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Co-Administration of Myostatin-Targeting siRNA and ActRIIB-Fc
Fusion Protein Increases Masseter Muscle Mass and Fiber Size
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Summary Myostatin, a member of the TGF-B superfamily, is a negative regulator of skel-
etal muscle cell growth and differentiation, and binds with high affinity to the activin type
IIB receptor (ActRIIB). The soluble ligand-binding domain of ActRIIB fused to the Fc
domain of IgG (ActRIIB-Fc) potently binds and inhibits TGF-B family members in muscle,
leading to rapid and marked muscle growth. The present study was designed to assess the
effectiveness of the co-delivery of myostatin-targeting siRNA (Mstn-siRNA) and ActRIIB-
Fc into skeletal muscle as a potential treatment of atrophic myopathies. Eleven-week-old,
male C57BL/6 mice were injected with atelocollagen (ATCOL)-mediated Mstn-siRNA with/
without ActRIIB-Fc locally into the masseter muscle twice a week. Inhibition of myostatin
function by the combination of Mstn-siRNA and ActRIIB-Fc increased muscle weight and
myofibril size in murine masseter muscle. Real-time RT-PCR analysis revealed significant
downregulation of myostatin mRNA expression in both the Mstn-siRNA-treated and the
combination treatment group. Furthermore, myogenin mRNA expression was upregulated
in the combination treatment group, while MuRF-1 and Atrogin-1 mRNA expression was
downregulated compared to administration of each compound alone. These findings sug-
gest that double inhibition of myostatin is a potentially useful treatment strategy to increase
muscle mass and fiber size and could be a useful treatment of patients with various muscle

atrophies, including muscular dystrophy.
Key Words

Myostatin is a member of the transforming growth
factor-B (TGF-B) superfamily and plays a critical role in
the regulation of skeletal muscle mass. Several strate-
gies have been developed in the last decade for the treat-
ment of muscular dystrophy and muscle wasting based
on myostatin inhibition, myostatin-specific antibodies
(1, 2), a decoy myostatin receptor (3, 4), and myostatin
propeptide (5, 6). Furthermore, two studies showed that
myostatin knockout in mice (e.g., the mdx mouse model
of Duchenne muscular dystrophy) resulted in a signifi-
cant increase in skeletal muscle mass and functional
improvement in dystrophic muscles (7, 8).

RNA interference (RNAI) is a high sequence-specific
gene silencing technique, in which short pieces of dou-
ble-stranded RNA, small interfering RNA (siRNA), sup-
press the expression of the genes exhibiting sequence
homology (9, 10). Research efforts are currently under-
way to develop siRNAs as therapies for various diseases.
However, in daily clinical practice, the limited stability
in vivo of such siRNAs and the absence of a reliable
delivery method hamper the use of siRNA for treatment.
Nonetheless, evidence suggests that cationic liposomes
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(11, 12), polymer nanoparticles (13), and lipid conju-
gation (14) are potentially useful delivery systems for
siRNA applications.

Atelocollagen (ATCOL) is a highly purified pepsin-
treated type I collagen from the calf dermis. Collagen is
a fibrous protein in the connective tissue and plays an
important role in the maintenance of the morphology
of tissues and organs. ATCOL-based delivery of siRNA
resulted in efficient inhibition of metastatic tumors in
vivo (15, 16). We have also reported that 2-wk treatment
with ATCOL-based myostatin-targeting siRNA (Mstn-
siRNA/ATCOL) increased muscle mass and enhanced
muscle activity (17-19). These findings suggest that the
delivery of Mstn-siRNA/ATCOL into skeletal muscle is
safe, efficient, and effective for augmentation of muscle
structure and function.

