Table 1).

Defects in glucose homeostasis are important factors in-
volved in the development of obesity. Therefore, we measured
whole body glucose tolerance in FS I-I and wild-type mice fed
the NFD or the HFD. Although there were no differences
between NFD-fed FS I-I and wild-type mice, the glucose level

tended to be lower in HFD-fed FS I-I Tg mice than in HFD-fed
wild-type mice (Fig. 4E). These results indicate that the re-
sponse to diet-induced obesity differs between FS I-I Tg and
wild-type mice. In the NFD condition, no difference was
observed in insulin tolerance (data not shown). However, in the
HFD condition, FS I-I Tg mice exhibited better insulin toler-
ance than wild-type mice (Fig. S3).

FS I-1 Tg mice are resistant to HFD-induced hepatic
steatosis. As expected, the HFD increased hepatocyte lipid
content and induced hepatic steatosis in wild-type mice. How-
ever, hepatic steatosis was not observed in HFD-fed FS I-I Tg
mice (Fig. 5A). The liver from FS I-I Tg mice was histologi-
cally normal, even when these mice were fed the HFD, and
showed significantly less lipid accumulation than HFD-fed
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Table 1. Serum metabolic parameters in wild-type and FS I-I Tg mice fed NFD or HFD

NFD HFD

Diet Treatment Genotype Wild Type FSI-I Tg Wild Type FSI-I Tg
Triglyceride, mg/dl 108.5 + 10.3 101.1 =75 122.8 = 10.6 98.6 = 7.5*
NEFA, mEq/l 0.83 = 0.05 0.73 = 0.09 0.97 + 0.05 0.84 + 0.04!
Cholesterol, mg/dl 91.8 =49 812+ 1.7 1708 = 7.7 157.6 = 10.7°?
Fasting glucose, mg/dl 101.2 = 16.2 107.8 = 14.7 208.0 = 2.0 208.0 = 6.6
Insulin, ng/ml 091 = 0.13 0.51 = 0.12%* 2.16 = 1.56 0.58 = 0.34¢
Leptin, ng/ml 4.00 =041 3.88 = 0.14 2135274 8.90 + 3.884
Adiponectin, pg/ml 21.0% 1.2 20413 35.1x 1.6 44,0 + 2.4%

Values are means + SD; n = 4—6 mice per group. NFD, normal fat diet; HFD, high-fat diet; FSI I-I Tg, follistatin-derived peptide transgenic. a, bl-b3, c,
and d, vs. wild-type mice (HFD); b4, vs. wild-type mice (NFD). *P < 0.0005; *'~**P < 0.003; °P < 0.05; °P < 0.007 (Student’s #-test).

wild-type mice (Fig. 5A4). In addition, hepatic steatosis did not
develop even in aged mice in FS I-I Tg mice (data not shown).
The weight of the liver in HFD-fed FS I-I Tg mice was 13%
less than that of wild-type mice (Fig. 5, A and B). The lower
liver weight in FS I-I mice was attributed to reduced hepato-
cyte triglyceride accumulation in these mice compared with
wild-type mice (Fig. 5C). Triglyceride contents in skeletal
muscle were not significantly different between FS I-I mice
and wild-type mice fed the HFD in our experimental condition
(data not shown).

We next performed gPCR to determine the mRNA expres-
sion of genes related to fatty acid synthesis, including SCD1,
which is required for the biosynthesis of monounsaturated fatty
acids such as oleic acid and plays a key role in the hepatic
synthesis of triglycerides (25). The hepatic SCD1 mRNA
expression levels were 20% lower in HFD-fed FS I-I Tg mice
than in wild-type mice (Fig. 6A). By contrast, the mRNA
expression of ACC1 mRNA did not differ between FS I-I Tg
and wild-type mice. We also measured the mRNA expression
levels of Gek and PFK, two enzymes that regulate the glyco-
lytic pathway. The expression levels of both genes were
increased in FS I-I Tg mice compared with wild-type mice,
1.8-fold for GeK and 2-fold for PFK (Fig. 64).

We measured hepatic fatty acid content in FS I-I Tg and
wild-type mice. Interestingly, in HFD-fed mice, the fatty acid
content and the ratio of fatty acids differed between the FS I-I
Tg and wild-type mice. For example, the livers from HFD-fed
FS I-I Tg mice showed an increased stearyl acid (C18:0) ratio
and decreased oleic acid (C18:1) ratio to the total fatty acid
content (Fig. 6B and Table 2). The absolute content of oleic
acid (C18:1) and palmitoleic acid (C16:1) did not increase in
FS I-I Tg mice compared with wild-type mice (Table 2). This
finding is consistent with the decreased mRNA level of SCD1.
Taken together, these results indicate that FS I-I Tg mice were
resistant to hepatic steatosis induced by HFD and had reduced
monounsaturated fatty acid content, particularly oleic acid
(C18:1) and palmitoleic acid (C16:1).

