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Molecular Pathogenesis of Muscular Dystrophies

Yoshihide Sunaba

Department of Neurology, Kawasaki Medical School

Muscular dystrophy is one of the most devas-
tating diseases for which there is no effective
therapy at present. In an attempt to develop ef-
fective therapeutics, a considerable number of
causative genes for the numerous types of mus-
cular dystrophy have been identified in the last
twenty years. However, uncovering causative
genes alone is not enough. It is crucial to compre-
hend molecular pathogenesis of muscular dys-
trophy, focusing on the causative proteins. It is
further necessary to investigate the RNA pro-
cesging defects.

Muscular dystrophies can be divided into five
groups depending on the subcellular localization
of the causative proteins as follows : (1) the extra-
cellular matrix proteins such as laminin a2 or
collagen VI, (2) the sarcolemmal proteins includ-
ing dystrophin, sarcoglycans, and dysferlin, (3)
the sarcommeric proteins like myotilin, titin,
and FHL-1, (4) the nuclear membrane proteins
like emerin and lamin A/C, and (5) other miscel-
laneous proteins such as calpain 3 and TRIM32.

Given the number of proteins attributed to
muscular dystrophy, it can be said t6 be a hetero-
geneous and variable pathogenesis. However, re-
cent research has revealed important molecular
mechanisms leading to muscle degeneration. We
discuss three major issues. First, in the patho-

784 R Vol.27 No.6 (2010)

genesis of dystrophinopathy, increased sarcolem-
mal fragility and increased Ca®* influx have been
observed. It is also revealed that TRPVZ2, a
stretch-sensitive ion channel, plays a significant
role in increasing Ca®* influx. Second, dysferlin
has been proved to be involved in the membrane
repair system. In addition to the molecule dysfer-
lin which works in a Ca’*dependent manner,
MG53 has been identified to play a significant
role in membrane repair without Ca**. MG53 is
also expected to be a novel therapeutic target
molecule. Third, as a major underlying factor
causing muscle damage in dystrophin-deficient
skeletal muscle, decreased nNOS activity has
been pointed. Dystrophin-deficient skeletal
muscle is damaged as a consequence of disturbed
vasodilation after muscle contraction. This is
proved with mdx mice, where administration of a
phosphodiesterase 5 inhibitor, a potent vasodila-
tor, ameliorates muscle damage.

Although these findings at the protein level
have great implications for the therapy of mus-
cular dystrophy, clarifying the molecular mecha-
nisms at the RNA level will be the key in devel-
oping novel therapeutic strategies. One of the
new therapies for DMD could be the exon-skip-
ping therapy where anti-sense agents are used
to modify RNA splicing.
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Mesenchymal progenitors distinct from satellite cells
contribute to ectopic fat cell formation in skeletal muscle

Akiyoshi Uezumi'?, So-ichiro Fukada?, Naoki Yamamoto?®, Shin’ichi Takeda* and Kunihiro Tsuchida'

Ectopic fat deposition in skeletal muscle is closely associated with several disorders, however, the origin of these adipocytes

is not clear, nor is the mechanism of their formation. Satellite cells function as adult muscle stem cells but are proposed to
possess multipotency. Here, we identify PDGFRa* mesenchymal progenitors as being distinct from satellite cells and located in
the muscle interstitium. We show that, of the muscle-derived cell populations, only PDGFRa* cells show efficient adipogenic
differentiation both in vitro and in vivo. Reciprocal transplantation between regenerating and degenerating muscles, and co-
culture experiments revealed that adipogenesis of PDGFRa* cells is strongly inhibited by the presence of satellite cell-derived
myofibres. These results suggest that PDGFRa* mesenchymal progenitors are the major contributor to ectopic fat cell formation
in skeletal muscle, and emphasize that interaction between muscle cells and PDGFRa* mesenchymal progenitors, not the fate
decision of satellite cells, has a considerable impact on muscle homeostasis.

Adult skeletal muscle possesses a remarkable regenerative ability. This
depends on satellite cells that reside adjacent to and beneath the basal
lamina of myofibres and function as adult muscle stem cells'. Despite
that, in several pathological conditions where muscle integrity has been
debilitated, skeletal muscle is occupied by adipocytes. The most striking
accumulation of adipocytes is seen in advanced cases of Duchenne muscu-
lar dystrophy (DMD), where a muscle may be almost entirely replaced by
adipocytes?. However, fat accumulation can be seen not only in myopathies
but also in severe neurogenic atrophy, type II diabetes, obesity or ageing-
related sarcopenia®¢. Nevertheless, the precise origin of ectopic adipocytes
is not clear, and nor is the stimulus that incites their formation.

