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Abstract

Background: Growing evidence suggests that small-interfering RNA (siRNA) can promote gene silencing in mammalian cells
without induction of interferon synthesis or nonspecific gene suppression. Recently, a number of highly specific siRNAs
targeted against disease-causing or disease-promoting genes have been developed. In this study, we evaluate the
effectiveness of atelocollagen (ATCOL)-mediated application of siRNA targeting myostatin (Mst), a negative regulator of
skeletal muscle growth, into skeletal muscles of muscular dystrophy model mice.

Methods and Findings: We injected a nanoparticle complex containing myostatin-siRNA and ATCOL (Mst-siRNA/ATCOL)
into the masseter muscles of mutant caveolin-3 transgenic (mCAV-3Tg) mice, an animal model for muscular dystrophy.
Scrambled (scr) -siRNA/ATCOL complex was injected into the contralateral muscles as a control. Two weeks after injection,
the masseter muscles were dissected for histometric analyses. To investigate changes in masseter muscle activity by local
administration of Mst-siRNA/ATCOL complex, mouse masseter electromyography (EMG) was measured throughout the
experimental period via telemetry. After local application of the Mst-siRNA/ATCOL complex, masseter muscles were
enlarged, while no significant change was observed on the contralateral side. Histological analysis showed that myofibrils of
masseter muscles treated with the Mst-siRNA/ATCOL complex were significantly larger than those of the control side. Real-
time PCR analysis revealed a significant downregulation of Mst expression in the treated masseters of mCAV-3Tg mice. In
addition, expression of myogenic transcription factors was upregulated in the Mst-siRNA-treated masseter muscle, while
expression of adipogenic transcription factors was significantly downregulated. EMG results indicate that masseter muscle
activity in mCAV-3Tg mice was increased by local administration of the Mst-siRNA/ATCOL complex.

Conclusion: These data suggest local administration of Mst-siRNA/ATCOL complex could lead to skeletal muscle
hypertrophy and recovery of motor disability in mCAV-3Tg mice. Therefore, ATCOL-mediated application of siRNA is a
potential tool for therapeutic use in muscular atrophy diseases.
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Introduction

Small interfering RNA (siRNA) can degrade complementary

mRNA by RNA interference (RNAi), a process of sequence-

specific, posttranscriptional gene silencing active in plants and

animals [1,2]. Because the gene silencing effect of siRNA is potent

and sequence-specific, siRNA has been applied as a powerful tool

to suppress targeted gene expression and as a promising

therapeutic molecule against diseases, including cancer [3,4].

Due to safety issues, non-viral systems of siRNA delivery are

preferred [5,6]. Atelocollagen (ATCOL), a pepsin-treated type I

collagen lacking the telopeptides at the N and C terminals that

confer antigenicity, has been shown to efficiently deliver chemi-

cally unmodified siRNAs to metastatic tumors in vivo [7,8]. Based

on its practical use as an siRNA delivery platform, we previously

adapted an ATCOL-mediated oligonucleotide system to deliver a

myostatin-targeting siRNA into skeletal muscle and found that

local and systemic administration of myostatin-targeting siRNA

coupled with ATCOL led to a marked stimulation of muscle

growth in vivo within a few weeks [9,10]. However, possible

alterations of muscle function have not been investigated in these

studies.

Myostatin, also called growth differentiation factor 8 (GDF8), is

a member of the transforming growth factor-b (TGF-b) super-

family and its expression is almost exclusively restricted to the

skeletal muscle lineage [11]. Transgenic mice expressing myostatin
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containing a missense mutation showed a large and widespread

increase in skeletal muscle mass as a result of muscle hyperplasia

without hypertrophy [12]. Meanwhile, myostatin null mice

exhibited a two-fold increase in skeletal muscle mass compared

to controls, which results from both muscle hyperplasia and

hypertrophy [11,13]. The difference in muscle mass between the

dominant negative myostatin and null myostatin mice likely results

from inhibitory levels of endogenous myostatin proteins. There-

fore, myostatin downregulation may serve as a potentially

important mechanism for treating diseases associated with muscle

wasting, such as muscular dystrophy.