DISCUSSION

Inhibition of myostatin is useful for various muscular dis-
eases, including muscular dystrophies, muscular atrophy, ca-
chexia induced by cancer, and sarcopenia (19, 34, 38). Fur-
thermore, myostatin-null mice and myostatin propeptide-over-
expressing Tg mice were used to study the effects of myostatin
inhibition on obesity (10, 14, 24, 41, 42). These studies
revealed that the inhibition of myostatin decreased adipose
tissue accumulation and improved diet-induced obesity and

genetic diabetes/obesity. The loss of myostatin in genetically
obese mice partially suppressed adipose tissue accumulation
and improved glucose metabolism (24). Meanwhile, upon
high-fat feeding, the myostatin propeptide Tg mice showed
favorable fat utilization and beneficial interactions between
skeletal muscle and adipose tissues compared with control
mice (42). Recent studies have suggested that inhibiting myo-
statin in muscle but not in adipose tissues is responsible for the
decreased fat mass and improved insulin sensitivity (13).
Indeed, inhibition of myostatin signaling in adipose tissue by
AACVR2B had no effect on body composition, weight gain, or
insulin tolerance either on NFD or on HFD. By contrast, inhibi-
tion of myostatin by AACVR2B in skeletal muscle resulted in
increased lean mass, decreased fat mass, and improved glucose
metabolism in mice fed an NFD or an HFD (13).

In our previous study, we reported the development and
characterization of a novel myostatin inhibitor derived from
follistatin, designated FS I-I. Although FS I-I showed signifi-
cantly weaker inhibitory effects on activin, ES I-I retained its
inhibitory effect on myostatin. In FS I-I Tg mice, inhibition of
myostatin activity by FS I-I increased skeletal muscle mass and
strength (27). Cardiac weight did not increase in FS I-I mice
(Fig. S5). In this study, we have further demonstrated that Tg
expression of the myostatin inhibitor FS I-I also has an anti-
obesity effect and improved glucose tolerance and prevents
hepatic steatosis induced by HFD.

Various strategies can be exploited to inhibit myostatin,
including neutralizing monoclonal myostatin antibodies, myo-
statin propeptide and AACVR2B (19). The neutralizing anti-
body is effective, but it can cause anti-idiotype immunity after
in vivo administration. The myostatin propeptide is susceptible
to proteolytic cleavage by members of the bone morphogenetic
protein (BMP)-1/tolloid family of metalloproteinases, impair-
ing its ability to inhibit myostatin (40). Purified follistatin has
several cleaved isoforms; the COOH-terminal region is sus-
ceptible to proteinase cleavage, although the cleaved follistatin
molecules can still inhibit activin and myostatin (36). FS I-I
comprises the NH,-terminal region and two consecutive fol-
listatin domain I regions. Therefore, FS I-I lacks the native
follistatin COOH-terminal region, which is susceptible to pro-
tease cleavage. Furthermore, follistatin is a naturally occurring
peptide and may cause fewer immune responses than exoge-
nous antibodies. Therefore, among myostatin inhibitors, FS I-I
offers some advantages over monoclonal antibodies and myo-
statin propeptide. .

Adipocytes in FS I-I Tg mice contained fewer lipids than
wild-type mice when they were fed a standard diet. Therefore,
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Fig. 5. A: morphology of liver samples from 13-wk-
old wild-type and FS I-I Tg fed HFD. Liver sections
were analyzed with H&E staining (bottom). Scale bar,
100 pm. B: relative liver weight (g) to body weight
(g) of wild-type and FS I-I Tg mice fed HFD from 4
to 13 wk of age; n = 6 mice per group. *P < 0.01,
Student’s r-test. C: hepatic triglyceride (TG) content
in wild-type and FS I-I Tg mice fed HFD from 4 to 13
wk of age; n = 5 mice per group. *P < 0.0005,
Student’s #-test.
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mean adipocyte size was smaller in FS I-I Tg mice than in
wild-type mice (Fig. 1, B-D). By contrast, fat mass was normal
in myostatin propeptide Tg mice fed a standard diet (42).
During HFD feeding, myostatin knockout mice gained fat
mass, whereas muscle weight was unaffected by the HFD. By
contrast, in FS I-I Tg mice, the skeletal muscle mass was still
increased, albeit blunted compared with control mice (27, 42).
The differences in the increases of fat and skeletal muscle mass
in these models might be due to how much endogenous active
myostatin is present in vivo.

We examined the expression levels of mRNAs encoding
UCPs. The adipose tissue in FS I-I Tg mice showed upregu-
lation of UCP3 mRNA expression levels (Fig. 2A4) but not
UCP1 or UCP2 compared with wild-type mice (data not

shown). While UCP2 shows rather ubiquitous expression,
UCP1 is specifically expressed in brown adipocytes and UCP3
is specifically expressed in skeletal muscle, brown adipose
tissues, and heart (6, 18). Upregulation of UCP3 mRNA
expression levels in FS I-I Tg mice was thought to increase
energy expenditure. In addition, we observed adipose tissue by
transmission electron microscopy (Fig. 2C). We found that the
adipocytes in FS I-I Tg mice contained increased numbers of
mitochondria. The mitochondria in FS I-I Tg adipocyte con-
tained mitochondrial cristae, suggesting that they had normal
mitochondrial function. To our knowledge, this is the first
report demonstrating that myostatin inhibition causes an ap-
parent increase in mitochondria abundance. The biogenesis of
mitochondria requires coordinated protein synthesis and as-
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Fig. 6. A: relative hepatic mRNA expression
levels of ACCI1, SCDI, Gck, and PFK were
measured by gPCR in wild-type and FS I-I Tg
mice fed HFD; n = 5 mice per group. *P <
0.05, Student’s r-test. B: ratio of long-chain
fatty acids to total fatty acids in liver of wild-
type and FS I-I Tg mice fed HFD; n = 6 mice
per group. *P < 0.05 and **P < 0.03, Stu-
dent’s t-test.
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sembly from both the nuclear and mitochondrial genomes.
Mitochondrial abundance can be modulated in response to
physical activity, metabolic demands, and nutrition (16).
PPARY ligands increase mitochondrial biogenesis in white
adipose tissue, and the PPARy coactivator-1 (PGC-1) family is
well characterized as a pivotal transcriptional coactivator for
mitochondrial biogenesis (16). Although the mechanism of
how mitochondria number and size are increased in adipocytes
of FS I-I Tg mice remains to be determined, one possible
mechanism may be upregulation of the PGC-1-dependent tran-
scription cascade in white adipose tissues. Alternatively, it is
also possible that the rate of mitochondrial turnover could be
changed in white adipocytes of FS I-I Tg mice. Energy expen-

