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Delivery of small interfering RNA with a synthetic collagen
poly(Pro-Hyp-Gly) for gene silencing in vitro and in vivo

Taro Adachi,’ Emi Kawakami,2 Naozumi Ishimaru,® Takahiro Ochiya,*
Yoshio Hayashi,® Hideyo Ohuchi,’ Masao Tanihara,® Eiji Tanaka® and

Sumihare Noji'*

"Department of Life Systems, Institute of Technology and Science, The University of Tokushima Graduate School, 2-1
Minami-Jyosanjima; 2Department of Orthodontics and Dentofacial Orthopedics, Institute of Health Bioscience, The
University of Tokushima Graduate School, 3-18-15 Kuramotocho; 3Department of Oral Molecular Pathology, Institute of
Health Biosciences, University of Tokushima Graduate School, Kuramotocho, Tokushima 770-8504; “National Cancer
Center Research Institute, Chuo-ku, Tokyo 104-0045; °Graduate School of Materials Science, Nara Institute of Science

and Technology, lkoma, Nara 630-0192, Japan

Silencing gene expression by small interfering RNAs (siRNAs) has become a powerful tool for the genetic analy-
sis of many animals. However, the rapid degradation of siRNA and the limited duration of its action in vivo have
called for an efficient delivery technology. Here, we describe that siRNA complexed with a synthetic collagen
poly(Pro-Hyp-Gly) (SYCOL) is resistant to nucleases and is efficiently transferred into cells in vitro and in vivo,
thereby allowing long-term gene silencing in vivo. We found that the SYCOL-mediated local application of
siRNA targeting myostatin, coding a negative regulator of skeletal muscle growth, in mouse skeletal muscles,
caused a marked increase in the muscle mass within a few weeks after application. Furthermore, in vivo admin-
istration of an anti-luciferase siRNA/SYCOL complex partially reduced luciferase expression in xenografted
tumors in vivo. These results indicate a SYCOL-based non-viral delivery method could be a reliable simple

approach to knockdown gene expression by RNAI in vivo as well as in vitro.

Key words: delivery, myostatin, RNAIi, siRNA, synthetic collagen.

Introduction

Induction of RNA interference (RNAJ) by small interfer-
ing RNA (siRNA) is a useful method for knocking down
molecular targets specifically (Tiemann & Rossi 2009).
However, there exists a delivery problem: The siRNA
alone can not be transported across cell membranes
to the cytosol, due to its large molecular weight
(~13 kDa) and strong anionic charge of the siRNA
phosphodiester backbone (~40 negative phosphate
charges) (Behlke 2006). Consequently, carrier develop-
ment for siRNA delivery has been one of the most
important problems to solve before siRNA can achieve
widespread basic and. clinical use. Multiple nonviral
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delivery systems have been introduced so far in order
to deliver siRNA efficiently including chemical modifica-
tion of siRNA, cationic polymers, cationic lipids, cell-
penetrating peptide, and targeted delivery (for review,
see (Kim & Kim 2009; Kim et al. 2009)). Several prom-
ising carriers with low toxicity and increased specificity
for target cells or tissues have emerged for siRNA-
based experiments (Kim et al. 2009).

One of the promising carriers for effective gene
silencing in vitro and in vivo is Atelocollagen (ATCOL)
(Minakuchi et al. 2004), which is a highly purified pep-
sin-treated type | collagen from calf dermis. ATCOL
obtained by pepsin treatment is low in immunogenicity
because it is free from telopeptides (Stenzel et al.
1974), and it has been used clinically for a wide range
of purposes, including wound-healing, vessel prosthe-
sis and also as a bone cartilage substitute and hemo-
static agent (Ochiya etal 2001). We previously
showed that when siRNA targeting myostatin, coding
a negative regulator of skeletal muscle growth, was
introduced locally or systemically into mouse skeletal
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muscles with ATCOL, the muscle mass markedly
increased within a few weeks after application (Kinouchi
et al. 2008). However, delivery mechanisms of siRNA by
ATCOL in cells have not been elucidated yet.

In the present study, to find collagen structures
essential for siRNA delivery, we examined whether a
simple synthetic collagen (SYCOL) functions similarly
as ATCOL. As a simple collagen-model peptide, we
used a synthesized collagen poly(Pro-Hyp-Gly) which
forms a stable triple-helical structure (Kishimoto et al.
2005), because Pro-Hyp-Gly is a characteristic amino
acid sequence found in fibrous collagens. We sus-
pended siRNA in a solution of poly(Pro-Hyp-Gly) which
is sterilized by an electron beam and observed its
effect on expression of target genes in vitro and
in vivo. We found that the siRNA/SYCOL complex
solution has a gene silencing activity in culture cells,
mouse muscles, and xenografted tumors. Thus, we
concluded that even a simple synthetic collagen can
deliver siRNA into cells in vivo and in vitro.

Materials and methods

Collagens

In vivo siRNA transfection kit of AteloGene for systemic
use containing Atelocollagen (ATCOL) (concentration
0.1%) or for local use (ATCOL concentration 1%) was
purchased from KOKEN and used according to the
manufacturer’s instructions. We obtained a synthetic

collagen poly(Pro-Hyp-Gly) (SYCOL), molecular weights .

greater than 10° made by polycondensation of Pro-
Hyp-Gly as a gift by Chisso, which was sterilized by
imadiation of an electron beam (40KG) for 2 min
(Sanshodoh).