Activin type IIB receptor (ActRIIB) is a type I TGF-
superfamily receptor known as a key player in the regu-
lation of muscle size and strength. Ligands, including
myostatin and growth differentiation factor-11 (GDF-
11), bind to the ActRIIB, leading to phosphorylation
and nuclear translocation of Smad2/3, which mediates
muscle atrophy (20). Interestingly, the soluble ligand-
binding domain of ActRIIB fused to the Fc domain of
IgG (ActRIIB-Fc¢) potently binds and inhibits TGF-B
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Table 1. Primers used for real-time RT-PCR.
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Target gene Forward primer

Reverse primer

Myostatin 5’-CAGCCTGAATCCAACTTAGG-3’ 5-TCGCAGTCAAGCCCAAAGTC-3’
Myogenin 5’-CATGGTGCCCAGTGAATGCAACTC-3’ 5’-TATCCTCCACCGTGATGCTGTCCA-3’
MuRF-1 5’-ACGAGAAGAAGAGCGAGCTG-3’ 5’-CTTGGCACTTGAGAGAGGAAGG-3’
Atrogin-1 5’-GGCGGACGGCTGGAA-3’ 5’-CAGATTCTCCTTACTGTATACCTCCTTGT-3’
B-Actin 5’-CCCTCACGCCATCCTGCGTC-3" 5’-CGGCAGTGGCCATCTCCTGC-3’
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Administration of Mstn-siRNA/ATCOL plus ActRIIB-Fc increased masseter muscle weight and fiber size. (A) Pho-

tograph of the masseter muscle of animals treated with Mstn-siRNA with and without ActRIIB-Fc. (B) Masseter muscle
weight of the placebo, Mstn-siRNA, ActRIIB-Fc and Mstn-siRNA plus ActRIIB-Fc groups. (C) Photomicrographs of hema-
toxylin-eosin stained sections of the masseter muscles of representative animals of the placebo, Mstn-siRNA, ActRIIB-Fc
and Mstn-siRNA plus ActRIIB-Fc groups. Scale bar, 100 wm. (D) Cross-sectional area of the muscle fibers of the masseter
muscles of the placebo, Mstn-siRNA, ActRIIB-Fc and Mstn-siRNA plus ActRIIB-Fc groups. (E) Distribution histogram of
the cross-sectional areas of the masseter muscle fibers. Data are mean=8D (n=4). ** p<<0.01.

family members in muscle, leading to rapid and dra-
matic muscle growth both in vitro and in vivo (21-24).

We hypothesized that inhibition of myostatin by
the Mstn-siRNA and ActRIIB-Fc can increase skeletal
muscle mass. To test the hypothesis, the Mstn-siRNA/
ATCOL/ActRIIB-Fc was delivered into the skeletal mus-
cle, and its therapeutic effect on atrophic myopathy (e.g.,
muscular dystrophy) was examined.

MATERIALS AND METHODS

Small interfering RNA. Synthetic 21-nucleotide
RNAs were purchased from Koken (Tokyo, Japan). The
siRNAs sequences used to knockdown mouse myo-
statin were 5-AAGAUGACGAUUAUCACGCUA-3’ and
5’-UAGCGUGAUAAUCGUCAUCUU-3".

Experimental animals and local administration of Mstn-
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Effects of administration of Mstn-siRNA/ATCOL plus ActRIIB-Fc on the expression of massetter muscle mRNA

levels. Changes in the mRNA expression levels of myostatin (A), myogenin (B), MuRF-1 (C), and Atrogin-1 (D) in the
masseter muscles of the placebo, Mstn-siRNA, ActRIIB-Fc and Mstn-siRNA plus ActRIIB-Fc groups. Data are mean*SD

(n=4). *p<0.05, ** p<0.01.

siRNA/ATCOL with ActRIIB-Fc fusion protein. Eleven-
week-old C57BL/6 male mice were housed under a
12/12 h light/dark cycle and ambient temperature of
22°C, and were provided with food and water ad libitum.

On the basis of previous reports (12, 17-19, 21),
10 um of Mstn-siRNA/ATCOL and 1 uM of human
ActRIIB-Fc fusion protein, purchased from Koken and
R&D Systems Inc. (Minneapolis, MN), were used in this
study. They were injected together into the left masse-
ter muscles of the mice at O and 4 d. The control mice
received injections of sterilized phosphate-buffered
saline (PBS) into the left masseter muscles. The left mas-
seter muscles were dissected 1 wk after the first injec-
tion. The Animal Care and Use Committee of Tokushima
University approved all of the protocols involved in ani-
mal protection.