diture in FS I-I Tg mice was influenced by increased muscle
mass, whereas adipose tissue is involved in energy storage.
Therefore, changes in mitochondria abundance in adipocytes
could modulate whole body energy expenditure and storage.
The insulin level in HFD-fed FS I-I Tg mice was lower than
that in control mice (Fig. 4D), but glucose tolerance was better
in HFD-fed FS I-I Tg mice than in HFD-fed wild-type mice.
FS I-I is expressed under a skeletal muscle-specific myosin
light-chain promoter and shows a widespread increase in mus-
cle mass. The expression of FSI-I is restricted to skeletal
muscles and is not detected in adipose tissues, liver, or serum
(Fig. 3A). The circulating level of FSI-I in serum is under the
detection limit and low compared with that of follistatin.
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Table 2. Hepatic fatty acid in wild-type and FS I-I Tg mice
fed NFD or HFD

NFD HFD
Diet Treatment

Genotype Wild Type FSI-I Tg Wild Type FSIH Tg
C14:0 ND ND ND ND
Cl16:0 13172 10.5 = 4.9 20.2 £49 10.5 = 2.8
Clé6:1 21217 1.3+09 3.8 £ 1.1 1.5 = 0.62
C18:0 3004 33x1.0 35+04 32+0.1
C18:1 27.1x22.1 214 £173 57.8 £12.0 231 £9.4°
C18:2 12221 6720 89 x27 64 1.5
C20:1 03*05 ND 1.1 0.2 ND
C20:3n-6 0.1 02 01=*02 0403 ND
C20:4n-6 30x1.0 3415 3902 36 £0.1
C22:6n-3 3409 36 1.0 3107 3503
Total 593+359 503x281 102722 51.8 =149

Values are means * SD; n = 6 mice per group. ND, not detected (p.g/mg).
al-a2 and b, vs. wild-type mice (HFD); *-*?P < 0.05; ®P < 0.02 (Student’s
t-test).

Furthermore, a 30.2% reduction of phosphorylated Smad 3,
representing lower myostatin signaling, was detected in skel-
etal muscles but not in other tissues (Fig. 3B). Therefore, it is
likely that myostatin signaling in muscle, rather than the direct
effects of myostatin on adipose tissue, is responsible for the
decrease in fat mass in FS I-I Tg mice. We also studied the
effects of myostatin and FS I-I in Hep G2 cells and 3T3-L1 cell
lines. In both cases, the triglyceride level was not affected
either by myostatin or by follistatin-derived peptide stimulation
(Fig. S4), supporting the secondary and indirect effects of FS
I-I on adipocytes and hepatocytes. The increased skeletal
muscle mass may have greater capacity for glucose uptake,
reducing substrate supply for hepatic lipogenesis.

The normal age-dependent adipose tissue accumulation was
decreased in NFD-fed FS I-I Tg mice (Fig. 14). Intriguingly,
the adipocytes were smaller as a result of myostatin inhibition
by FS I-I (Fig. 1, B-D), reflecting reduced lipid accumulation.
Obesity occurs when the adipose tissue is overloaded with
high-energy nutrients and energy expenditure is reduced.
Therefore, we studied the effect of diet-induced obesity in FS
I-I Tg and wild-type mice. The body weight of HFD-fed FS I-I
Tg mice was comparable with that of HFD-fed wild-type mice
(Fig. 4A), which was attributed to the increase in muscle
weight and decrease in adipose tissue and liver weights in FS
I-I Tg mice (Fig. 4, B and C). Interestingly, there is a report that
mice with an insertion allele at the Inhba locus, Inhba®X, are
smaller and leaner than wild-type littermate (20). In Inhba®¥
mice, the sequences of the mature activin-BA domain were
replaced with the corresponding sequences from activin-B.
Inhba®¥ mice have less adipose tissue than wild-type litter-
mates. The growth of Inhba®¥ is improved by providing an
HFD to a level comparable with that of wild-type mice on an
NFD (20). The phenotype of FS I-I mice with lower myostatin
signaling is different from that of InhbaP® mice. Therefore,
although activin A and myostatin are functionally similar to
maintain energy balance and regulate skeletal muscle mass,
they may have different functions in vivo. As would be
expected, the HFD increased the levels of cholesterol, fasting
glucose, insulin, and leptin (Fig. 4D and Table 1) compared
with the NFD in wild-type mice (Table 1). However, the
triglyceride, NEFA, cholesterol, insulin, and leptin levels were
lower in HFD-fed FS I-I Tg mice than in HFD-fed wild-type
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mice (Table 1 and Fig. 4D). Furthermore, we observed an
increase in serum adiponectin in FS I-I Tg mice (Table 1).
These results are similar to those of myostatin-null mice and
myostatin propeptide Tg mice (13, 42). Interestingly, the HFD-
fed FS I-I Tg mice exhibited better glucose tolerance than
HFD-fed wild type mice (Fig. 4E). By contrast, in mice fed the
NFD, glucose tolerance was similar in FS I-I Tg and wild-type
mice. This differs from the situation in myostatin knockout
mice, because myostatin knockout mice showed improved
glucose tolerance, even when they were fed the NFD (24).
With respect to whole body metabolism, we performed indirect
calorimetric analyses. Although food intake was not signifi-
cantly different between wild-type and FS I-I mice, the meta-
bolic rate calculated from Vo, was increased in FS I-I Tg
compared with control. When normalized with body weight, no
statistically significant difference was observed (Supplemen-
tary Table S1). Collectively, these results indicate that FS I-I
Tg mice were resistant to HFD-induced obesity and showed
improved glucose tolerance during excess energy intake.