Preparation of siRNA

Synthetic 21-nt RNAs were purchased from KOKEN.
The sequences of the mouse growth differentiation
factor (DGF)-8 (myostatin) siRNA are 5-AAGAUGACG-
AUUAUCACGCUA-3" and 3-UUCUACUGCUAAUAG-
UGCGAU-5".

The control sequences of scramble siRNA are 5’-AU-
CGAAUAACCGUAACGUUGA-3" and 3’-UAGCUUAU-
UGGCAUUGCAACU-5'. The control siRNA duplex and
Firefly luciferase GL3 siRNA duplex were purchased
from Nippon gene.

Formation of siRNA/synthetic collagen complex

The siRNAs and the collagen complexes were
prepared as follows. Equal volumes of collagen (in

© 2010 The Authors

phosphate buffered saline (PBS) at pH 7.4) and
siRNAs solution were combined and mixed by vigor-
ous pipetting. The final concentration of the collagen
was 0.08%. The complex was then kept at 4°C for
16 h before use.

Stability tests of siRNA/collagen complex

An aliquot of 0.9 pg of siRNAs (luciferase GL3 duplex)
complexed with lipofectamin 2000 (Invitrogen), ATCOL
(concentration 0.5%), ATCOL (0.05%) or SYCOL
(0.03%) was incubated in the presence of 0.1 pug/ulL
RNase A (Nippon gene) for O, 5, 15, 30, 45 and
60 min at 37°C. The siRNAs were extracted from the
reaction solution with phenol and phenol/chloro-
form/isoamyl alcohol (25:24:1). Then, the siRNAs were
precipitated with ethanol and polyacrylamide gel elec-
trophoresed (25%) and visualized by ethidium bromide
staining.

Cell lines

B16-F10-luc-G5 melanoma cells continuously express-
ing luciferase (Xenogen) were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% heat-inacti-
vated fetal bovine serum (FBS) and Zeocin (0.2
mg/mL) at 37°C in a humidified atmosphere of 5%
COs.

Synthetic collagen-mediated siRNA transfer

The siBRNA/SYCOL (0.03%) complexes were prefixed
to a 24 well plate (10-173 pmol siRNA/50 pl/well)
according to the method described previously (Mina-
kuchi et al. 2004). The cultured cells were plated into
the complex-prefixed 24 well plate at 3.5x 10*
B16-F10-luc-G5 melanoma cells/well and the effects
of siRNA transfer were then measured by a luciferase
assay. The cationic liposome-mediated transfer of
siRNA was performed as described by the manufacturer
(Invitrogen).

Luciferase assays

For luciferase-based reporter gene assays, B16-F10-
luc-G5 cells were used. The cells were collected by
trypsinization and plated in the 24-well dishes for
siRNA transfection. SYCOL- or ATCOL-mediated or
conventional transfection of siRNAs into cells was per-
formed in accordance with the manufacturer’s instruc-
tions. Cells were lysed (n = 3) on day 2 and analyzed
for luciferase activity (Microplate reader Model 680;
Bio-Rad).

Journal compilation © 2010 Japanese Society of Developmental Biologists
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Effects of SYCOL-mediated local transfer of siRNA
against myostatin in muscles

siRNAs against Myostatin (final concentration, 10 pM)
were mixed with SYCOL (final concentration for local
administration, 0.03%) or ATCOL (0.05%) according to
the manufacturer’'s instructions. After anesthesia of
mice (20-week-old male C57BL/6) by Nembutal
(25 mgrkg, i.p.), the myostatin siRNA/SYCOL (myosta-
tin-siRNA/SYCOL) complex was injected into the mas-
seter on the left side. As a control, scrambled
siRNA/SYCOL complex was injected into the contra-
lateral (right) muscles. After 2 weeks, the muscles on
both sides were isolated and processed for analysis.

Real-time quantitative RT-PCR

Total RNA was extracted from the masseter muscle,
and reverse transcribed. Transcript levels of myostatin
were measured using DNA Engine OPTICON system
(Bio-Rad) with SYBR Premix Ex Tag (Takara Shuzo).
The specific primers used were as follows; 5-CAG
CCT GAA TCC AAC TTA GG-3 (Forward primer,
region 758), 3'-TCG CAG TCA AGC CCA AAG TC-5
(Reverse Primer, region 905).

Monitoring luciferase inhibition in vivo with
bioluminescent imaging

B16-F10-luc-G5 cells were subcutaneously injected
(1 x 10° cells/100 pL) into athymic nude mice inferior
ophthalmic vein of right eye. Seven days later, 200 pL
of each solution containing luciferase GL3 siRNA/AT-
COL (0.05%), luciferase GL3 siRNA/SYCOL (0.03%),
SYCOL alone, or luciferase GL3 siRNA alone was
injected into the mouse inferior ophthalmic vein of the
left eye. For in vivo imaging, D-luciferin (150 mg/kg;
WAKO) was injected into the mouse inferior ophthal-
mic vein of the right eye. Fifteen minutes later, photons
from animal whole bodies were counted by using the
IVIS imaging system (Xenogen) according to the manu-
facturer's instructions. Data were analyzed by using
LIVINGIMAGE 2.50 software (Xenogen). A successful
injection was indicated by day O images that showed
a systemic bioluminescence distributed throughout the
animal, and only those mice evidencing a satisfactory
injection were used in the continued experiment. The
siRNA/SYCOL and siRNA/ATCOL effects were moni-
tored after 3 days in vivo by bioluminescent imaging.
Tumor growth was not affected by these treatments.
For preparing the siRNA/SYCOL complex, an equal
volume of SYCOL (0.06% in distilled water at pH 5.6)
and siRNA solution was combined and mixed by rotat-
‘ing for 20 min at 4°C. For preparing the sIRNA/ATCOL

complex, equal volumes of ATCOL (0.1% in siRNA
buffer by KOKEN) and siRNA solution were combined
and mixed by rotating for 20 min at 4°C. The siRNAs
or their complexes were directly injected into the
mouse inferior ophthalmic vein of the left eye. The final
concentrations of SYCOL and ATCOL were 0.03%
and 0.05%, respectively. The siRNA concentration
used in the liposome experiments was 4 nmol/mouse
equivalent to that used in the SYCOL or ATCOL
experiments. In vivo bioimaging was conducted on a
cryogenically cooled VIS system (Xenogen) using Liv-
ingimage acquisition and analysis software (Vooijs
et al. 2002).