Adipose cells are thought to be derived from mesenchymal stem cells
{MSCs). During adipose tissue development, MSCs commit into adipocyte
lineage and eventually give rise to preadipocytes, which cannot be distin-
guished from MSCs by their morphology or gene expression, but have
lost potential for differentiation to other cell lineages”. Preadipocytes then
undergo terminal differentiation that involves a highly regulated and coor-
dinated cascade of transcription factors®. C/EBPa and PPARY are the best-
characterized transcriptional factors for adipogenesis®'’. These two factors
function cooperatively to transactivate adipocyte genes and continue to be
expressed in mature adipocytes. Lineage commitment and differentiation
of adipose progenitors or stem cells should occur in ectopic fat formation
in skeletal muscle as well as in adipose tissue development. Several types of
cell isolated from skeletal muscle have been reported to possess adipogenic
differentiation potential including satellite cells'"?, side population cells"

and MSCs'*'5. However, it is not clear whether these cells have the ability to
induce in vivo fat formation in skeletal muscle. It is not known whether sat-
ellite cell plasticity or multipotency is operative in vivo, and little is known
about the in vivo features of muscle side population cells or MSCs, such as
their anatomical localization and pathophysiological roles.

Here, we conducted a comprehensive analysis of cells that reside in
skeletal muscle to clarify the origin of the cell population that is involved
in adipogenesis in this muscle type.

RESULTS

In vitro adipogenic potential is detected only in the PDGFRa*
mesenchymal progenitor population of muscle-derived cells

We first fractionated whole mononucleated cells, which had been enzy-
matically isolated from skeletal muscle, based on the expression of estab-
lished cell surface markers: CD31 as an endothelial marker, CD45 as a
pan-haematopoietic marker and SM/C-2.6 as a marker of satellite cells
(Fig. 1a)*“. After sorting by fluorescence activated cell sorting (FACS), each
cell population was cultured under adipogenic conditions to compare their
adipogenic potentials (Fig. 1b). Oil red O staining revealed that only CD31"
CD45°SM/C-2.6" cells efficiently differentiated into adipocytes (Fig. 1c).
Freshly isolated CD31-CD45-SM/C-2.6" cells did not express endothelial,
haematopoietic and myogenic genes; however, they did express PDGFRa
and PDGFRB, which have been shown to be present in mesenchymal cells
(Fig. 1d)"™"*. In particular, strong expression of PDGFRa was detected.
When whole muscle-derived cells were fractionated on the basis of CD31,
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Figure 1 /n vitro adipogenic potential was found only in the PDGFRa*
population of muscle-derived cells. (a) Whole muscle-derived cells were
analysed for CD31, CD45 and SM/C-2.6 expression by flow cytometry. The
percentages of each cell population are shown in the panels and expressed
as the mean of three independent experiments. (b) Protocol for in vitro
adipogenic differentiation. Freshly sorted cells were cultured in growth
medium (GM) for 4 days before treatment with adipogenic induction medium
(Adipo IM) for 3 days and treatment with adipogenic maintenance medium
(Adipo MM) for 3 days. (c) Whole muscle-derived cells were divided into
the four fractions indicated. Each fraction was cultured and induced to
differentiate into adipocytes. A macroscopic view of an oil red O-stained

CD45, SM/C-2.6 and PDGFRa expression and induced to differentiate
into adipocytes, adipogenic activity was detected only in PDGFRa* cells
(Fig. 1e, f). Reverse transcription-PCR (RT-PCR) analysis of freshly isolated
cells showed that PDGFRa was specifically detected in PDGFRa* cells, indi-
cating specific expression of this molecule at both the mRNA and protein
levels (Fig. 1g). In addition to the expression of mesenchymal genes, there
was observable expression of the Tie2 gene in PDGFRa* cells (Fig. 1g).
Tie2 has been reported to identify mesenchymal progenitors in addition to
endothelial cells and a subset of haematopoietic cells'. Phenotypic analysis
of freshly isolated PDGFRa* cells revealed that they are similar to MSCs
with respect to their surface phenotypes (Supplementary Information,

eight-well chamber slide is shown. (d) RT-PCR analysis of lineage markers

in freshly isolated CD31-CD45-SM/C-2.6 cells. (e) Whole muscle-derived
cells were analysed for CD31, CD45, SM/C-2.6 and PDGFRa expression. The
percentages of each cell population are expressed as the mean + s.d. of ten
independent experiments. (f) The four fractions indicated were purified from
gross muscle-derived mononucleated cells and cultured under adipogenic
conditions. A macroscopic view of the oil red O stained eight-well chamber
slide is shown. (g) Expression of lineage markers in the five fractions
indicated. RNA was extracted from freshly isolated cells immediately after
cell sorting and RT-PCR was performed. RNA extracted from whole embryos
at embryonic day (E) 13.5 was used as a positive control (PC).