Intriguingly, FS I-I Tg mice were resistant to hepatic
steatosis during high-fat feeding, which was confirmed by
histology, liver weight, and liver fatty acid accumulation
(Fig. 5, A—C and Table 2). The hepatic histology of HFD-fed
FS I-I Tg mice did not show any difference to NFD-fed
wild-type mice. The hepatic expression level of SCDI
mRNA was lower in FS I-I Tg mice than in wild-type mice.
SCD1 is a rate-limiting lipogenic enzyme required for the
synthesis of monounsaturated fatty acids and plays a key
role in the hepatic synthesis of triglycerides. As a result of
decreased SCD1 expression, the hepatic content of oleic
acid (C18:1) and palmitoleic acid (C16:1), monounsaturated
fatty acids produced by SCD1, was decreased (Fig. 6B and
Table 2). A decrease in SCD1 expression was reported to be
responsible for the prevention of diet-induced obesity, in-
sulin resistance, and diabetes (9, 28). Furthermore, SCD1-
null mice were resistant to diet-induced obesity and hepatic
steatosis (9). The resistance of FS I-I Tg mice to HFD-
induced obesity and hepatic steatosis may, in part, involve
the reduced mRNA expression of SCD1. Changes of RNA
and protein end points represent lower adiposity and lower
hepatic fat levels. The lower adiposity is likely secondary to
increased muscle mass and lower myostatin signaling in
skeletal muscle.

The increase in skeletal muscle mass and reduction in fat
mass would likely take at least several months to occur.
Meanwhile, injection of myostatin neutralizing antibody does
not decrease the adipose tissue mass (35, 39). However, even
if the fat mass is not decreased, it seems likely that the
inhibition of myostatin improves glucose tolerance and insulin
sensitivity and prevents hepatic steatosis due to lower insulin
levels, increased adiponectin levels, and changes in substrate
utilization in skeletal muscle, adipose tissue, and liver. In
summary, the inhibition of myostatin by various strategies,
including follistatin-derived peptide, may offer a novel therapy
against obesity, diabetes, and hepatic steatosis.
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Small interfering RNA (siRNA)-mediated silencing of gene expression is rapidly becoming a powerful tool for
molecular therapy. However, the rapid degradation of siRNAs and their limited duration of activity require effi-
cient delivery methods. Atelocollagen (ATCOL)-mediated administration of siRNAs is a promising approach to
disease treatment, including muscular atrophy. Herein, we report that ATCOL-mediated systemic administration
of a myostatin-targeting siRNA into a caveolin-3-deficient mouse model of limb-girdle muscular dystrophy 1C.
(LGMD1C) induced a marked increase in muscle mass and a significant recovery of contractile force. These
results provide evidence that ATCOL-mediated systemic administration of siRNAs may be a powerful therapeu-
tic tool for disease treatment, including muscular atrophy.

Key words: atelocollagen, muscle, muscular dystrophy, myostatin, RNA interference.

Introduction

Myostatin (growth differentiation factor 8, GDF8) is a
member of the transforming growth factor-g (TGF-f)
superfamily of secreted growth factors (McPherron
et al. 1997). A number of growth factors of this family
have been shown to regulate cell growth and differen-
tiation during development. Myostatin is unique among
the members of the TGF-f superfamily because its
expression is almost exclusively restricted to the skele-
tal muscle lineage.

Zhu et al. (2000) generated transgenic mice that
expressed myostatin mutated at its cleavage site under
the control of a muscle specific promoter creating a
dominant negative myostatin. These mice exhibited a
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significant (20-35%) increase in muscle mass that
resulted from myofiber hypertrophy and not from myo-
fiber hyperplasia. While, mice fully null for myostatin
showed muscle masses that were nearly double that of
normal muscle and this marked increase in muscle
mass was associated with both hypertrophy and hyper-
plasia (McPherron et al. 1997). The difference in muscle
mass seen in dominant negative myostatin and null
myostatin mice likely results from incomplete domi-
nance of dominant negative myostatin, so that dimeriza-
tion and cleavage of normal myostatin is not fully
blocked in dominant negative myostatin mice. So, lower
levels of myostatin inhibition may affect hypertrophy,
while higher levels of myostatin inhibition may be
required to alter hyperplasia (Zhu et al. 2000). Thus,
it appears that myostatin specifically downregulates
skeletal muscle mass.

Because of its inhibitory role, myostatin downregula-
tion may serve as a potentially important mechanism for
treating diseases associated with muscle wasting and
degeneration, such as muscular dystrophy. We recently
demonstrated that myostatin inhibition induced by
overexpression of the myostatin pro-domain prevented
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muscular atrophy and normalized intracellular myostatin
signaling in a mouse model of limb-girdle muscular
dystrophy 1C (LGMD1C) (Nishi et al. 2002). Further-
more, myostatin inhibition also suppressed muscular
atrophy in caveolin-3-deficient mice that expressed a
dominant-negative form of the caveolin-3 gene (Ohsawa
et al. 2006). The dominant negative caveolin-3 mutation
was a missense mutation (Pro104Leu) that was
expressed under the control of the M-creatine kinase
promoter (Sunada et al. 2001).