Statistical analysis

The results are given as means + standard error (SE).
Statistical analysis was conducted using the analysis
of variance with the Bonferroni correction for multiple
comparisons. A P-value of 0.05 or less was consid-
ered to indicate a significant difference.

Results

In vitro delivery of siRNA with a synthetic collagen
poly(Pro-Hyp-Gly)

In the case of Atelocollagen (ATCOL), it has been
reported that the siRNA (luciferase GL3 duplex)/ATCOL
complex shows resistance to degradation of siRNA in
the presence of RNase A (Minakuchi et al. 2004). To
examine whether a synthetic collagen poly(Pro-
Hyp-Gly) (SYCOL) can block degradation of siRNA
(luciferase GL3 duplex) from the RNase, siRNA/SYCOL
complex solution was incubated in the presence of the
RNase (0.1 pg/pL) for 0, 5, 15, 30, 45 and 60 min at
37°C. For comparison, the same experiment was car-
ried out with naked siRNA, siRNA/liposome complex
and siRNA/ATCOL complex. Results obtained by poly-
acrylamide gel electrophoresis (PAGE) are shown in
Fig. 1, where the siRNA/SYCOL (0.03%) complex
showed partial resistance to degradation of siRNA by
the RNase, similarly to the SIRNA/ATCOL (0.05%)
complex, although the SYCOL complex (0.03%) was
less resistant than the siRNA/ATCOL (a high concen-
tration 0.5%) and the liposome complex. We attempted
to perform the same experiments in higher concentra-
tions of SYCOL. However, since heavy precipitation in
a stock solution of SYCOL was observed in a higher
concentration than 0.06%, we could not estimate the
resistance in higher concentration than 0.03%.

Next, we compared the efficiency of the SYCOL-
mediated transfer activity with that of the ATCOL-med-
iated one. To examine whether SYCOL has an activity

© 2010 The Authors
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Fig. 1. A synthetic collagen poly(Pro-Hyp-Gly) (SYCOL) protects
degradation of small interfering RNA (siRNA) (luciferase GL3
duplex) by RNase A. (A) siRNA (luciferase GL3 duplex)/liposome,
siRNA/Atelocollagen (ATCOL) (0.5%), siRNA/ATCOL (0.05%),
siRNA/SYCOL (0.03%) complexes or naked siRNA were
incubated in the presence of RNase A for 0, 5, 15, 30, 45 and
60 min at 37°C and then polyacrylamide gel electrophoresed.
Ethidium bromide staining revealed the presence of siRNA. (B)
siRNA survival ratio (0 min, 5 min, 15 min, 30 min, 45 min or
60 min/0 min  of fluorescence ratio) of RNA fragment
fluorescence emitted from electrophoretic gels. Software of
Imaged (NIH, USA) was used for measurement of fluorescence
intensity.

of siRNA delivery into cells, we used a luciferase repor-
ter gene system in B16-F10-luc-G5 melanoma cells,
which continuously expresses Iuciferase (luc) as a well-
characterized target of siRNA. In this culture system,
the siRNA (luciferase GL3 duplex)/SYCOL complex
was pre-coated on a micro-well plate on which the
cells were then seeded (Minakuchi et al. 2004). Using
a luc assay, photon emission was detected as photon
counts by a luminometer. The photon counts decrease
when the cells were treated with the siRNA against luc
complexed with the SYCOL as well as with ATCOL or

© 2010 The Authors

[ Luciterase sinna

(10°)
B Scramble siRNA

5 * *
s e No siRNA
g4 u
2
i"— 3
5
g2
§

é 1

0 sIRNA/ sIRNA/ATCOL  sIRNA/SYCOL siRNA sycoL

liposome alone alone (n=3)

Fig. 2. A synthetic collagen poly(Pro-Hyp-Gly) (SYCOL) can
transfer siRNA into cells. The luciferase siRNA duplexes were
transfected into the B16-F10-luc-G5 melanoma cells to measure
inhibitory effects on luciferase production of B16-F10-luc-G5
melanoma cells. Luciferase activity was measured at day 2 after
transfection of siRNA/liposome, SiRNA/ATCOL, siRNA/SYCOL
complexes, naked siRNA or SYCOL (0.03%) solutions. White
bar, luciferase siRNA; Black bar, scramble siRNA; Striped pattern
bar, no siRNA.

with a liposome (Fig. 2), while no significant difference
was observed in the presence of either siRNA (lucifer-
ase GL3 duplex) against luc alone or SYCOL alone
(Fig. 2). These data indicated that the siRNA/SYCOL
complex was incorporated into the cells and the siRNA
can knockdown the luc expression as efficiently as in
the presence of ATCOL or the conventional liposome.
Taken together, these data showed that SYCOL can
protect siRNA against RNase A and that the siRNA/
SYCOL complex was able to exhibit a gene silencing
effect in vitro as efficiently as the siRNA/ATCOL com-
plex.