We previously demonstrated that myostatin inhibition induced

by overexpression of the myostatin pro-domain prevented

muscular atrophy and normalized intracellular myostatin signaling

in a mouse model of limb-girdle muscular dystrophy 1C

(LGMD1C) [14]. Furthermore, myostatin inhibition also sup-

pressed muscular atrophy in caveolin-3-deficient mice that

expressed a dominant-negative form of the caveolin-3 gene [14].

The aim of this study is to evaluate the effectiveness of ATCOL-

mediated local administration of myostatin-targeting siRNA into

skeletal muscles in LGMD1C model mice, and to evaluate this

method as a future treatment for muscular dystrophy. We

hypothesize that skeletal muscle behavior will be changed due to

the alteration of muscle mass and function induced by the local

administration of myostatin-targeting siRNA/ATCOL (Mst-

siRNA/ATCOL) into the skeletal muscles of LGMD1C model

mice.

Results

Effects of local administration of Mst-siRNA/ATCOL
complex in masseter muscles

Two weeks after injection of Mst-siRNA/ATCOL complex, we

dissected the muscle tissue and observed the gross morphology of

the masseter muscles. The Mst-siRNA/ATCOL-treated masseter

muscle was enlarged, while no significant change was observed on

the contralateral control side (Fig. 1A). The Mst-siRNA/ATCOL-

treated masseter muscles weighed significantly more than those

treated with scrambled (scr) -siRNA/ATCOL (p,0.01, n = 12,

Fig. 1B).

Histological analysis showed that the myofibril sizes of the Mst-

siRNA/ATCOL-treated masseter muscles were larger than those

of the contralateral muscles treated with control siRNA/ATCOL

(Fig. 1C). Examining the fiber sizes of 200 myofibers per group,

the population of fiber sectional area indicated a shift from smaller

to larger fibers in the Mst-siRNA/ATCOL-treated muscles. The

average cross-sectional area of muscle fiber treated with Mst-

siRNA/ATCOL was about 2.5 times larger than that of control

(p,0.01, n = 12), indicating muscle hypertrophy (Figure 1D). To

confirm that local administration of Mst-siRNA/ATCOL reduced

myostatin mRNA levels in the masseter muscles, we determined the

ratio of myostatin mRNA levels in the siRNA-treated muscle to

myostatin mRNA present in contralateral muscle. The average

treated/untreated ratio in the bilateral siRNA-treated muscles was

0.2360.35 (p,0.01, n = 12), representing a significant reduction

in myostatin mRNA (Fig. 1E).

To examine the effect of ATCOL-mediated local transfer of

Mst-siRNA on myogenic differentiation, the mRNA levels of the

transcription factors, MyoD, myogenin, PPARc and CEBPa were

estimated using real-time quantitative PCR (Fig. 2). Compared to

controls, Mst-siRNA/ATCOL-treatment significantly (p,0.01)

upregulated mRNA expression of the myogenic regulatory factors

MyoD and myogenin, which in turn promoted skeletal muscle

formation (Fig. 2A, B). Meanwhile, mRNA expression of CEBPa

and PPARc, adipogenesis transcription factors, were significantly

downregulated by local administration of the Mst-siRNA/

ATCOL complex, which may indicate a decrease in mesenchymal

lineage cell differentiation to adipocyte (p,0.01, Fig. 2C, D).

Electromyographic findings
Representative daily duty times of the masseter muscle of one

animal before Mst-siRNA/ATCOL complex administration, as

well as 1 and 2 weeks after Mst-siRNA/ATCOL complex

administration, are shown in figure 3A. In spite of the recording

time, duty times were highest for activities exceeding 5% of the

peak EMG and declined rapidly with increasing activity level.