Duchenne muscular dystrophy (DMD) is an X-linked,
lethal skeletal muscle disorder caused by mutations in
the dystrophin gene (Bulfield et al. 1984; Yoshimura
et al. 2007); it is a severe muscle wasting disorder that
affects 1/3500 male births (Deconinck & Dan 2007). To
date, there is no effective treatment for muscular dystro-
phy, although gene therapy could be a valuable
approach to treating this disease. In a previous study,
inhibition of myostatin using anti-myostatin blocking
antibodies was employed in an effort to increase muscle
mass (Bogdanovich et al. 2002). However, the genera-
tion of antibodies against recombinant target proteins
was a time-consuming, labor-intensive approach.

Recently, RNA interference (RNAi) has emerged as
an effective gene silencing method. RNAi refers to
sequence-specific, post-transcriptional gene silencing
mediated by approximately 22-nucleotide-long small
interfering RNAs (siRNAs) generated from longer dou-
ble-stranded RNAs (dsRNAs) in both plants and ani-
mals, ranging from flatworms to humans (Fire et al.
1998). RNAi-based approaches have increasingly been
developed in which highly specific siRNAs designed to
target disease-causing or disease-promoting genes
are utilized without the induction of interferon synthesis
or non-specific gene suppression (Elbashir et al. 2001;
de Fougerolles et al. 2007). Magee et al. (2006) dem-
onstrated that downregulation of myostatin expression
via electroporation of a plasmid directing the expres-
sion of a short hairpin interfering RNA (shRNA) against
myostatin led to a localized increase in skeletal muscle
mass. For safety reasons, however, strategies using
vector-based delivery systems may be of limited clini-
cal use. Therefore, a more desirable approach would
involve the direct application of active siRNAs in vivo.

Atelocollagen (ATCOL), a pepsin-treated type | colla-
gen that lacks antigenicity-conferring telopeptides at its
N and C termini, has been shown to promote the effi-
cient delivery of chemically unmodified siRNAs to met-
astatic tumors in vivo (Minakuchi et al. 2004; Takeshita
et al. 2005; Takeshita & Ochiya 2006). Based on its
practical use as an siRNA delivery platform, we
adapted an ATCOL-mediated oligonucleotide system
to deliver a myostatin-targeting siRNA into muscle,
and found that local or systemic administration of the

myostatin-targeting siRNA coupled with ATCOL led to
a marked stimulation of muscle growth in vivo within a
few weeks (Kinouchi et al. 2008). In the current study,
we examined whether systemic .administration of the
myostatin-siRNA/ATCOL (Mst-siRNA/ATCOL) complex
effectively silenced myostatin expression in LGMD1C
mice, and whether it led to increased muscle mass
and/or decreased muscle weakness. In the current
study, we used the same myostatin-targeting siRNA
reported previously (Magee et al. 2006), which is pre-
dicted to target myostatin mRNA not only in mice, but
also in humans, rats, cows, macaques, and baboons.

Materials and methods

Systemic administration of the Mst-siRNA/ATCOL
complex to skeletal muscles in LGMD1C mice

The Mst-siRNA and ATCOL complexes were prepared
as follows. Equal volumes of siRNA solution (siRNA
and 1x siRNA buffer, 40 pmol/L final concentration)
and ATCOL (0.05% final concentration) were com-
bined and mixed by vigorous pipetting. For systemic
administration, the siRNA/ATCOL complex (200 pl)
was introduced intravenously via orbital veins into 20-
week-old LGMD1C mice at 0, 4, 7 and 14 days. As a
negative control, scrambled siRNAs were injected into
20-week-old LGMD1C mice at 0, 4, 7 and 14 days.

Morphometric analyses

The masseter and quadriceps femoris muscle tissues
were dissected 3 weeks after the first Mst-siRNA/
ATCOL complex administration. The tissues were
snap-frozen in liquid nitrogen-cooled isopentane and
sectioned transversely (6 um) at the center of the
masseter and quadriceps femoris muscles using a
cryostat (Leica Microsystems). Sections were stained
with hematoxylin and eosin (H&E), and fiber sizes were
determined by measuring the area of each transversal
myofiber within a fixed area. Approximately 100 myofi-
bers were measured for each tissue sample (six to eight
fields/tissue section).

Contractile properties of Mst-siRNA/ATCOL
complex-treated tibials anterior (TA) muscles

The entire tibials anterior (TA) muscle was removed
with its tibial origin intact, and the distal portion of the
TA tendon, together with its origin, were secured
with a 5-0 silk suture. The TA was then mounted in a
vertical tissue chamber and connected to a force
transducer, UL-10GR (Minerva, Nagano, Japan), and a
length servosystem, MM-3 (Narishige, Tokyo, Japan).

© 2011 The Authors
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Electrical stimulations were applied using a SEN3301
(Nihon Kohden, Tokyo, Japan) through a pair of
platinum wires placed on both sides of the muscle
in physiological salt solution (150 mmol/L NaCl,
4 mmol/L KCI, 2 mmol/L CaCl,, 1 mmol/L MgCly,
5.6 mmol/L glucose, 5 mmol/L Hepes, pH 7.4, and
0.02 mmol/L D-tubocurarine). Muscle fiber length was
adjusted incrementally using a micropositioner until
peak isometric twitch force responses were obtained
(optimal fiber length [Lg]). Maximal tetanic force (Pp)
was assessed by stimulation frequencies of 125 pul-
ses/s delivered in 500 ms duration trains with 2 min
intervals between each train. After two measurements
were taken, the stimulated muscles were weighted
after the tendon and bone attachments were removed.
All forces were normalized to the physiological cross-
sectional area (pCSA), the latter estimated on the basis
of the following formula: muscle wet weight (in mg)/(Lo
[in mm]x 1.06 [in mg/mm3). The estimated pCSA
was used to determine specific tetanic force, and the
muscle was quickly frozen in liquid nitrogen-cooled
isopentane for morphometric analysis.