Effects of SYCOL-mediated local transfer of siRNA
against myostatin in muscles

As one of the practical platforms for siRNA delivery,
we previously adopted an ATCOL-mediated siRNA
delivery system to apply myostatin-targeting siRNA into
muscles and demonstrated that local or systemic
applications of siRNA against myostatin complexed
with  ATCOL markedly stimulated muscle growth
in vivo within a few weeks (Kinouchi et al. 2008). In
order to compare efficiency of the local transfer of
siRNA into muscles between SYCOL and ATCOL
complexes, we performed the same experiments
with SYCOL instead of using ATCOL, as reported
previously (Kinouchi et al. 2008). We prepared the
nano-particle complex containing the siRNA against
myostatin (10 uM) and SYCOL. Then, we injected the
myostatin-siRNA/SYCOL complex into the masseter
muscle of 20-week-old C57BL/6 mice. As a control,
we injected scrambled siRNAs/SYCOL complex in the
contralateral muscle. Two weeks after injection, we

Joumal compilation © 2010 Japanese Society of Developmental Biologists
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(A)

(B)
Fig. 3. Local treatment of myostatin-
siRNA/synthetic  collagen  poly(Pro-
Hyp-Gly) (SYCOL) makes the
masseter muscle large in mice.
Myostatin-siRNA/SYCOL  treatment
improves myofibril size in C57BL/6
mice. (A) Photographs of the
muscles. The masseter muscles
injected intramuscularly  with  the
myostatin-siRNA/SYCOL ~ complex
show a marked increased muscle (©
mass in 20-week-old C57BL/6 mice. 180 7
(B) Hematoxylin and eosin staining of 1
the control and myostatin-siRNA/ 140 -
SYCOL-treated masseter muscles.
Muscles were cut to make frozen
sections (5 pm thickness) at the mid-
belly of the muscle and stained.
Scale bar, 50 um. (C) Average values
of weights (left) and myofibril sizes
(center), and the ratio of the amount
of myostatin mRNA (right) for the
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masseter muscles. White bar, control
muscles; Black bar, myostatin-
siRNA/SYCOL-treated muscles.

observed gross morphology of the muscles and dis-
sected the muscle tissues. After injection of the myost-
atin-siRNA/SYCOL complex, the masseter muscle (on
the left side) was enlarged, while no significant change
was observed on the contralateral side (Fig. 3A). Histo-
logical analysis showed that the myofibril sizes of
the masseter muscles treated with the myostatin-siR-
NA/SYCOL complex were larger than those of the
control (Fig. 3B). We also measured the muscle
weight, finding that the myostatin-siRNA/SYCOL-trea-
ted muscles weighed significantly more than those on
the control side (Fig. 3C, left). Examining the sizes of
200 myofivers per each group, the population of
myofibril sizes indicated a shift from smaller to larger
fibers in the myostatin-siRNA/SYCOL-treated muscles.
The average myofibril size of the muscle treated with
myostatin-siRNA/SYCOL gained approximately 1.8
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times more than that of control (Fig. 3C, center),
showing muscle hypertrophy. To confirm that siRNA
decreased the amount of myostatin mRNA in the mas-
seter muscle, we performed quantitative PCR (g-PCR)
(Fig. 3C, right). We estimated the ratio of the amount
of myostatin mRNA in the siRNA-treated muscle com-
pared with the contralateral muscle (n = 4). The aver-
age ratio in the treated muscle was lowered to
0.48 + 0.11 (in triplicate, + standard error), indicating
that RNAI had occurred. No obvious morphological
change was observed in other tissues than the treated
masseter muscle. In the meantime, we did not
observe any general sign of il health and deaths
during the experimental period, indicating that the
siRNA complex gives no obvious adverse effects. The
increase of the myostatin-siRNA/SYCOL-treated mus-
cle mass indicated that the SYCOL system can be
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used to induce a target-gene specific RNAi in vivo as
well as the ATCOL system (Kinouchi et al. 2008).

Effects of intravenous administration of the
SIRNA/SYCOL complex in mice

To examine whether SYCOL-mediated siBNA transfer
is valid for systemic gene silencing, we used mice
bearing a Luc-producing melanoma described previ-
ously (Minakuchi et al. 2004). We carried out non-
invasive in vivo bioluminescence imaging analysis to
measure luminescence intensity (photon/s) in the
tumor of mice injected with the siRNA alone, the
siRNA/SYCOL complex, or siRNA/ATCOL complex
(Fig. 4A). The luminescence in the tumor was observed
in the head (injected site) and the abdomen at O day.
After injection of siRNA alone or SYCOL alone, the
luminescence became intense in both head and abdo-
men at 3 days after injection. In contrast, mice admin-
istered with the siRNA/ATCOL complex showed a
relatively low intensity of the luminescence at 3 days
after injection as observed by Minakuchi et al. (2004).
In the case of the siRNA/SYCOL complex, the lumi-
nescence intensity increases in the abdomen
(Fig. 4A,B), but decreases in the head region, showing
sustained inhibition of luciferase expression in the head
region (Fig. 4A,C). These results suggested that this
SYCOL-mediated in vivo transfer of siRNA could be
valid locally in tissues around an injected region.