Before Mst-siRNA/ATCOL complex administration, the average

duty time for activities exceeding 5% of the peak EMG level was

16.464.0% (Fig. 3B). At 1 week after the administration of Mst-

siRNA/ATCOL, the duty time showed a significant increase

(p,0.05, n = 4) to 29.0616.2% compared to before Mst-siRNA/

ATCOL administration (Fig. 3B). Furthermore, even at 2 weeks

after Mst-siRNA/ATCOL complex administration, the Mst-

siRNA/ATCOL-treated masseter muscle showed similar duty

time for activity exceeding 5% of the peak EMG level, which was

also significantly larger than the duty time before Mst-siRNA/

ATCOL administration (p,0.05, Fig. 3B). Meanwhile, the duty

times for activities exceeding 20% and 50% of the peak EMG level

of the myostatin-siRNA-treated masseter showed a slight but

insignificant increase compared to before Mst-siRNA/ATCOL

administration. Duty time levels for activities exceeding both 20%

and 50% were kept even at 2 weeks after Mst-siRNA/ATCOL

administration. On the other, the duty times, at various activity

levels, of the masseter muscle with scr-siRNA/ATCOL adminis-

tration revealed almost no changes through the experimental

period (Fig. 3B, C).

Discussion

Duchenne muscular dystrophy (DMD), an X-linked, recessive

disorder, is the most common and severe form of childhood

muscular dystrophy [15,16], which is caused by mutations in the

dystrophin gene [17,18]. It is a severe muscle wasting disorder that

affects 1/3500 male births [19]. The mdx mouse, a well-known

DMD model, has been used for previous studies of muscular

wasting disease. Linkage studies, absence of dystrophin, and

reduced levels of message indicate that the mutation in mdx mice

lies in the gene for dystrophin, the gene that is defective in DMD

[20]. However, these mice are characterized by early onset muscle

degeneration and very mild clinical disease. In mdx mice, the

disease is minimally progressive, and muscle fibrosis is absent

[20,21]. As a result, the mdx mouse likely exhibits insufficient

muscular dystrophy in both histological and functional aspects to

accurately model DMD [20,21]. By contrast, the mCAV-3Tg

mouse used in this study was developed as a limb girdle muscular

dystrophy 1C (LGMD1C) model [22]. The skeletal muscle

phenotype of this transgenic mouse showed severe myopathy,

with loss of caveolin-3, resulting in muscle fiber degeneration,

motor deficits and disability [14,22]. As the aim of this study is to

examine the effectiveness of ATCOL-mediated administration of

myostatin-targeting siRNA into skeletal muscles as a future

treatment remedy of muscular dystrophy, we chose the mCAV-

3Tg mouse as a muscle dystrophy model.

Our results show that the local administration of the Mst-

siRNA/ATCOL complex into the masseter muscle of the mCAV-

3Tg mouse induced an increase in muscle mass and an

enlargement of myofibril sizes, as shown previously in the masseter

muscles of wild type and mdx mice [9]. Zhu et al. [23] generated a

Myostatin-siRNA Therapy for Muscular Dystrophy
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dominant negative myostatin by introducing a mutation at the

cleavage site and reported that these mice exhibited a 20–35%

increase in muscle mass that resulted from myofiber hypertrophy

but not hyperplasia. Furthermore, mice fully null for myostatin

revealed a double increase in skeletal muscle mass compared to

normal muscle, resulting from both muscle hyperplasia and

hypertrophy [11,13]. Postnatal skeletal muscle growth is generally

ascribed to enlargement of existing muscle fibers rather than to

cellular proliferation [24]. Therefore, the increase in masseter

muscle mass induced by myostatin-siRNA administration might

result from myofiber hypertrophy. However, we also showed a

significant upregulation of MyoD and myogenin mRNA expression

after myostatin-siRNA application. MyoD, a protein with a key

role in regulating muscle differentiation, is known as one of the

earliest markers of myogenic commitment and is expressed in

activated satellite cells [25]. Satellite cells in skeletal muscle

proliferate and give rise to new myoblastic cells (i.e., immature

muscle cells) [24]. Magee et al. [26] demonstrated that in skeletal

muscle transfected with myostatin shRNA plasmid satellite cell

number was increased by over 2-fold. Therefore, the increased

masseter muscle mass we observed after myostatin-siRNA

administration may not only be a result of hypertrophy but

hyperplasia as well, although the increase in the number of fibers

in the masseter muscle is relatively small.