Fig. S1a). Absence of Pax7 and adipogenic transcription factors indicated
that satellite cells and committed adipogenic cells were not included in the
PDGFRa* fraction (Supplementary Information, Fig. S1b, c).

We next investigated in vitro adipogenesis of muscle-derived cell popu-
lations. Although a mixed population of CD31* and CD45* cells or a popu-
lation of CD31-CD45-SM/C-2.6"PDGFRa- cells proliferated poorly, two
other populations, CD31-CD45"PDGFRa* and CD31-CD45"SM/C-2.6*,
proliferated actively (Fig. 2a). CD31-CD45"SM/C-2.6* cells were nega-
tive for PDGFRa, C/EBPa and PPARy (Fig. 2b), but almost all of these
cells expressed Pax7 and MyoD, and a few were positive for myogenin on
day 4 (Supplementary Information, Fig. S2a, d). Even upon adipogenic
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Figure 2 /n vitro adipogenesis of muscle-derived cells. (a) Phase contrast
images of a mixed population of CD31+ and CD45* cells, CD31-CD45-
SM/C-2.6* cells, CD31-CD45-PDGFRa* cells and CD31-CD45-SM/C-2.6-
PDGFRa- cells under adipogenic culture conditions. (b) Cultured CD31-
CD45-SM/C-2.6* cells and CD31-CD45-PDGFRa* cells were fixed at the
time points indicated and stained with antibodies against PDGFRa,
C/EBPa and PPARYy, or with oil red O. Insets show high magnification
images. (c) Adipogenic differentiation was evaluated by quantifying the

induction, they did not differentiate into adipocytes, but instead differ-
entiated into well-developed large myotubes (Fig. 2b, ¢; Supplementary
Information, Fig. S2b). In contrast, CD31-CD45-PDGFRa* cells had
maintained PDGFRa expression, and began to express C/EBPa and
PPARY on day 4 (Fig. 2b), but they did not express myogenic markers
(Supplementary Information, Fig. S2c, d). Upon adipogenic induction,
over 90% of CD31-CD45 PDGFRa* cells differentiated into adipocytes,
adopting a spherical shape, accumulating lipid and expressing C/EBPa
and PPARY (Fig. 2b, ¢). A clonal assay revealed that nearly 80% of clones
were adipogenic (Supplementary Information, Fig. S3). After adipogenic
differentiation, these cells were no longer positive for PDGFRa (Fig. 2b).
PDGFRa* cell-derived adipocytes expressed much higher levels of lep-
tin compared with adipocytes derived from 3T3-L1 preadipocytes,
although this was lower than that of in vivo white adipose tissue (Fig. 2d;
Supplementary Information, Fig. S4). Similar results were obtained
when each muscle-derived cell population was cultured directly in adi-
pogenic induction medium immediately after cell sorting (Supplementary
Information, Fig. S5). In addition to adipogenic potential, these cells
readily differentiated into osteoblastic and smooth muscle-like cells with
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percentages of C/EBPa- and PPARy-positive cells. Error bars indicate

mean + s.d., n= 15 fields pulled out from three independent experiments.

(d) Expression of adipogenic genes in CD31-CD45-SM/C-2.6* cells, CD31-
CD45-PDGFRa* cells and 3T3-L1 cells during adipogenic culture. PC, positive
control. (e) Multi-lineage differentiation of CD31-CD45-PDGFRa* cells. These
cells were treated with BMP-7 or TGF-B1, and then alkaline phosphatase
activity and aSMA expression were examined. The values in the bottom panels
represent the percentages of positive cells. Scale bars, 50 um (a, b, e).

high efficiency under specific culture conditions (Fig. 2e; Supplementary
Information, Fig. $6), but scarcely differentiated into skeletal muscle cells
when cultured under myogenic differentiation conditions or transplanted
into regenerating muscle (data not shown; Supplementary Information,
Fig. S7). The high efficiency of differentiation into three different cell
types strongly suggests that muscle-derived PDGFRa* cells populations
are highly enriched for mesenchymal progenitors.