Discussion

Knockdown of gene expression by RNAi becomes a
powerful tool for the genetic analysis both in vitro and
in vivo, while how to deliver siRNAs to the target cells
and tissues has been a major challenge for RNAI
based researches (Tiemann & Rossi 2009). In order to
develop effective non-vector-based siRNA delivery sys-
tems for the future of siRNA-based research and ther-
apies, we have used’ an ATCOL-mediated siRNA
transfer systems in vitro and in vivo, because ATCOL
allowed increased cellular uptake, nuclease resistance
and prolonged release of siRNAs (Minakuchi et al.
2004). However, so far we have not known mecha-
nisms underlying the ATCOL-mediated transfer of
siRNA. In order to elucidate the mechanisms, we
selected a simple synthetic collagen and examined
whether it has transfer ability of siRNA into cells. Tani-
hara and his group developed synthetic collagen fibers
poly(Pro-Hyp-Gly) (SYCOL) consisting of the Pro-Hyp-
Gly sequence by direct polycondensation of Pro-Hyp-
Gly tripeptides (Kishimoto et al. 2005). SYCOL is a
polypeptide, has molecular weights greater than 1 0°
and forms triple-helical, but is thermally stable up to

© 2010 The Authors
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Fig. 4. Monitoring luciferase inhibition in vivo with bioluminescent
imaging. (A) Representative images of nude mice at 3 days after
tumor injection into the left ventricle of the eye with 1 x 10° B16-

. F10-luc-G5 cells suspended in 100 pL of sterle phosphate-

buffered saline (PBS). Each animal was given i.v. with 200 pL of
25 ug of GL3 siRNA/ATCOL complex, GL3 siRNA/SYCOL
complex, SYCOL (0.03%) solution or luciferase GL3 siRNA. (B)
Photon averages of bioluminescence emitted from the abdominal
region. (C) Photon averages from the head region. White bar,
photon averages at O day; Black bar, photon averages 3 days.

80°C and it contains no pathogens. In the present
study, when we used SYCOL, a poly(Pro-Hyp-Gly)
sterilized with electron-beam irradiation, instead of
ATCOL, we observed significant gene-silencing effects
with siRNA. Although at first we considered that only
natural collagens have the ability of gene transfer, we
demonstrated here that SYCOL has an activity of
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silencing gene expression with siRNA. We speculate a
structure of the siRNA/SYCOL complex in a buffer as
follows. When SYCOLs are mixed with siRNA mole-
cules, their terminal cationic groups may spontane-
ously make complex with siRNA by electrostatic
interaction and form a protective outer layer that
shields siRNA core, giving rise to the steric stabilization
of the polyplex structure against undesirable interac-
tions with impertinent surroundings. Since a desirable
polymer structure for in vivo delivery purposes is a ste-
rically stabilized but neutral, not positively charged
nanoparticle (Gary et al. 2007), the siRNA/SYCOL
complex may be a desirable one.

We also speculate a mechanism underlying cellular
uptake of the siRNA/SYCOL complex as follows.
Since it is known that degradation of collagen occurs
primarily through a phagocytic pathway, which is
required for the physiological remodeling of connective
tissues during growth and development (Lee et al.
2007), cells may incorporate the siRNA/SYCOL com-
plex into the cytosol probably by endocytosis.

In the case of intravenous administration of the
siRNA/SYCOL complex in mice, unexpectedly we
observed the silencing effect only in the head region,
but not in the abdominal region. This may indicate that
SYCOL itself may be somehow changed or decom-
posed more rapidly in blood than ATCOL and then
siRNA may be released in blood. If this is the case,
due to low stability of SYCOL in the blood, this RNAi
is not systemic and may be induced around injected
local area (in the head region, but not in the abdominal
region in the present experiment).

One technical problem associated with siRNA trans-
fer in vivo is the targeting of siRNA delivery to a
specific tissue. For this purpose, the present SYCOL-
based transfer method has great potential for site-
specific transportation of target siRNAs either by
way of local injection or intravenous administration.
Furthermore, since SYCOL is easily modified so as to
be incorporated in specific cells or tissues, for
instance, to facilitate uptake by targeting cells,
SYCOL could be modified chemically by conjugating
with cell-targeting antibodies or ligands (Kim & Kim
2009), we may find some structures of SYCOL that
are more suitable for increasing efficiency of siRNA-
delivery in vivo.

In conclusion, we demonstrated that the siRNA/
SYCOL complex is very useful to obtain gene-silencing
effects. Since we can design structures of synthetic
collagens, we may screen various synthetic collagens
to achieve maximal function of siRNA-based gene
silencing in vivo. Thus, a SYCOL-based siRNA transfer

system represents an attractive method for local
administration of siRNA and has potential for delivery
of siRNA into specific cells or tissues and thus proba-
bly forclinical applications of RNAI.
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Atelocollagen-mediated systemic administration of
myostatin-targeting siRNA improves muscular atrophy in

caveolin-3-deficient mice
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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-p)
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- superfamily because its
expression is almost exclusively restricted to the skele-
tal muscle lineage.

Zhu etal. (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 inhibiton 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 pm) 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 MgCl,,
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 [Lo]). Maximal tetanic force (Pg)
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)/(Lg
in mm]x 1.06 [n mg/mmd). 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 pmol/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 pmol/L final concentration, Invitrogen) and
ATCOL (100 pL) 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 pym.

silencing, we administered Mst-siRNA/ATCOL or con-
trol scrambled siRNA/ATCOL complexes intravenously
into 20-week-old LGMD1C mice at 0, 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 pronqunced, 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 intemal control
and were analyzed statistically. Mst-siRNAZ/ATCOL-
treated muscles (18.64 + 4.18 pm) 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-siRNA/ATCOL 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 pmol/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 (n = 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 um 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
Hiperirophied Mt sRNA/ATCOL -tredted LEMDTGC force of untreated LGMD1C muscle was much lower

;Zrucs:’;e’;be‘f;j:h’b’t significantly improved confractile yan that of Mst-sIRNA/ATCOL-treated LGMDC 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).