RNA analysis. The total RNA was extracted from
masseter muscles using ISOGEN II (Nippon Gene, Tokyo,
Japan). cDNA was synthesized using the PrimeScript™
RT Master Mix (Takara Bio, Shiga, Japan). Real-time
reverse transcription polymerase chain reaction (RT-
PCR) was performed using the Step One Plus™ with
SYBR Premix Ex Taq™ II (Takara Bio) to determine the
mRNA expression levels of myostatin, atrophy-related
genes (MuRF-1, Atrogin-1) and myogenic regulatory
factor (Myogenin). The specific primers used are listed in
Table 1.

Morphometric analysis. The harvested muscles were
placed in optimal cutting temperature (OCT) compound
and snap-frozen in liquid nitrogen-cooled isopentane.
The frozen samples were sectioned transversely (6 um

thickness) at the center of the masseter muscle using a
cryostat (Leica Microsystems, Tokyo) and stained with
hematoxylin and eosin (H&E) to examine the muscle
morphology. Furthermore, on the frozen sections, we
determined the fiber size by measuring the area of each
myofiber in a fixed area. Approximately 200 myofibers
were randomly selected from 6-8 fields in each tissue
sample.

Statistical analysis. Data are expressed as mean=
standard deviation. Differences between groups were
analyzed by one-way analysis of variance (ANOVA),
followed by the Bonferroni/Dunn test. A p value of
0.05 was considered to denote a statistically significant
difference.

RESULTS

Injection of Mstn-siRNA/ATCOL and ActRIIB-Fc
alone resulted in significant increases in the size and
weight of the masseter muscle compared with the
untreated control muscle (Fig. 1A and B). The results
were more pronounced following the injection of the
combination of the two (i.e., both Mstn-siRNA/ATCOL
and ActRIIB-Fc) (Fig. 1B), compared with the injection
of each component.

Histological analysis showed that injection of Mstn-
siRNA alone or with ActRIIB-Fc markedly increased
the size of the myofibrils of the masseter muscles com-
pared with the untreated control muscle (Fig. 1C). Fur-
thermore, the results were more significant when the
combination of Mstn-siRNA and ActRIIB-Fc was used,
compared with the individual treatment. The mean
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cross-sectional area of muscle fibers treated with Mstn-
siRNA with or without ActRIIB-Fc was about 2- and
1.5-fold that of the control, respectively (p<0.01, Fig.
1D). Furthermore, the population of fibers within the
cross-sectional area shifted from smaller to larger fibers
in the Mstn-siRNA and/or ActRIIB-treated muscles (Fig.
1E).

Injection of the Mstn-siRNA/ATCOL with and with-
out ActRIIB-Fc significantly reduced the myostatin
mRNA expression level (p<0.01), although adminis-
tration of ActRIIB-Fc alone had no effect on myostatin
mRNA expression (Fig. 2A). Injection with Mstn-siRNA/
ATCOL plus ActRIIB-Fc resulted in significant upregula-
tion of the myogenin mRNA expression level (Fig. 2B),
in contrast to downregulation of MuRF-1 and Atro-
gin-1 mRNA expression levels, compared with the injec-
tion of an individual component (p<<0.01 and p<<0.05,
respectively, Fig. 2C and D).

DISCUSSION

We demonstrated previously that ATCOL-mediated
administration of Mstn-siRNA into the caveolin-3-defi-
cient mouse (Cav-3 Tg), which is a model of limb-girdle
muscular dystrophy 1C (LGMDI1C), induced a marked
increase in muscle mass and significant recovery of con-
tractile force (18). However, functional analysis demon-
strated that the specific force of skeletal muscles treated
with Mstn-siRNA in Cav-3 Tg mice was lower than that
of untreated muscles in wild type mice. The result sug-
gested that ATCOL-mediated administration of Mstn-
siRNAs does not seem an ideal treatment for severe
muscular diseases, such as muscular dystrophy. Since
adequate improvement in muscular atrophy and dys-
trophy is essential, the management and augmentation
of skeletal muscle metabolism remain difficult clinical
challenges. Thus, increased muscle mass and enhanced
muscle force is the primary goals of any new treatment
with a clinically satisfactory outcome.