In the present study, histological analysis shows that the

masseter muscles of the CAV-3Tg mouse have increased

intramuscular connective tissue, although this is not adipose

tissue. A replacement of muscle mass by adipose cells is seen in

human DMD, in which the loss of viable myofibers is accompa-

nied by an expansion of adipose mass within the muscle [27].

Since intramuscular connective tissue is a potential contributor to

declining force production [28], muscle weakness in muscle

dystrophy diseases is correlated with the amount of intramuscular

connective tissue in the skeletal muscle. In contrast, myostatin-

siRNA-treated masseter muscles show lean tissue with a reduction

of intramuscular connective tissue. Furthermore, we also observed

a significant downregulation of CEBPa and PPARc mRNA

expression after Mst-siRNA application. CEBPa and PPARc are

critical transcription factors in adipogenesis [29,30]. Taken

together, our result indicates that in the masseter muscle of the

adipocytes with no inherent myogenic potential may be induced to

transdifferentiate into mature myoblasts by Mst-siRNA adminis-

tration, resulting in the replacement of intramuscular connective

tissue with muscle mass.

Skeletal muscles contain various fiber types with different

contraction velocities and fatigability characteristics [31]. These

fiber types can be classified as type I (slow-twitch) and type II (fast-

twitch) fibers on the basis of their predominant myosin heavy

chain isoform content [32]. The percentage of type I fibers has

been associated with the duty time of the muscle. For the jaw

system, it has been found that vertically directed muscles have a

larger amount of slow type fibers, which is probably related to

their effective action line for jaw closure, generation of occlusal

forces and continuation of a mandibular posture [32]. The amount

of force produced by skeletal muscles depends on the cross-

sectional area when the muscle length is constant [33]. Previously,

we investigated the fiber type composition and cross-sectional area

of the masseter and digastric muscles of rats and reported a clear

Figure 1. Local administration of Mst-siRNA/ATCOL complex causes an enlargement of the masseter muscle in the mCAV-3Tg
mouse. (A) Photographs of siRNA-treated muscles. The left muscle injected with the Mst-siRNA/ATCOL complex show a marked increase in muscle
mass compared to the right muscle injected with the control siRNA. (B) Average muscle weights. The muscle weight of the Mst-siRNA-treated
masseter muscle is significantly larger than that of the control muscle. (C) Hematoxylin and eosin staining of the control and Mst-siRNA-treated
masseter muscles. Scale bars = 50 mm. (D) Average cross-sectional areas. The sectional area of fiber is significantly larger in the Mst-siRNA-treated
masseter muscle than in the control. (E) The ratio of the amount of myostatin mRNA for the masseter muscles. The mRNA expression level in the Mst-
siRNA-treated masseter muscle is significantly higher than that in the control masseter muscle. Graphed data are expressed as mean 6 SD. ** p,0.01,
n = 12.
doi:10.1371/journal.pone.0064719.g001
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heterogeneity in their fiber characteristics [34], consistent with

their daily muscle activities recorded by a telemetric EMG

recording system [35]. In the present study, to investigate changes

in masseter muscle activity after local administration of Mst-

siRNA, we measured mouse masseter EMG by a telemetry system.

We found that the amount of masseter muscle activity (duty time)

in mCAV-3Tg mice was increased by local administration of Mst-

siRNA/ATCOL complex irrespective of muscle activity levels.

This implies that masseter muscle strength in mCAV-3Tg mice

was enhanced through the enlargement of myofiber sizes,

indicating a change in muscle fiber type composition. To evaluate

the fiber-type transition in the masseter muscle induced by Mst-

siRNA application, more studies should be conducted in the

future.

It was concluded that atelocollagen-mediated local administra-

tion of myostatin-siRNA could lead to masseter muscle hypertro-

phy and subsequent enhancement of muscular strength in a

muscle atrophy disease mouse model (mCAV-3Tg). These results

suggest that atelocollagen-mediated application of siRNA is a

potential therapeutic tool for future use in treating diseases

including muscular atrophy.

Materials and Methods

Experimental animals
Sixteen, 24 to 28-week-old mutant caveolin-3 transgenic

(mCAV-3Tg) mice, an animal model for muscular dystrophy,

were used for the experiments. Mice were kept at a constant

ambient temperature (22–24uC) under a constant day-night

rhythm and fed on a solid diet ad libitum. The experimental

protocol described below was approved by the Ethical Committee

of the University of Tokushima (Permit number: 21-55).