Localization of PDGFRa* cells in skeletal muscle

Next, we examined the anatomical localization of PDGFRa* cells in
skeletal muscle. PDGFRa* cells were localized at the interstitial space of
muscle tissue, whereas satellite cells (stained with Pax7 or M-cadherin,
M-cad, antibodies) were located beneath the basement membrane (Fig. 3a;
Supplementary Information, Fig. S8a). These localizations again indicate
that PDGFRa* cells and satellite cells represent discrete cell populations. The
mesenchymal origin of the PDGFRa* cells was supported by the expression
of the mesenchymal intermediate filament, Vimentin (Fig. 3b). These cells
also express a known repressor of adipogenesis, DIk1 (also known as Pref-1;
Supplementary Information, Fig. S8b). As pericytes have been reported
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Figure 3 Localization of PDGFRa* cells in adult skeletal muscle. (a-e) Tibialis
anterior or gastrocnemius muscle sections were stained with antibodies against
PDGFRa, Pax7 and laminin a2 (a); Vimentin, PDGFRa and laminin a2 (b);
CD31, PDGFRa and collagen IV (c); NG2, PDGFRa and laminin a2 (d) or
aSMA, PDGFRa and pan-laminin (e). Arrows indicate PDGFRa* cells located in
the interstitial space of muscle tissue. Arrowheads in a indicate Pax7* satellite
cells. Arrowheads in ¢ indicate CD31* capillary endothelium surrounded by
basement membrane. Scale bars, 10 um (a, b, d), 5 um (c) and 20 pm (e).

to differentiate into adipocytes®, we studied the relationship between
PDGFRa* cells and pericytes. The definition of pericytes is based on their
anatomic location; pericytes are bound by the same basement membrane
as capillary endothelial cells. PDGFRa* cells were found to reside outside
the capillary basement membrane (Fig. 3¢) and they did not express NG2,
apericyte marker (Fig. 3d), indicating that they are distinct from pericytes.
PDGFRa"* cells were more frequently observed in the perimysium than in
the endomysium. They tended to localize circumferentially around ves-
sels, but could be distinguished from vascular smooth muscle cells by the
absence of a-smooth muscle actin (aSMA) staining (Fig. 3e).

Behaviour of PDGFRa* cells during fatty degeneration of

skeletal muscle

We next sought to examine the contribution of PDGFRa* cells to in vivo
fat formation in skeletal muscle. In mice, however, the occurrence of
adipocytes in skeletal muscle is rare, even in pathologic mouse models
such as mdx, DMD or obese mice. We therefore used a muscle injury
model induced by injection with glycerol, which has been reported to
induce destabilization of the cytoplasmic membrane followed by cell
death, and eventually results in fatty degeneration of the injected mus-
cle?. This model has been used to evaluate the efficacy of gene therapy for
muscular disorders®'. When glycerol was injected into the tibialis anterior
muscle of C57BL/6 mice, we confirmed that muscle fibre disruption was
followed by the development of adipocytes at ~7 days after injection, and
a subsequent increase in fatty and fibrous connective tissue particularly
in the peripheral regions of injected muscle on day 14 (Fig. 4a). Adipose
cells then gradually decreased in number, but could be observed at least
1 month after injury (data not shown). We examined the behaviour of
endogenous PDGFRa* cells during this degeneration process. Many
proliferating PDGFRa* cells were observed in the interstitial space
4 days after injury (Fig. 4b). However, we could not detect expression of
PDGFRa in adipocytes that had arisen in muscle on day 7 (Fig. 4c).

Only the PDGFRa* population can differentiate into adipocytes
in glycerol-injected fatty degenerating muscle