© 2011 The Authors
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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-siBNA. (B) The specific force of
untreated LGMD1C muscle (0) 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-siRNA/ATCOL-
treated muscles. (D) There were no statistically significant
differences in grip strength between pre-treated mice (CJ) and
after Mst-siRNA/ATCOL-treated mice (M.

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-siRNA/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 contractile 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-
siRNA/ATCOL 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).

Joumal compilation © 2011 Japanese Society of Developmental Biologists
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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 sSiRNA 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 myofiber 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 siBRNAs 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 sSiRNAs 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 siBRNAs represents a powerful new tool
for future therapeutic use in the treatment of diseases,
including muscular atrophy.
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RNA T & 2182 EHT 5 720 OR%

B B EBRERERY VAT VA T AR
R KER fEERFRFRLHBMEERER

Nt EE FEERFERZREFENER

A %= #HERFERZREANZINA AV A L 2 AT

E3=

RNAF# (RNA interference (RNAi)) i3, #BRATIHRIERNA & HEHN2EERSI2FOmRNAD DB ENLHR
Thd COBREXFALTALNICAERNAZBATAZLILE ) FEOEETFORRAZHGT LI LATE L9,
FEEREBEFRZEORELENL LLERICRNATESENERTELLEX LN TWA. LAL, ZOBKREEZERT
BIZIE20oDKEREBEHAKR - TWA, 123, small interfering RNA (siRNA) D7V N —EORRET, BEROMIRIZ
FDXHICLTEERATREERSRNAZBAT 25 TH), 20HESRNAEZ AR T2IR MARMTHEI L THS.
PRUONRBETOBRECIMIEAR 37— 2FALASRNAOFINY —FIZOWTREZ LT IS, BiEH
BRERTHIMIA LT 74— EOBEREFELT. BYA 74 —FFNVHEE~ Y ARG U THEG R
BIETFIAAARIFUOSRNAL 7707 v HBVIRERIT—4 Y OREHERITRSE L., KHICBITSRNAT
BHREARELTE FALIRG5THILIL > TRFZT TR L, WEEHTORNATHHRELKRA L, HIENHR
FriFoTar BREAZZEICAN, sSRNALT7FOa5—F U BIUERNTIT—7 Y HEAKOHEIIOVWTO

RBERIZDOVWTENT 5.

1. &
19984E |2 Fire & |3 # B @) — f& T 3 % Caenorhabditis
elegans (C.elegans) % i\ T, RNAF#(RNA interference

RNA) EVWHIBEEE2RRELE V. ZoBRIE, F0%.

E MCEL T TEHEL DEYS{BIIROBRLTHLI L
Mhd otz Y. HZ, siRNA (small interfering RNA)
LIREN 521-23BDEHEN S 2 54\ 3" RHA TR
RNADZDEETHY, siRNADBWL 2P OEHHEE
ERICEEL, AN 2R ZHOmMRNAZ M T 5
Tk dbdors P 2001412 I MFLE DML TsiRNA
PEATAIET, FRECHEL Lo TELIERHY
RNAKEMORELERSER#T LI EBTEST
Edtbhol, Thickh, BEFEEFREOKER
23T ARNA THERFTRTHLLELLN, KA
~OMENE T o TE . 20065EI121X, 7Y FYa—-
T AT =2V 47 - Au—IIRNAIRROIFEIZ X
) —~VAERE . KEREZZHL
RNAT#HZFHALAEEEZZEZHHEIL, 220K
ERENFEELTWAS. 120, siRNADF YN —
OMET, 22HI3, sSRNAODERBAFREVI LT
»%. 22HOMEICOVTIY, HBAKICHT 2EWY
B HEREREES NS D, RNAGREELZAALLS
BEORENLETH L. —F, RPOOMAEIIOWTIL,
%L OB EBEHFBELTEY, K& EFHLVTELSRE

EhTws % HLAERNATHBO-DOH AL
SRNADFYISY—HELT, 357 IZHEHLT
MREZIT-o TV 5.

IhETOMERBEBHEICBNTE. BF, #ET
DWEERAE (Vv 277 M) £BETI D12, R
K EDOBIZTICRRERZBATHIETITbh T
FD7=HICIE, 7 AR EOBYOBIETFRENLET
Y, EECKHEO»»LEETHS. LA L, RNA
FHErAV-BEFORBET (Vv o2¥yr) #8
13, RERMET, HERFISZMLIEFTENEE
B L7SiIRNAZBAT AL THREEBLILATE
5. bbBA, Jy2TORL) v 2T sTIRELR
BREBIITSHLCALTIR WA, 2270V b
WX o TREREY2MAZLOTEDEYMTIE, #
BFRBO v 7 ¥ 12 ) BIETF ORIERAT O E
FETFACENTREE 2B, EHIZ, & MNRABDHEER
EXIE, BEL v 7Ty MEOERITEYEZ B
ThbHIEhb, Jy ¥y VELIERNICIERT
XpnkEIbLND.