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

Synthetic 21-nt RNAs were purchased from Koken Co., Ltd.

(Tokyo, Japan). The sequences of the siRNAs used are as follows:

mouse GDF-8 (myostatin) - 59-AAGAUGACGAUUAUCACG-

CUA-39 and 39-UUCUACUGCUAAUAGUGCGAU-59; scram-

bled control - 59-AUCGAAUAACCGUAACGUUGA-39 and 39-

UAGCUUAUUGGCAUUGCAACU-59. The siRNAs and the

ATCOL complexes were prepared as follows. Equal volumes of

ATCOL and siRNA solution (siRNA and 16siRNA buffer,

10 mM final concentration) were combined and mixed by

pipetting.

Figure 2. Effect of local administration of the Mst-siRNA/ATCOL complex on the gene expression levels of MyoD, myogenin, PPARc
and CEBPa. The expression levels were first calculated as a ratio to GAPDH expression levels. Subsequently, the ratios of these genes were averaged
to give the mean values indicated in the graphs. The data are expressed as the mean 6 SD. ** p,0.01, n = 12. (A) MyoD, (B) Myogenin, (C) PPARc, (D)
CEBPa.
doi:10.1371/journal.pone.0064719.g002

Myostatin-siRNA Therapy for Muscular Dystrophy

PLOS ONE | www.plosone.org 4 May 2013 | Volume 8 | Issue 5 | e64719



For local administration, the Mst-siRNA/ATCOL complex

(100 ml) was introduced into masseter muscles of mCAV-3Tg

mice. As a control, the scrambled (scr)-siRNA/ATCOL complex

was introduced into contralateral masseter muscles.

Histometric analysis
The masseter muscle tissues were dissected 2 weeks after Mst-

siRNA/ATCOL complex administration. These tissues were

frozen in liquid nitrogen-cooled isopentane and sectioned trans-

versely (6 mm) using a cryostat (Leica Microsystems). Frozen

sections were stained with hematoxylin eosin and fiber sizes were

determined by measuring the area of each transversal myofiber

per a fixed area. Approximately 100 myofibers were measured for

each tissue sample (about 6–8 fields for each tissue section).

Real- time quantitative RT-PCR analysis
Total RNA was extracted from the masseter muscle, and

reverse transcribed. Transcript levels of myostatin were measured

using Applied Biosystems 7500 Real time PCR System with SYBR

Premix Ex Taq. The specific primers used were as follows: mouse

myostatin, 59-CAGCCTGAATCCAACTTAGG-39 and 39-

CTGAAACCCGAACTGACGCT-59; myoD, 59-

GCGTGCAAGCGCAAGACCAC-39 and 39-GATGCGTG-

GACCTGGCGACG-59; myogenin, 59-CATGGTGCCCAGT-

GAATGCAACTC-39 and 39-ACCTGTCGTAGTGC-

CACCTCCTAT-59; PPARc, 59-

TCAGGCTTCCACTATGGAGTTCA-39 and 39-ACTTCC-

TACGTTCC CAAAAAAG-59; CEBPa, 59-CGGGCAAAGC-

CAAGAA GTC-39 and 39-TCGTTGCTCATGGCCCATGC-

59; b-actin, 59-CCCTCACGCCATCCTGCGTC-39 and 39-

CGTCCTCTACCGGTGACGGC-59

Telemetric system
Masseter muscle activity was recorded in freely moving animals

by a telemetric recording system as applied in previous studies

[36–39]. Briefly, bipolar electrodes (diameter: 0.45 mm) were

connected to implantable 2-channel transmitters for biopotential

recording (TL11M2-F20-EET, Data Sciences International [DSI],

St. Paul, MN, USA). The distance between the 2 tips of the bipolar

electrodes was 1 mm, and the effective electrode tip length was

5 mm. For the implantation of this device, each animal (n = 4,

24,28-week-old) was anesthetized with intra-abdominal injections

of sodium pentobarbital at a dose of 50 mg/g body weight. The

transmitter was implanted in the shoulder area, and the two pairs

of bipolar electrodes were subcutaneously led to an incision in the

right submandibular region. From there, the bipolar electrodes

were inserted into the center of the bilateral superficial masseter

muscles, and sutured to the muscle surface to prevent them from

dislodging. These procedures were done under sterile conditions.