Given that purified PDGFRa* cells lost PDGFRa expression after adipo-
genic differentiation in vitro, it was assumed that interstitial PDGFRa*
cells proliferate and then differentiate into adipocytes while downregu-
lating PDGFRa. To confirm this, we transplanted cells isolated from
muscles of GFP transgenic (Tg) mice into tibialis anterior muscles of
wild type mice that had been injected with glycerol. Three freshly iso-
lated cell populations, a mixed population of CD31* and CD45" cells,
CD31-CD45 PDGFRa" cells and CD31-CD45"PDGFRa* cells, were
transplanted immediately after cell sorting (Fig. 5a). Pax7 expression
revealed by cytospin was detected only in CD31-CD45"PDGFRa- cells, .
indicating that satellite cells were sorted in this population (data not
shown). At day 14, few GFP~ cells were observed in muscles that had
been injected with the mixed population of CD31* and CD45* cells
(Fig. 5b). In CD31-CD45PDGFRa- cell- or CD31-CD45PDGFRa* cell-
transplanted muscles, numerous GFP* cells were detected (Fig. 5b). The
expression of myosin heavy chain (MyHC) indicated that CD31-CD45
PDGFRa- cells differentiated into myofibres (Fig. 5¢). Differentiation
of transplanted CD31-CD45"PDGFRa* cells into mature adipocytes
was confirmed by the expression of both C/EBPa and PPARY, and the
presence of a single large lipid vacuole (Fig. 5d). Quantitative analy-
sis revealed that the myogenic potential was found exclusively in the
CD31-CD45 PDGFRa- population, whereas adipocytes arose only from
CD31-CD45"PDGFRa* cells (Fig. 5e). These results suggest that only
CD31-CD45"PDGFRa* cells can differentiate into adipocytes in vivo.
To further confirm this notion, we investigated whether bone marrow-
derived cells contribute to in vivo adipocyte formation in skeletal muscle
using bone marrow chimaeric mice. Bone marrow-derived cells did not
give rise to either PDGFRa* cells or to adipocytes during adipogenesis
induced by glycerol injection (Supplementary Information, Fig. S9).
Collectively, our data suggest that muscle-resident interstitial PDGFRa*
cells are the sole source of adipocytes that arise in skeletal muscle in the
context of glycerol-induced fatty degeneration.
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Figure 4 Behaviour of PDGFRa* cells in fatty degenerating muscle.

(a) Histological changes in skeletal muscle was analysed by hematoxylin
and eosin (HE) staining during glycerol-induced fatty degeneration.
Tibialis anterior muscles were injected with glycerol and, at the time
points indicated, frozen muscle sections were subjected to HE staining.
(b) Four days after glycerol injection, muscle sections were stained with

The fate of PDGFRa* cells is largely dependent on the muscle
environment

To understand how in vivo adipogenesis of PDGFRa* cells is regulated,
we used a muscle regeneration model induced by cardiotoxin (CTX)
injection. In contrast to glycerol injection, CTX injection rarely induces
adipocyte formation in the skeletal muscle of C57BL/6 mice. Thus, it is
expected that the behaviour of PDGFRa* cells in CTX-injected muscle is
regulated in a manner distinct to those in muscle with a glycerol-induced
injury. Intriguingly, PDGFRa* cells significantly increased in number in
CTX-induced regenerating muscle as well as in glycerol-injected degener-
ating muscle (Fig. 6a). However, the number of PDGFRa* cells decreased
without differentiating into adipocytes as muscle regeneration proceeded
(Fig. 6a). We isolated proliferating PDGFRa* cells from both CTX-
injected and glycerol-injected muscles and compared their adipogenic
potentials. Both were largely negative for C/EBPa immediately after isola-
tion (Fig. 6b). Surprisingly, they showed comparable levels of adipogenic
potential under adipogenic culture conditions (Fig. 6c, d). Thus, non-cell-
autonomous mechanisms are likely to determine the differences between
cell fate resulting from CTX injection and glycerol injection. To test this
directly, we performed reciprocal transplantations between regenerating
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Glycerol day 14
bRt +. 0 3

Ki67 PDGFRa
Laminin o2 DAPI
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anti-PDGFRa, anti-Ki67 and anti-laminin a2 antibodies. (c) On day 7 after
glycerol injection, muscle sections were subjected to immunofluorescence
staining for CD45, PDGFRa and C/EBPa, and subsequently to oil red O
staining followed by HE staining. C/EBPa*oil red 0* unilocular adipocytes
were negative for CD45 and PDGFRa (arrows and insets). Scale bars, 50 um
(a) and 20 um (b, c).

and degenerating muscles (Fig. 7a). If the adipogenic fate of PDGFRa*
cells is already determined at day 4 of glycerol injection, PDGFRa* cells
isolated from glycerol-injected muscle should form adipocytes, even in
CTX-injected regenerating muscle, in a cell-autonomous manner. If the
muscle environment determines PDGFRa* cell adipogenic fate, PDGFRa*
cells isolated from CTX-injected muscle should adapt their fate to an adi-
pocyte lineage in glycerol-injected muscle. The results demonstrate that
the latter is the case. PDGFRa" cells isolated from glycerol-injected muscle
did not differentiate into adipocytes in CTX-injected muscle, where only
a few transplanted cells were observed that were similar to endogenous
PDGFRa" cells (Fig. 7b, €). In contrast, PDGFRa* cells isolated from CTX-
injected muscle accumulated in degenerated areas and differentiated into
C/EBPa*PPARY*, lipid-laden adipocytes in glycerol-injected muscle
(Fig. 7c-e). These results clearly show that the fate of PDGFRa* cells is
largely regulated by the surrounding muscle environment.