Statistical analyses

Error bars indicate standard deviation of the mean.
* indicates P < 0.01 or P < 0.05 in a Student’s t test.

Results

The Mst-siRNA/ATCOL complex can stabilize and
produce a long-term gene silencing effect

In initial experiments to evaluate the persistence and
spread of SIRNA/ATCOL complexes (100 pl), we
injected a BLOCK-IT Alexa Fluor Red Fluorescent Oligo
(10 umol/L) in the masseter muscle of 20-week-old
C57BL/6 mice. Mice were killed at 2 weeks, tissue
samples were dissected, and Alexa Fluor Red Fluores-
cent Oligo expression was assessed under conditions
identical to those used in myostatin gene transfer exper-
iments. As expected, Alexa Fluor Red Fluorescent Oligo
expression was detected near the sites of injection with
an uneven distribution pattern across the tissue (Fig. 1,
right panel). These observations suggested that the AT-
COL and siRNA formed a stable complex capable of
producing an efficient, long-term gene silencing effect.

Intravenous administration of myostatin-targeting
SiRNAs with ATCOL specifically repressed muscle
atrophy in LGMD1C mice

Based on our observation that ATCOL formed stable
complexes with siRNAs capable of long-term gene

© 2011 The Authors

Fig. 1. Persistence and spread of an siRNA/atelocollagen
(ATCOL, AteloGene Koken, Tokyo) complex following injection
into the masseter muscle. A BLOCK-T Alexa Fluor Red
Fluorescent Oligo (10 umol/L final concentration, Invitrogen) and
ATCOL (100 plL) complex was injected into the masseter muscle
of 20-week-old C57BL/6 mice. Gene expression from the
BLOCK-T Alexa Fluor Red Fluorescent Oligo/ATCOL complex
injected in masseter muscle was assessed 2 weeks post-
injection. Sections were examined following hematoxylin and
eosin (H&E) staining (left) and serial section immunofluorescence
to detect Alexa Fluor Red-positive cells (right). As expected, the
Alexa Fluor Red Fluorescent Oligo expression was not evenly
distributed across the tissue, and the majority of expression was
located near the injection sites. Images were captured at 400x
magnification. Scale bar, 100 um.

silencing, we administered Mst-siRNA/ATCOL or con-
trol scrambled siRNA/ATCOL complexes intravenously
into 20-week-old LGMD1C mice at O, 4, 7, and
14 days (Fig. 2A). Strikingly, we observed the enlarge-
ment of a number of skeletal muscles, including the
lower limbs, masseters, and more in mice treated with
Mst-siRNA/ATCOL (Fig. 2B). Since the changes in the
lower limb muscles were the most pronounced, we
used them for further analyses. Indeed, we also
observed a significant increase in muscle fiber size at
3 weeks after the first administration in mice treated
with Mst-siRNA/ATCOL (Fig. 2C).

These results indicated that intravenous administration
of a myostatin-targeting siRNA with ATCOL specifically
induced muscle hypertrophy in LGMD1C mice. The
results were expressed as a ratio of the intemnal control
and were analyzed statistically. Mst-siRNA/ATCOL-
treated muscles (18.64 + 4.18 um) were significantly
larger than control muscles (15.49 + 3.12 um) (P <
0.0001, n =100). Histometric analysis showed that
the myofibril sizes of quadriceps muscles treated with
the Mst-siRNAVATCOL complex were significantly
larger than those of control quadriceps muscles
(Fig. 2C,D). Examination of the sizes of 100 myofibers
from each group showed that the Mst-siRNA/ATCOL-
treated myofibril population exhibited a shift from
smaller to larger sized fibers; the average myofibril size
for Mst-siRNA/ATCOL-treated muscle was increased

Journal compilation ® 2011 Japanese Society of Developmental Biologists
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Fig. 2. Systemic administration of the Mst-siRNA/ATCOL complex led to increased skeletal muscle mass and fiber size in LGMD1C
mice via inhibition of myostatin expression. In the experiments depicted in (A—-C), Mst-siRNA (40 umol/L final concentration) was mixed
with ATCOL according to the manufacturer’s instructions. (A) Time course analysis. Twenty-week-old male or female LGMD1C mice
were anesthetized with Nembutal (25 mg/kg i.p.), and the Mst-siRNA/ATCOL complex (40 umol/L in a 200 pL volume) was introduced
intravenously via orbital veins at 0, 4, 7, and 14 days (7 = 3). As a negative control, scrambled siRNAs were injected into LGMD1C
mice. At 3 weeks after the first administration, the quadriceps muscles on both sides were harvested and processed for analysis. (B)
Photographs of mice (upper panels) and lower limbs (lower panels). An increase in muscle mass was observed in the Mst-
siRNA/ATCOL-treated (right), but not in control mice (left). (C) H&E staining of control (left) and Mst-siRNA/ATCOL-treated (right)
masseter or quadriceps femoris muscle. Images of the masseter and quadriceps femoris were captured at 400x and 200x, respectively.
Scale bar, 50 um. (D) Distribution of the myofibril sizes of control (white bars) and Mst-siRNA/ATCOL-treated (black bars) quadriceps
muscles. The right panel shows the average myofibril size (15.49 £ 3.12 pm vs. 18.64 + 4.18 um, respectively; n = 100; P < 0.01). The
graphical representation of the data uses the following convention: mean + SD. Mst-siRNA/ATCOL-treated muscles and mice are
shown in black; control muscles and mice are shown in white. National Institute of Health (NIH) Image (NIH) software was used for
morphometric measurements.