Previous studies demonstrated that gene translation
by Mstn-targeting siRNA leads to a marked increase
in muscle mass within a few weeks of application (12,
17, 18). It is also reported that the potent cell surface
receptor ActRIIB binds and inhibits myostatin, lead-
ing to dramatic muscle growth (24-26). Based on this
background, we hypothesized that the combination of
these two agents would have a therapeutic advantage.
Our results showed that injection of the combination
of Mstn-siRNA and ActRIIB-Fc locally into the mas-
seter muscle has a synergistic effect on the expression
of muscle atrophy-related genes, myogenesis-related
genes, and masseter muscle mass. These findings sug-
gest that the beneficial effect of Mstn-siRNA seems to
be enhanced by ActRIIB-Fc injected into the masseter
muscle. To the best of our knowledge, the effect of the
co-administration of Mstn-siRNA and ActRIIB-Fc on
skeletal muscles has not been investigated yet. There-
fore, first of all, we attempted to examine the effect of
co-treatment on skeletal muscles of wild type mice.

Our results showed that inhibition of myostatin func-
tion by the combination of Mstn-siRNA and ActRIIB-
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Fc resulted in increase in the weight of the masseter
muscle as well as in the size of muscle fibers, compared
with the untreated control and treatment with one of
the two components. Our results also showed that the
increased skeletal muscle mass was due to the inhibition
of myostatin signal by the combination treatment. Myo-
statin mRNA expression was equally downregulated by
Mstn-siRNA alone and the Mstn-siRNA plus ActRIIB-Fc
combination. Therefore, it was expected the phosphory-
lation of Smad2/3 protein expression was downregu-
lated by co-administration of Mstn-siRNA and ActRIIB-
Fc on skeletal muscles and that expectation has been
currently under examination. These results suggest that
ActRIIB-Fc does not affect the myostatin pathway in
the masseter muscle and that the mechanism of action
of the combination of Mstn-siRNA and ActRIIB-Fc is
different from that of ActRIIB-Fc. Our results showed
that the injection of Mstn-siRNA plus ActRIIB-Fc sig-
nificantly downregulated the mRNA level of Atrogin-1
and MuRF-1 (atrophy-related genes) and upregulated
the mRNA level of myogenin (a member of myogenic
regulatory factors). A previous study reported that myo-
statin upregulates atrophy-related genes through FOXO,
leading to muscle atrophy (27). In addition, myostatin
inhibits myogenic differentiation by downregulating the
muscle regulatory factors, such as MyoD and myogenin
(28). These results suggest that the combination of
Mstn-siRNA and ActRIIB-Fc effectively increases muscle
mass by enhancing the expression of anabolic factors
while suppressing the expression of catabolic ones.

Active myostatin binds to the ActRIIB with greater
affinity than to ActRIIA and engages the signaling
cascade leading to inhibition of myoblast growth (29).
ActRIIB-Fc is a fusion protein of the receptor extracel-
lular domain with immunoglobulin Fc that acts as a
decoy receptor for myostatin (30). The combination of
Mstn-siRNA and ActRIIB-Fc increased muscle mass,
compared with each compound alone. The two compo-
nents of this combination with different mechanisms
of suppression of myostatin signaling seem to produce
synergistic effects. Taken together, the results of the
present study demonstrated that the combination of
Mstn-siRNA plus ActRIIB-Fc is a promising therapeutic
modality for muscular diseases.

Acknowledgments

This research was supported by grants from the Japa-
nese Ministry of Education, Culture, Sports, Science
and Technology (No. 26463095 and No. 26293436)
and from the Japanese Ministry of Health, Labor and
Welfare.

REFERENCES

1) LeBrasseur NK, Schelhorn TM, Bernardo BL, Cosgrove
PG, Loria PM, Brown TA. 2009. Myostatin inhibition
enhances the effects of exercise on performance and
metabolic outcomes in aged mice. ] Gerontol A Biol Sci
Med Sci 64: 940-948.