Muscle fibres have a strong inhibitory effect on the adipogenesis
of PDGFRa* cells

Our results indicate that the muscle environment after the fourth day of
CTX injection has an inhibitory effect on adipogenesis of PDGFRa cells,
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Figure 5 Only PDGFRa* cells differentiate into adipocytes after
transplantation into glycerol-injured muscle. (a) Transplantation procedures.
(b) On day 14 after glycerol injection, transplanted muscle sections were
subjected to immunofluorescence staining for GFP and laminin a2, and
subsequently to oil red O staining followed by hematoxylin and eosin (HE)
staining. Arrowheads indicate GFP* area. Arrows indicate oil red O* fatty
degenerated area. (c) CD31-CD45-PDGFRa- cell-transplanted muscles

whereas the muscle environment after the fourth day of glycerol injection
facilitates adipogenesis. Active differentiation of myogenic cells and new
myofibre formation occurs after day 4 of CTX injection®. Therefore, we
examined myogenic differentiation in both CTX and glycerol models.
Administration of 5-ethynyl-2'-deoxyuridine (EdU) in combination with
embryonic MyHC (eMyHC) staining was performed to analyse de novo
myofibre formation. Five days after injury, much higher numbers of
eMyHC*EdU* new myofibres were observed in CTX-injected muscles
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were analysed for expression of GFP, MyHC and laminin a2. (d) Sections

of CD31-CD45-PDGFRa* cell-transplanted muscles were subjected to
immunofluorescence staining for GFP, C/EBPa and PPARYy, and subsequently
to oil red O staining followed by HE staining. Arrows indicate GFP+C/
EBPa*PPARy*0il red O* unilocular adipocytes. (e) Quantitative analysis of
transplantation experiments. Error bars indicate the mean + s.d., n=6in
each group. Scale bars, 100 pm (b) and 20 ym (c, d).

compared with glycerol-injected muscles (Fig. 8a, b, e). Myogenin stain-
ing further revealed that muscle regeneration was severely compromised
in glycerol-injected muscles (Fig. 8c-e). At this time point, PDGFRa*
cells showing an elongated spindle shape were distributed in the nar-
row space between regenerating myofibres in CTX-injected muscles,
whereas many PDGFRa* cells were observed in the extended interstitial
space between degenerating myofibres and showed an enlarged rounded
morphology in glycerol-injected muscles (Fig. 8¢, d). This impairment
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Figure 6 The behaviour of PDGFRa* cells during CTX-induced muscle
regeneration and adipogenic potentials of PDGFRa* cells isolated from
regenerating or degenerating muscle. (a) At the indicated time points after
CTX injection, muscle sections were subjected to immunofluorescence
staining for M-cadherin (M-cad), PDGFRa and laminin a2 before
hematoxylin and eosin (HE) staining. (b) Four days after CTX or glycerol
injection, CD31-CD45PDGFRa* cells were isolated from treated muscles
and subjected to cytospin and then analysed for C/EBPa expression. The

in the regeneration of glycerol-injected muscles could be attributed to
impaired proliferation of Pax7* myogenic progenitors at an earlier stage
(Supplementary Information, Fig. S10). At day 14, in the CTX model,
regenerated myofibres with central nuclei were located throughout the
tibialis anterior muscles and adipocytes were rare (Fig. 8f-f"*’, h). In
contrast, glycerol-injected muscle had fewer regenerated myofibres, and
ectopic adipocytes as well as necrotic fibres occupied a considerable area
of the muscles (Fig. 8g-g” ", h). These results suggest that interaction
between regenerating myofibres and PDGFRa* cells may be important for
the inhibition of ectopic fat formation. To examine the effect of interaction
between myofibres and PDGFRa* cells, GFP*PDGFRa* cells were co-cul-
tured with wild-type satellite cells. In marked contrast to a single culture,
adipogenic differentiation of PDGFRa* cells was dramatically inhibited
in co-culture (Fig. 8i, j). GFP* cells occupied spaces between GFP- satellite
cell-derived myotubes, and most of them were negative for adipogenic
markers (Fig. 8j). GFP* adipocytes expressing C/EBPa and PPARy were
only rarely observed in co-culture (Fig. 8j,1). These results suggest that sat-
ellite cell-derived muscle fibres generate factors that strongly inhibit adipo-
genic differentiation of PDGFRa* cells. To investigate whether such factors

M-cad PDGFRa
Laminin o2 DAPI
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values in the top panels represent the percentages of positive cells.