by approximately 1.2-fold relative to control muscle Mst-siRNA/ATCOL-treated LGMD1C muscle (Fig. 3C).
(Fig. 2D). We did not identify any statistically significant differences

: in the wet weights of Mst-siRNA/ATCOL-treated and
untreated LGMD1C muscle. Unexpectedly, the specific
force of untreated LGMD1C muscle was much lower
than that of Mst-siRNA/ATCOL-treated LGMD1C mus-
cle (Fig. 3A,B). We analyzed the specific force gener-
First, we tested the grip strength of mice before and ated by tetanic stimulation (150 Hz) of TA muscles from
after treatment. There were no statistically significant dif- LGMD1C mice treated with ATCOL-based control
ferences in the grip strength before and after treatment scrambled siRNAs or Mst-siRNA (0.568 + 0.293 vs.
(Fig. 3D). We also evaluated the contractile properties of 0.041 + 0.351 N/cm?, respectively; n = 4; P < 0.05).

Hypertrophied Mst-siRNA/ATCOL-treated LGMD1C
muscle fibers exhibit significantly improved contractile
force generation

© 2011 The Authors
Journal compilation © 2011 Japanese Society of Developmental Biologists
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Fig. 3. Mst-siRNA/ATCOL-treated fibers exhibited significantly
improved contractile force generation. (A) Specific force
generated by tetanic stimulation (150 Hz) of TA muscles from
wild-type or LGMD1C mice treated with ATCOL-based control
scrambled siRNAs or- Mst-siRNA. (B) The specfiic force of
untreated LGMD1C muscle (O) was much lower than that
of Mst-siRNA/ATCOL-treated LGMD1C muscle () (0.569 +
0.293 N/cm? vs. 0.041 +0.351 N/cm?, respectively; n = 4;
P < 0.05). In contrast, in wild-type mice, the specific force was
not different between untreated muscle and Mst-siRNA/ATCOL-
treated muscle (0.888 + 0.588 N/cm? vs. 0.925 + 0.828 N/cm?;
n = 3. (C) There were no statistically significant differences in wet
weights between untreated muscles and Mst-sSiRNA/ATCOL-
treated muscles. (D) There were no statistically significant
differences in grip strength between pre-treated mice () and
after Mst-siRNA/ATCOL-treated mice ().

Although wild-type fibers have been found to be hyper-
trophied (Kinouchi et al. 2008), the present results did
not show a significant difference between the contractile

© 2011 The Authors

force generated by Mst-siRNA/ATCOL-treated and
untreated wild-type muscle (0.888 + 0.588 vs. 0.925 +
0.828 N/cm?; n = 3). As shown in Figure 2D, histogram
analysis demonstrated a shift to the right in the fiber
distribution of Mst-siRNA/ATCOL-treated LGMD1C
muscle relative to that of untreated LGMD1C muscle;
larger caliber fibers were dominant, reflecting hypertro-
phy of Mst-siRNA/ATCOL -treated muscle fibers. Thus,
hypertrophied Mst-siBNA/ATCOL-treated LGMD1C
muscle fibers exhibited improved contractile force
generation, but the increase in muscle weight did not
correlate with increased force generation.

We previously reported that local and systemic
administration of siRNA against myostatin coupled with
ATCOL markedly stimulated muscle growth in vivo
within a few weeks (Kinouchi et al. 2008), and that
ATCOL-based gene therapy was associated with low
immunogenicity. As expected, we did not observe any
signs or symptoms suggestive of health problems
during the experimental period of the current study.

Discussion

In the current study, we intravenously administrated a
myostatin-targeting siRNA with ATCOL and analyzed
the relationship between the extent of Mst-siRNA/
ATCOL expression and the recovery of contractile
force in LGMD1C muscles. Histogram analysis further
demonstrated that the myofibril size distribution of
Mst-siRNA/ATCOL-treated LGMD1C muscle fibers
was shifted from smaller to larger sized fibers relative
to control muscle fibers. We found that treatment of
LGMD1C mice with the Mst-siRNA/ATCOL complex
led to a significant increase in skeletal muscle mass
and enhanced contractile force, similar to that reported
previously with a myostatin blockade of dystrophic
muscle (Bogdanovich et al. 2002).