ZILEF L FHEBRO 7 V— 712, HROTK % W
TARFTHLIAA AT F VOMELITV, YA F R
YFVORBEVBIFEN I F VAV Z v IR T A%
AWT, BRSBRICHERShAZLeRLTE: 9.
7, SAFASIFoORBRAFICIY, HTA o




TL=—DEFN I VRV 2o 7Y RAICBVT, B
HOBESESRET L 2RLTE A W,

T, BENLHBEFELRREHOZDOWEL
LT, 4R35 ORI ZRNATFHEICED
fIIFECDVTRET 2T T& 7. ZORNATFH®
BETIE, Y44 A7 F YOmRNADO—ERICHBK L
21 525 R A FHOSIRNA 2= BRICEAL, &
 EFoORBLEHT AL # A7 siRNAZIERSE
M oRERRIBAICHEWAHTEE, BETITIIRL
KRS TETWAY, HA4AIIHBRHUEHIME L,
75yuas—4%r (ATCOL) (BB (%)) #Hwi
SRNABA* v FERAVTETRE 2T 2.

KRICEREHTOIA VAOMEBERZHETL2HEZEH
B2, RNAFHO:-00FH AL s RNADFY) XY — ik
ELTATCOLOREL LW BARMBTREEDH HHF
HIMLa5—4 >~ (SYCOL) #siRNADEARFEL L
THAL TRNAIRROKRE 21T 5 7.

BRI, 1) w7 ABRHICTA TR 5TV RE
Fizat+ 5siRNA (Mst-siRNA) & ATCOLDB & &
5L, RNAIIBRERI LA ", 2) SYCOLDOMH
%17V, in vivo, in vitro, siRNA @ RNase il & %43+
REETATCOL & SYCOL DBt 24T/ 2. &
NS OFRIZDVTHENT 5.

2. MRFFEIOVT
1) (1) 24~28 B4R (C57BL/6) Hitk<
2 DA FBES & AR B I~ Mst-siRNA &
ATCOLBEEHORBHFEES T, 2HAMK
KRB L RRBR_ERAREL, 2OoBEEL
WEd 5 & Ebic, BELNEOTICHRS
MEEEFERLZ. 28, A—EEOEMK
BBITAKB-EHENBRELTAI SV
7 I siRNA (scr-siRNA) & ATCOL#E &
%851, Mst-siRNAEA %47 - EEBRM &
ODRB fTol. HEnwY A ZonTIE,
MstDEEDFD 2L, HREIIIZLATHES

Nhoi,

(2) 24~28 M DFFER] (C57BL/6) K=
A2 Mst-siRNA & ATCOL AR 2 55
2B/ HOMIC 4 BT, BRESH,S1HE
HoFRiNo® I KBHzHEL, 205
ERBYMETALEDI, BRENL LU
HEF BT 2 EH L 7.

(3) 24~288#E D Duchenne ¥ 2 t a7 4 —
EFNHWTHEmde7 I AOEZHWTAH
FIWEAE 12 Mst-siRNA & ATCOL & h DR/
#E5 2T, 2ARBCEBEHRBL, 20
BHEBRYAETAILEDIC, BEENLZSD
CHSFRENTERLL. B, A—ER
DOEMBEEG A B L L Tser-siRNA &

- MKEE B2%B1ES 2010

ATCOL#&HFEHS L, LBL:

2) (1) siRNA LB 25—~4~ (SYCOL) @
# 4 KIZRNase ¥ 8 34, sIRNAMSEEIC
SRTHEITORNEEIL, RNase 707
23 a vEEH% ATCOL L Ib8g, #at L.

(2) V¥ 727 —¥EEERHT S BI6-FI0-
luc-G 5 Ml V¥ 7 = T —¥IZT BsiRNA
(Luc-siRNA) L SYCOLOBEEHEIZL - TH
SYA7xyva vy, RNAIBHICL
LEEMLN Y 75— Y REABBESETAE
L.

(3) 1) (1) ERABCU~28HBOHFAER
(C57BL/ 6) Mtk 7 X 75 W A5 i Msi-
siRNA & SYCOL ¥ 722 ATCOL#E&H#h DR
ks 21T, 2HARBICKRBEZR/BL, *
OHEBFWETAEE LIS, BEENLL
Clo#MEmF ML, SYCOLE
ATCOL @ RNAi# /) & BT L 7.

(4) A—=Fxy A% Hv, HAHREERIK? 5
MYy 75— VY¥REHERMNITASN VHilao
B16-F10-luc-G 5 Ml % M I FK L £ F &8
sgk 7H#% £59%®BL LBI6FI0-
luc-G5MDNVY 725 —EORERE*ERR
B E& IR 2 S Luc-siRNA & SYCOL % 7: i
ATCOLO &t s+ LT
SYCOL D& 55 THORNAI BN ERIT L1

3. RNAFHEICLOHEEROEDOERERICOVT

1) (1) =9 ABEH LTI KB ZEG~O Mst-
SiRNA/ 77035 —7 v HEKORHFELHE
BOKRRTROL I CHESR TS W,

7 7 AR OWNRMFTRTIE, Mst-siRNA %
BALTWRWATERGE LA _HE
B EHBLTMst-siRNAZEA L-LAR
BUuTHEEHLERBEASRDO o1 (Fig
1 a). ¥/, FOERBOERUERZT--L
=5, Mst-sRNA%#BALEHE X UKED
HEROFBRBER ITRMICES, wFhdf
FIZHiLTw (Figl b). HBENRE%
TH 70 LERSMEOTHRGERIC THEED
B#ERL, HERB,{To7/2L A, XHHE
ZH R Mst-siRNA % # A L - O R KEZE
BT A HRMERAEICERERmE R L (Fig
14d e. T BHICBTEIfFRAIF
ORBErIIAS 70y VECTHBIFLAL
ZA, MR B L T Mst-siRNAZH AL
R TRBEELYA TR F U ORBENHHE
Hohi: (Figl o).