(c) CD31-CD45-PDGFRa* cells isolated from CTX or glycerol-injected
muscles were cultured under adipogenic conditions. Adipogenic
differentiation was revealed by immunofiuorescence staining for C/EBPa and
PPARy or by oil red O staining. (d) Adipogenic differentiation was evaluated
by quantifying the percentages of C/EBPa- and PPARy-positive cells.

Error bars indicate the mean + s.d., n= 15 fields pulled out from three
independent experiments. Scale bars, 20 um (a) 30 pm (b) and 50 pm (c).

are produced in soluble forms, we generated conditioned cultures. Satellite
cells were treated with adipogenic induction medium for 1 day. During this
conditioning period, satellite cells rapidly differentiated and formed large
myotubes (data not shown). Therefore, soluble factors produced by differ-
entiating myoblasts or differentiated myotubes should have been present
in the culture supernatant. When this conditioned medium was applied to
the solo culture of PDGFRa* cells, we could not see any inhibitory effects
on adipogenic differentiation (Fig. 8k, 1). In a transwell co-culture where
PDGFRa* cells and satellite cells were separated by a culture insert with
1.0-um pore, inhibition of PDGFRa* cell-dependent adipogenesis was not
observed (data not shown). Taken together, our results suggest that satellite
cell-derived muscle fibres exert an inhibitory effect on the adipogenesis of
PDGFRa* cells by directly interacting with them.

DISCUSSION

In this study, we identified mesenchymal progenitors in skeletal muscle using
PDGFRa as a marker. PDGFRa is known to be expressed in mesenchymal
cells. Particularly strong expression of PDGFRa has been observed in sub-
types of mesenchymal progenitor cells and oligodendrocyte progenitors,
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Figure 7 The fate of PDGFRa* cells is largely dependent on the muscle
environment. (a) Reciprocal transplantation procedures. (b, ¢) Two
weeks after transplantation, the transplanted muscles were analysed
for expression of GFP and laminin a2. (d) Adipogenic differentiation
of transplanted cells was revealed by immunofluorescence staining for

and PDGF-A-PDGFRa signalling appears to regulate a broad range of pro-
genitor cells in several developmental processes®. During somitogenesis,
PDGFRa is initially expressed throughout the undifferentiated somite and
later becomes progressively restricted to the sclerotome and to alesser extent
the dermatome, but its expression disappears in the myotome as differentia-
tion of the somite proceeds™. Ina previous study, paraxial mesodermal pro-
genitors were isolated from Pax3-induced embryoid bodies using PDGFRa
asa positive selection marker, however, this receptor was downregulated in
the derivative myogenic cells®*. Thus, it seems that early mesodermal pro-
genitors lose PDGFRa expression when they differentiate into the myogenic
lineage. Recently, PDGFRa" cells have been isolated from mouse bone mar-
row and characterized as a population highly enriched for MSCs*?*, Both
PDGFRa and PDGEFR are expressed in MSCs, but MSCs have a higher

Glycerol = CTX CTX —»Glycerol

Oil red O DAPI HE

GFP, C/EBPa and PPARYy, and subsequent oil red O staining followed by
hematoxylin and eosin (HE) staining. Arrows indicate GFP*C/EBPa*PPARy*
oil red O* unilocular adipocytes. (e) Quantitative analysis of reciprocal
transplantation experiments. Error bar indicates the mean +£s.d., n=6in
each group.

cell surface PDGFRa:PDGFRS ratio than the differentiated cell type, and
abundant PDGFRa appears to be a characteristic of undifferentiated MSCs.
Similarly, we observed downregulation of PDGFRa after adipogenic differ-
entiation of muscle mesenchymal progenitors. Taken together, these results
indicate that PDGFRa is an excellent marker for stem or progenitor cells of
mesenchymal lineages.