There was no statistically significant difference in mus-
cle weight between control and Mst-siRNA/ATCOL-
treated muscles. It appeared that muscle weight did not
correlate with force generation. Thus, hypertrophied
Mst-siRNA-positive LGMD1C fibers seemed to greatly
improve contractile force generation. Notably, the level
of contractie force was dramatically improved by
approximately 60% in Mst-siRNA/ATCOL-treated wild-
type muscles relative to control muscles. Although
the underlying molecular mechanisms by which Mst-
siRNAZATCOL treatment leads to increased contractile
force remain to be determined, the current results are
encouraging in that the function of caveolin-3-deficient
muscles might be greatly improved. These findings are
significant because the recovery of absolute maximal
force and specific tetanic force are barometers of ame-
lioration (Yoshimura et al. 2007).
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To our knowledge, the results of the current study
are the first to quantitatively and qualitatively demon-
strate that in vivo myostatin siRNA gene transfer may
serve as an effective treatment for muscular dystrophy.
The potential benefit of myostatin siRNA gene therapy
lies in the treatment of skeletal muscle waste in condi-
tions such as muscular dystrophies (Bogdanovich
et al. 2002), cachexia and HIV infection in advance of
new therapies (Gonzalez-Cadavid & Bhasin 2004; Fri-
mel et al. 2005). Although myostatin siRNA gene ther-
apy would not correct the underlying pathophysiology
of these diseases, it would counterbalance the effects
by stimulating myofioer growth. The ease of adminis-
tration of the myostatin-siRNA/ATCOL complex com-
bined with its muscle-growth effect makes it a clinically
valuable method of fighting against muscle atrophy.
However, a strategy for the clinical use of this gene
transfer method for human DMD patients requires fur-
ther testing. Differences between humans and mice,
including muscle size, life span and biological proper-
ties, should be taken into consideration (Yoshimura
et al. 2007). In tumor-bearing mice, it was reported
that ATCOL distributed siRNAs against luciferase to
normal liver, lung, spleen and kidney tissues, as well
as to bone-metastatic lesions (Takeshita et al. 2005).
ATCOL was also reported to display low-toxicity and
low-immunogenicity when it is transplanted in vivo
(Ochiya et al. 2001; Sano et al. 2003).

Taken together, the results of the present study
demonstrate that administration of siRNAs with ATCOL
may be a promising therapeutic tool not only for muscu-
lar diseases, but also for other genetic diseases. The
results of the current study indicate that treatment with
Mst-siRNA/ATCOL led to an increase in muscle mass
and functional recovery in the absence of obvious
adverse effects in LGMD1C mice. The current study
also provides evidence of ATOL-mediated delivery of
siRNA to skeletal muscle. Therefore, ATCOL-mediated
administration of siRNAs represents a powerful new tool
for future therapeutic use in the treatment of diseases,
including muscular atrophy.
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Caveolin-3 regulates myostatin signaling.
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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)-p super-
family, negatively regulates skeletal muscle volume. Herein we
review caveolin-3 suppressing of activation of type I 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 muscular 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-
MD1C), autosomal dominant rippling muscle disease (AD-RMD),
myostatin, transforming growth factor-g (TGF-B)

Caveolins are primary components
of caveolae

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 vivo (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 LGMD1C/AD-RMD patients has resulted in subse-
quent abnormalities of caveolin-3-binding molecules. The

Address for correspondence: Yoshihide Sunada, MD, PhD, Division of Neurology, Department of Internal Medicine, Kawasaki Medical
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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 LGMDI1C
and LGMD1C/AD-RMD patients (11, 12). Consistently,
cytokine-induced NO production increases in C2C12 my-
oblast cells transfected with LGMD1C/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 LDMD1C/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 LGMD1C/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 LGMD1C/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)-f 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 II 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 II and type I serine/threonine kinase
receptors induces the phosphorylation of intracellular
effectors, receptor-regulated Smads (R-Smads), namely
Smad?2/3 (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 a blocking 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 8-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.

Caveolin-1 regulates TGF-(3
superfamily signaling in vitro

Recently, caveolin-1 has drawn attention as a regula-
tor of TGF-B superfamily signaling. Caveolin-1 binds to
and suppresses activation of the type I receptor of TGF-
B1, 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-B1 (36-38). Caveolin-1 also facilitates
ligand-bound TGF-f1 receptors internalization and deg-
radation via the formation of endocytic vesicles with
ubiquitin-ligase (39, 40). In addition, caveolin-1 interacts
with type II and type I receptors of bone morphogenic
proteins (BMPs) in vivo (41). These findings indicate that
caveolin-1 regulates TGF-f superfamily signaling, in-
cluding TGF-f1 and BMPs, at its receptor level.

Caveolin-3 suppresses myostatin
signaling through its 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-p superfamily signaling
in nonmuscle cells. We found several caveolin-3 binding
motifs (7); ¢X¢XXXX XXX, where ¢ indicates aromat-
ic or aromatic-like amino acids in the cytoplasmic kinase
domain of type I serine/threonine myostatin receptors,
ALKA4/5 (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 I
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-Smad of myostatin, Smad2 as well as the transcrip-
tion level of the Smad-sensitive (CAGA),,-reporter 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"%%) to develop a
mouse model of LGMD1C/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 vivo, 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
(MSTNP™) (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-3P%L/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

Caveolin-3 regulates myostatin signaling

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 II 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 vivo significance of signal
alterations by loss of caveolin-3 in the pathogenesis of
LGMD1C/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-f ligand exists in the form of a similar nega-
tive regulator of muscle mass like myostatin (45, 46).
Thus TGF-B 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-B1-induced extarcellular matrix production,
which is indicative of fibrosis, significantly increases in

= MSTN

Type ll
Receptor

Type |
Receptor

i cytoplasm

" Transcriptional

P " regulation
R-Smads J — » Target genes

nucleus

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 serine/threonine
kinases. Myostatin binds to and phosphorylates its type Il serine/threonine kinase receptor (Type || Receptor). Sub-
sequently, its type | serine/threonine kinase receptor (Type | Receptor) is phosphorylated by Type || 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 |l Receptor, ActRIIB; Type | Receptor, ALK4/5; R-Smads,
Smad?2/3. 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-f superfamily signaling by loss of ca-
veolins participate in the pathogenesis of some human
diseases, including LGMD1C/AD-RMD, breast cancer,
and idiopathic pulmonary fibrosis.

Myostatin inhibition therapy is effective, to some
extent, 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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