From 1 week after recovery of the surgery onwards, muscle

activities were continuously recorded over 4 days. The first

recording served as a control. Thereafter, the Mst-siRNA/

ATCOL complex was locally introduced into masseter muscles.

Six and 13 days after local administration of Mst-siRNA/ATCOL

complex, muscle activities were recorded for 4 consecutive days,

respectively. After the recording period, the animals were

sacrificed with an overdose of sodium pentobarbital and the

electrode locations were verified by dissection.

Figure 3. Daily duty times of the masseter muscles before and 1 and 2 weeks after Mst-siRNA/ATCOL complex administration. (A)
The duty times, at various activity levels, of right masseter muscle in one animal before and 1 and 2 weeks after Mst-siRNA/ATCOL administration. (B)
The duty times of the masseter muscle at exceeding 5, 20 and 50% of the peak activity level. At 1 and 2 weeks after local administration of Mst-siRNA,
the duty times are significantly larger than before administration, while the duty times of the scr-siRNA-treated masseter muscle reveals no or less
changes. * p,0.05, n = 4. (C) The duty times, at various activity levels, of left masseter muscle in one animal before and 1 and 2 weeks after scr-siRNA/
ATCOL administration.
doi:10.1371/journal.pone.0064719.g003
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In the device, the biopotentials were filtered (1st-order low-pass

filter, 158 Hz) and sampled (250 Hz) on the input of each channel.

The transmitted data were then collected by a receiver (RPC-1,

DSI) placed under the cage. The signals were stored onto a

personal computer hard disk, using the Dataquest A.R.T. data

acquisition system (DSI).

Muscle activity analysis
The method of analysis was similar to that performed previously

[35,39]. Briefly, muscle activities recorded for a 24-hour period

were visualized using Spike2 software (Cambridge Electronic

Design (CED), Cambridge, UK) and analyzed. After motion

artifacts had been removed (5 Hz high-pass filter), the signal was

rectified and averaged (20 ms window, i.e. 5 samples). To

eliminate possible artifacts the 0.001% of the samples (about 43

samples) with the largest amplitudes was excluded. The peak in

each of the EMG recordings was defined as the largest of the

99.999% remaining samples indicating the maximum activity for

that day and was used for normalization. Activity levels were

expressed as percentages of this peak EMG activity [35,39]. Daily

muscle use was characterized by means of the total duration of

muscle activity (duty time), which were determined for muscle

activities exceeding 5, 20, and 50% of the day’s peak activity. A

burst was defined as a series of consecutive samples exceeding the

aforementioned activity levels [35,39]. Note that the duty time for

activations exceeding a certain level includes the duty times for

activations exceeding all higher levels. Duty time exceeding the

5% level was assumed to represent the overall muscle use

including all levels and types of muscle activities. Muscle activity

exceeding 50% of the peak EMG level was considered as a

representative for the most forceful muscle usage.

Statistical analysis
All data are expressed as means 6 standard deviation (SD). The

daily duty time was averaged for each activity level. Analysis of

variance (ANOVA) was used to monitor for significant differences

in daily duty time exceeding 5%, 20% and 50% levels. If the

ANOVA was significant, the Boneferroni/Dunn procedure was

used as a post-hoc test. Data from real-time PCR and

morphometric analyses were subjected to an unpaired Student’s

t-test. A P-value of 0.05 or less was considered statistically

significant.

Author Contributions

Conceived and designed the experiments: EK N. Kinouchi SN ET.

Performed the experiments: EK N. Kawai N. Kinouchi HM NI YS.

Analyzed the data: EK N. Kawai HM YO SN ET. Contributed reagents/

materials/analysis tools: SN. Wrote the paper: EK SN ET.

References

1. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, et al. (1998) Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.

Nature 391: 806–811.

2. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, et al. (2001)
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured

mammalian cells. Nature 411: 494–498.

3. Lares MR, Rossi JJ, Ouellet DL (2011) RNAi and small interfering RNAs in

human disease therapeutic applications. Trends Biotechnol 28: 570–579.

4. Phalon C, Rao DD, Nemunaitis J (2010) Potential use of RNA interference in
cancer therapy. Expert Rev Mol Med 12:e26.

5. Akhtar S, Benter I (2007) Toxicogenomics of non-viral drug delivery systems for
RNAi: potential impact on siRNA-mediated gene silencing activity and

specificity. Adv Drug Deliv Rev 59: 164–182.

6. Tagami T, Suzuki T, Matsunaga M, Nakamura K, Moriyoshi N, et al. (2012)
Anti-angiogenic therapy via cationic liposome-mediated systemic siRNA

delivery. Int J Pharm 422: 280–289.

7. Takeshita F, Minakuchi Y, Nagahara S, Honma K, Sasaki H, et al. (2005)

Efficient delivery of small interfering RNA to bone-metastatic tumors by using
atelocollagen in vivo. Proc Natl Acad Sci USA 102: 12177–12182.

8. Takeshita F, Ochiya T (2006) Therapeutic potential of RNA interference against

cancer. Cancer Sci 97: 689–696.

9. Kinouchi N, Ohsawa Y, Ishimaru N, Ohuchi H, Sunada Y, et al. (2008)

Atelocollagen-mediated local and systemic applications of myostatin-targeting
siRNA increase skeletal muscle mass. Gene Ther 15: 1126–1130.

10. Kawakami E, Kinouchi N, Adachi T, Ohsawa Y, Ishimaru N, et al. (2011)

Atelocollagen-mediated systemic applications of myostatin-targeting siRNA

improve the muscular atrophy of caveolin-3-deficient mice. Dev Growth Differ
53: 48–54.

11. McPherron AC, Lawler AM, Lee SJ (1997) Regulation of skeletal muscle mass in

mice by a new TGF-beta superfamily member. Nature 387: 83–90.

12. Nishi M, Yasue A, Nishimatu S, Nohno T, Yamaoka T, et al. (2002) A missense

mutant myostatin causes hyperplasia without hypertrophy in the mouse muscle.
Biochem Biophys Res Commun 293: 247–251.

13. Lee SJ, McPherron AC (2001) Regulation of myostatin activity and muscle

growth. Proc Natl Acad Sci USA 98: 9306–9311.

14. Ohsawa Y, Hagiwara H, Nakatani M, Yasue A, Moriyama K, et al. (2006)

Muscular atrophy of caveolin-3-deficient mice is rescued by myostatin inhibition.
J Clin Invest 116: 2924–2934.

15. O’Brien KF, Kunkel LM (2001) Dystrophin and muscular dystrophy: past,

present, and future. Mol Genet Metab 74: 75–88.

16. Moxley RT III, Ashwal S, Pandya S, Connolly A, Florence J, et al. (2005)

Practice parameter: corticosteroid treatment of Duchenne dystrophy: report of
the Quality Standards Subcommittee of the American Academy of Neurology

and the Practice Committee of the Child Neurology Society. Neurology 64: 13–
20.

17. Bulfield G, Siller WG, Wight PA, Moore KJ (1984) X chromosome-linked

muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci USA 81: 1189–

1192.

18. Yoshimura M, Sakamoto M, Ikemoto M, Mochizuki Y, Yuasa K, et al. (2004)
AAV vector-mediated microdystrophin expression in a relatively small

percentage of mdx myofibers improved the mdx phenotype. Mol Ther 10:
821–828.

19. Deconinck N, Dan B (2007) Pathophysiology of duchenne muscular dystrophy:

current hypotheses. Pediatr Neurol 36: 1–7.

20. Cooper BJ (1989) Animal models of Duchenne and Becker muscular dystrophy.

Br Med Bull 45: 703–718.

21. Tinsley JM, Davies KE (1993) Utrophin: a potential replacement for dystrophin?
Neuromuscul Disord 3: 537–539.

22. Sunada Y, Ohi H, Hase A, Ohi H, Hosono T, et al. (2001) Transgenic mice

expressing mutant caveolin-3 show severe myopathy associated with increased

nNOS activity. Hum Mol Genet 10: 173–178.