2) Murphy KT, Ryal ]G, Snell SM, Nair L, Koopman R, Kras-
ney PA, Ibebunjo C, Holden KS, Loria PM, Salatto CT,
Lynch GS. 2010. Antibody-directed myostatin inhibition



248

10)

11)

12)

13)

14)

15)

16)

BAYARSAIKHAN O et al.

improves diaphragm pathology in young but not adult
dystrophic mdx mice. Am J Pathol 176: 2425-2434.
Lee SL, Reed LA, Davies MV, Girgenrath S, Goad ME,
Tomkinson KN, Wright JF, Barker C, Ehrmantraut G,
Holmstrom ], Trowell B, Gertz B, Jiang MS, Sebald SM,
Matzuk M, Li E, Liang LF, Quattlebaum E, Stotish RL,
Wolfman NM. 2005. Regulation of muscle growth by
multiple ligands signaling through activin type II recep-
tors. Proc Natl Acad Sci USA 102: 18117-18122.

Chiu SC, Peekhaus N, Weber H, Adamski S, Murray
EM, Zhang HZ, Zhao JZ, Ernst R, Lineberger ], Huang
L, Hampton R, Arnold BA, Vitelli S, Hamuro L, Wang
WR, Wei N, Dillon GM, Miao J, Alves SE, Glantschnig H,
Wang F, Wilkinson HA. 2013. Increased muscle force
production and bone mineral density in ActRIIB-Fc-
treated mature rodents. | Gerontol 68: 1181-1192.
Bogdanovich S, Perkins KJ, Krag TOB, Whittemore LA,
Khurana TS. 2005. Myostatin propeptide-mediated
amelioration of dystrophic pathophysiology. FASEB |
19: 543-549.

Hamrick MW, Arounleut P, Kellum E, Cain M, Immel D,
Liang LF. 2010. Recombinant myostatin (GDF-8) pro-
peptide enhances the repair and regeneration of both
muscle and bone in a model of a deep penetrant muscu-
loskeletal injury. J Trauma 69: 579-583.

McPheron AC, Lawler AM, Lee SJ. 1997. Regulation of
skeletal muscle mass in mice by a new TGF-beta super-
family member. Nature 387: 83-90.

Thomas M, Langley B, Berry C, Sharma M, Kirk S, Bass
J, Kambadur R. 2000. Myostatin, a negative regulator of
muscle growth, functions by inhibiting myoblast prolif-
eration. | Biol Chem 275: 40235-40243.

Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE,
Mello CC. 1998. Potent and specific genetic interference
by double-stranded RNA in Caenorhabditis elegans.
Nature 391: 806-811.

Elbashir SM, Harborth ], Lendeckel W, Yalcin A, Weber
K, Tuschl T. 2001. Duplexes of 21-nucleotide RNAs
mediate RNA interference in cultured mammalian cells.
Nature 411: 494-498.

Santel A, Aleku M, Keil O, Endruschat J, Esche V, Fisch
G, Dames S, Loffler K, Fechtner M, Arnold W, Giese K,
Klippel A, Kaufmann J. 2006. A novel siRNA-lipoplex
technology for RNA interference in the mouse vascular
endothelium. Gene Ther 13: 1222-1234.

Mori H, Kawai N, Kinouchi N, Hichijo N, Ishida T,
Kawakami E, Noji S, Tanaka E. 2014. Effectiveness of
cationic liposome-mediated local delivery of myostatin-
targeting small interfering RNA in vivo. Dev Growth Dif-
fer 56: 223-232.

Aigner A. 2006. Gene silencing through RNA interfer-
ence (RNAI) in vivo: Strategies based on the direct appli-
cation of siRNAs. J Biotechnol 124: 12-25.

Zhang C, Tang N, Liu X, Liang W, Xu W, Torchilin VP.
2006. siRNA-containing liposomes modified with
polyarginine effectively silence the targeted gene. ] Con-
trol Release 112: 229-239.

Takeshita F, Minakuchi Y, Nagahara S, Honma K, Sasaki
H, Hirai K, Teratani T, Namatame N, Yamamoto Y, Hanai
K, Kato T, Sano A, Ochiya T. 2005. Efficient delivery of
small interfering RNA to bone-metastatic tumors by
using atelocollagen in vivo. Proc Natl Acad Sci USA 102:
12177-12182.

Takeshita F, Ochiya T. 2006. Therapeutic potential
of RNA interference against cancer. Cancer Sci 97:
689-696.