(2) TYANDMst-siRNA/ 7703545V #
EEROEHHESERIIOVWTIE, FTRO LS5 1IC
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#HESshTws M.

< 77 A KR B 0 A RAT KL T i3 Mst-siRNA
FEALTVRVHBEHEEHBEL T, M
SIRNA # 8 A L - EBR¥E COZHLHERIR
L (Fig.2 a), WHEEIZDWTD Msi-

sSRNABABCTHERICHEML T (Fig.2 d).

R Gk A MRFENRFOLOIZHE
REEFTolEI S, NEBEICES M
SIRNA Z8E A L 72 OB KREELICBIT 5%
WO RERFHIL Az 25, ARICHEKRGER
#mRL7: (Fig.2 ¢, o). KBEZHEHMIIBITST
AFR5FyORBEYIAS 70y MEIC
THITLL 25, KB LEL TMs-
SRNAZEAL-EREOKBEH CIIHEE
VA F Ay F v ORBHH RO LNz (Fig
2 h).

(3) mdrx~ 7 ARHE~D Mst-siRNA/ 770235 —

7 U HERORFRG EBORRIE, RNATH
HEOTEMEETRET 2D ThHo7 M.

2 AR A ORI R TIE, Mst-siRNA %
BA LTV & 8L T, Mst-siRNA
ZEALEBUTOEHLZ2HBRIER LN

survival ratio

Fig.2
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(Fig.3 a). MBFHRFOH, AR L
THIIZv-afikF AR EREY
fTolb 2, MfifaiEsfadh, WHEHLE
He# LT Mst-siRNA A L 7= EB I T 0 st
BEOEKVPHL,E L7 (Fig.3 o). i
BB ARAFT RS F Y ORBEIIRY
y7uy VEICTEMLLZ S, MEAILHT
BT Msi-siRNA 2B AL =R TIIFZE 2~
£ F A5 FrOREAIEIBED bz (Fig.3
b).



2) (1) RNasehbD7us 2 ar7vtf DR
lzownt (12)
siRNA/ Y KV — 4, 05%ATCOL, 0.05%
ATCOL, 003%SYCOL #i & {4 TRNase % 5 @
TaFsarT vkl BiIolER VEY—
A E05%ATCOL IZAF DR, 005%ATCOL
130.03%SYCOL & AR L2 o7:. (Figd)
(2) in vitro T siRNA/SYCOL®D + 5 Y A 7 ~
7y vERIZOWT P
siRNA/ Y KV — A, ATCOL, SYCOLE &
£ TB16-F10-luc-G5 RO N> 7= 5 —¥ %
LucsiRNATHI®HI LR VKRY — 4,
ATCOL, SYCOL . JICRZED ) v 72 77 4
BE o7z, (Fig.5)
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(3) in vivo THsiRNA/SYCOL ATk 5 2812
WwT (12)

SYCOL % i \» T Mst-siRNA % < 77 AWK
RS L, ZORBrRER, ATCOL
CRABIC—ERS L2 T, 2AMBICIEA
RIS RE R TE /. Msi~siRNA &
SYCOL D4 x5 0A kT, HRA L L
BWLCHER SRENERE D ICHERICHEM
L. mRNADOZEHR L AZIZHD L Twiz (Fig
6). %7, SYCOL ¥ ATCOL®mRNA# 4 L
VI URRIEREOERE 2o (Fig7).

(4) in vivo CDsiRNA/SYCOL & B %5 FERIZD
w @2

4 & T ®siRNA/SYCOL 8 X " ATCOL @
RNAIBI D 2 RIETHLOICX—FTT AL
BEBERINY 75— EREAAT /- <4
W% LucsiRNAT/ v 257 L, N F 4 A—
Yy 7 IVISTHELALKER Fig. 8 A),
ATCOLIZJEERDO NV Y 7 = 5 — ¥ DORB D HH
L7:%% (Fig.8 B), SYCOL#t5 L7-ftiE®
BBEOHAZHHI LTz (Fig.8 C).

4. RNAFHERICKDHHRARISITIETHSD

Ve, BBEIRE, HIZSRNADFUYNY =Y 27 4
OB ED bR TVAEY 8 mid 2 v IidMgT
WCBWTSIRNADZELIIRESZ L ZEZ OhTE
SEDOEBETIT—r ra2EME LN A7)
va rREORGE L AR _EHB~DRFkS, &%
#5131 AR B2 2 REBMTORNAIOR ) % HHE
A EdEDLNS. T/, DuchemneXIfHY 2 b
T4 —FFNVITIADmde< 7 AND Mst-siRNA O J7
S ICB W TRHREROBENZD Hh.

T/, HBSRNA LS A 7223 a RETHA
SYCOL iZin vitro, in vivo RET#%5 CATCOL & R0

Fiber oross section

(10° pw?)

7 control
B Byoststin siRNA
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Fig.7



RNAFHEIC L 2 HEBELXERT L0 0W% 7

WP EMET AL TE. L2 LEASLSYCOLD
in vivoZ2 BHR 5 ICEH LTI 2L 0RETH 5. 5
BIDES LEMIEEREICH LTEHATE 2H R
G E LTERL, FREBNIOREIT) T &5
e ahid, BRmEELHEIRELFHOBELZITE
Bk 4 IR BICHT 2 RNAIBIEDOTREMA T4 F T4
BHHDELHFEINS,

5. ##R

ATCOL B X IFSYCOL & Mst-siRNA # & B 7l
AlE, BANICRRAT LA A5 F VBETFERHEN
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