23. Zhu X, Hadhazy M, Wehling M, Tidball JG, McNally EM (2000) Dominant
negative myostatin produces hypertrophy without hyperplasia in muscle. FEBS

Lett 474: 71–75.

24. Paul AC, Rosenthal N (2002) Different modes of hypertrophy in skeletal muscle

fibers. J Cell Biol 156: 751–760.

25. Megeney LA, Kablar B, Garrett K, Anderson JE, Rudnicki MA (1996) MyoD is
required for myogenic stem cell function in adult skeletal muscle. Genes Dev 10:

1173–1183.

26. Magee TR, Artaza JN, Ferrini MG, Vernet D, Zuniga FI, et al. (2006) Myostatin
short interfering hairpin RNA gene transfer increases skeletal muscle mass.

J Gene Med 8: 1171–1181.

27. Emory AEH (1988) Duchenne Muscular Dystrophy. Oxford Univ. Press, 2nd,

Oxford.

28. Yoshida Y, Marcus RL, Lastayo PC (2012) Intramuscular adipose tissue and
central activation in older adults. Muscle Nerve 46: 813–816.

29. Hu E, Tontonoz P, Spiegelman BM (1995) Transdifferentiation of myoblasts by

the adipogenic transcription factors PPARc and C/EBPa. Proc Natl Acad Sci

USA 92: 9856–9860.

30. Rosen ED, Hsu CH, Wang X, Sakai S, Freeman MW, et al. (2002) C/EBPa
induces adipogenesis through PPARgamma: a unified pathway. Genes Dev 16:

22–26.

31. Bottinelli R, Canepari M, Pellegrino MA, Reggiani C (1996) Force-velocity

properties of human skeletal muscle fibres: myosin heavy chain isoform and
temperature dependence. J Physiol 495: 573–586.

32. Korfage JA, Koolstra JH, Langenbach GE, van Eijden TM (2005) Fiber-type

composition of the human jaw muscles–(part 1) origin and functional
significance of fiber-type diversity. J Dent Res 84: 774–783.

33. Maughan RJ, Watson JS, Weir J (1983) Strength and cross-sectional area of

human skeletal muscle. J Physiol 338: 37–49.

34. Sano R, Tanaka E, Korfage JAM, Langenbach GEJ, Kawai N, et al. (2007)

Heterogeneity of fiber characteristics in the rat masseter and digastric muscles.
J Anat 211: 464–470.

35. Kawai N, Tanaka E, Langenbach GEJ, van Wessel T, Brugman P, et al. (2007)

Daily jaw muscle activity in freely moving rats measured with radio-telemetry.

Eur J Oral Sci 115: 15–20.

Myostatin-siRNA Therapy for Muscular Dystrophy

PLOS ONE | www.plosone.org 6 May 2013 | Volume 8 | Issue 5 | e64719



36. Langenbach GE, van Ruijven LJ, van Eijden TM (2002) A telemetry system to

chronically record muscle activity in middle-sized animals. J Neurosci Methods

114: 197–203.

37. Kawai N, Tanaka E, Langenbach GEJ, van Wessel T, Sano R, et al. (2008) Jaw

muscle activity changes after the induction of osteoarthrosis in the temporo-

mandibular joint by mechanical loading. J Orofac Pain 22: 153–162.

38. Kawai N, Sano R, Korfage JAM, Nakamura S, Kinouchi N, et al. (2010)

Adaptation of rat jaw muscle fibers in postnatal development with a different
food consistency: an immnohistochemical and EMG study. J Anat 216: 717–

723.

39. van Wessel T, Langenbach GEJ, Korfage JAM, Brugman P, Kawai N, et al.
(2005) Fiber type composition of rabbit jaw muscles is related to their daily

activity. Eur J Neurosci 22: 2783–2791.

Myostatin-siRNA Therapy for Muscular Dystrophy

PLOS ONE | www.plosone.org 7 May 2013 | Volume 8 | Issue 5 | e64719