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

Kinouchi N, Ohsawa Y, Ishimaru N, Ohuchi H, Sunada
Y, Hayashi Y, Tanimoto Y, Moriyama K, Noji S. 2008.
Atelocollagen-mediated local and systemic applications
of myostatin-targeting siRNA increase skeletal muscle
mass. Gene Ther 15: 1126-1130.

Kawakami E, Kinouchi N, Adachi T, Ohsawa Y, Ishimaru
N, Ohuchi H, Sunada Y, Hayashi Y, Tanaka E, Noji S.
2011. Atelocollagen-mediated systemic administration
of myostatin-targeting siRNA improves muscular atro-
phy in caveolin-3-deficient mice. Dev Growth Differ 53:
48-54.

Kawakami E, Kawai N, Kinouchi N, Mori H, Ohsawa Y,
Ishimaru N, Sunada Y, Noji S, Tanaka E. 2013. Local
applications of myostatin-siRNA with atelocollagen
increase skeletal muscle mass and recovery of muscle
function. PLoS One 8: e64719.

Lee SJ, Mc Pherron AC. 2001. Regulation of myostatin
activity and muscle growth. Proc Natl Acad Sci USA 98:
9306-9311.

Lee SJ, Reed LA, Davies MV, Girgenrah S, Goaf ME, Tom-
kinson KN, Wright JF, Barker C, Ehrmantraut G, Holm-
strom J, Trowell B, Gertz B, Jiang MS, Sebald SM, Matzuk
M, Li E, Liang LF, Quattlebaum E, Stotish RL, Wolfman
NM. 2005. Regulation of muscle growth by multiple
ligands signaling through activin type II receptors. Proc
Natl Acad Sci USA 102: 18117-18122.

Ohsawa Y, Hagiwara H, Nakatani M, Yasue A, Moriyama
K, Murakami T, Tsuchida K, Noji S, Sunada Y. 2006.
Muscular atrophy of caveolin-3-deficient mice is rescued
by myostatin inhibition. J Clin Invest 116: 2924-2934.
Souza TA, Chen X, Guo X, Sava P, Zhang J, Hill JJ, Yawor-
sky PJ, Qiu Y. 2008. Proteomic identification and func-
tional validation of activins and bone morphogenetic
protein 11 as candidate novel muscle mass regulators.
Mol Endocrinol 22: 2689-2702.

Pistilli EE, Bogdanovich S, Goncalves MD, Ahima RS,
Lachey J, Seehra ], Khurana T. 2011. Targeting the
activin type IIB receptor to improve muscle mass and
function in the mdx mouse model of Duchenne muscu-
lar dystrophy. Am J Pathol 178: 1287-1297.

Li ZB, Kollias HD, Wagner KR. 2008. Myostatin directly
regulates skeletal muscle fibrosis. J Biol Chem 282:
19371-19378.

Humli JJ, Oliveira BM, Silvennoinen M, Hoogaars WMH,
Ma H, Pierre P, Pasternack A, Kainulainen H, Ritvos O.
201 3. Muscle protein synthesis, mTORC1/MARK/Hippo
signaling, and capillary density are altered by blocking
of myostatin and activins. Am | Physiol Endocrinol Metab
304: E41-E50.

McFarlane C, Plummer E, Thomas M, Hennebry A,
Ashby M, Ling N, Smith H, Sharma H, Kambadur R.
2006. Myostatin induces cachexia by activating the
ubiquitin proteolytic system through an NF-kappaB-
independent, FoxOl-dependent mechanism. ] Cell
Physiol 209: 501-514.

Rios R, Carneiro I, Arce VM, Devesa J. 2002. Myostatin
is an inhibitor of myogenic differentiation. Am J Physiol
Cell Physiol 282: C993-C999.

Fakhfakh R, Michaud A, Tremblay JP. 2011. Blocking
the myostatin signal with a dominant negative receptor
improves the success of human myoblast transplanta-
tion in dystrophic mice. Mol Ther 19: 204-210.

Elkina Y, Haehling SV, Anker SD, Springer J. 2011. The
role of myostatin in muscle wasting: an overview. |
Cachexia Sarcopenia Muscle 2: 143-151.