Adipocyte progenitor cells have been previously identified in
white adipose tissue using a FACS-based cell isolation method®.
Interestingly, the white adipose tissue progenitors and mesenchymal
progenitors in muscle reported here have a similar cell-surface phe-
notype (CD31-CD45-CD29*CD34*Sca-1"), raising the possibility that
progenitors with common cell-surface phenotypes may be isolated
from diverse tissues.
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Figure 8 Satellite cell-derived myofibres inhibit adipogenic differentiation
of PDGFRa* cells. (a, b) EdU was administered 2, 3 and 4 days after CTX
(a) or glycerol (b) injection. Five days after injury, muscle sections were
subjected to eMyHC staining followed by EdU detection. (c, d) Expression
of myogenin, PDGFRa and laminin a2 at day 5 after CTX (c) or glycerol
(d) injection. Arrows indicate PDGFRa* cells that lost physical interaction
with myofibres and showed a morphological change in glycerol-injected
muscle. Insets show high magnification images. (e) Quantitative analysis
of eMyHC+*EdU* myofibres (n = 6 in each group) and myogenin* cells
(n=4 in each group). Error bars indicate the mean + s.d. (f-g™”) Muscle
sections were subjected to perilipin staining followed by hematoxylin and
eosin (HE) staining 14 days after injury. High magnification images of
rectangular regions in f and g are shown in f'—f""and g’'-g"”, respectively.

The physiological roles of PDGFRa* mesenchymal progenitors
remain to be elucidated. However, they may provide a supporting func-
tion for the muscle, as they encircle the sheath of muscle basement
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necrotic fibres (g”). (h) Quantitative analysis of regenerated area and fatty
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and n = 5 in the glycerol group. (i-k) CD31-CD45-SM/C-2.6-PDGFRa*
cells isolated from GFP Tg mice were cultured with or without wild-type
CD31-CD45-SM/C-2.6* cells. Cultures were treated with adipogenic
medium or satellite cell-conditioned medium. Adipogenic differentiation
was revealed by immunofluorescence staining for GFP, C/EBPa and
PPARYy. (I) Adipogenic differentiation was evaluated by quantifying the
percentages of C/EBPa- and PPARy-positive GFP* cells. Error bars indicate
the mean + s.d., n= 15 (single and condition cultures) or 20 (co-cultures)
fields pulled from three independent experiments. NS, not significant.
Scale bars, 20 pm (a-d), 100 pm (f, g) and 50 pm (i-k).

membrane in which satellite cells undergo active myogenesis during
muscle regeneration (Fig. 6a). Interestingly, CD90" fibroblast-like cells
in skeletal muscle produce the muscle basement membrane component
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laminin a2 (ref. 31), and PDGFRa* and CD90* cells are nearly identical
(Supplementary Information, Fig. S1a). Thus, PDGFRa* cells may have
positive roles in muscle regeneration in part by producing basement
membrane that functions as a scaffold for efficient myogenesis.

This study highlights the importance of PDGFRa* mesenchymal pro-
genitors in the context of ectopic fat formation in skeletal muscle. In obesity
and various myopathies, fat accumulation is known to be more conspicu-
ous in perimysium, particularly in perivascular space*®, where PDGFRa*
cells are commonly observed (Fig. 3e). One of the most intriguing results
of our study is that factor(s) from satellite cell-derived myofibres strongly
inhibited adipogenesis of PDGFRa* cells. Thus, it seems that the balance
between satellite cell-dependent myogenesis and PDGFRa* cell-dependent
adipogenesis, rather than multipotency of satellite cells, has a considerable
impact on muscle homeostasis. As ectopic adipocytes usually arise under
disease conditions where there has been destruction of muscle fibres with-
out efficient regeneration’, the model in which myofibres themselves have
an inhibitory effect on the adipogenesis of PDGFRa* cells makes sense.
However, there are cases where our model would not apply, including
obesity and type I diabetes*’, as there is no apparent muscle destruction
in such diseases. In these conditions, systemic factors may have a role in
the regulation of the adipogenesis of PDGFRa* cells. In fact, we used high
glucose medium containing several pro-adipogenic inducers for in vitro
adipogenic differentiation. Additional experiments revealed that IBMX and
dexamethasone are unnecessary, but insulin is required for efficient adi-
pogenic differentiation of PDGFRa* cells (data not shown). Furthermore,
a high glucose condition is reported to enhance adipogenic differentiation
of muscle-derived cells™. Thus, it is possible that systemic factors such as
hormonal level or nutrition status may exert a stimulatory influence on the
adipogenesis of PDGFRa* cells. Overall, the fate of PDGFRa* cells can be
influenced by several aspects of the environment, and the balance between
positive and negative factors may determine the final outcome.

In conclusion, we report the identification of PDGFRa* mesenchymal
progenitors that contribute to adipogenesis in skeletal muscle, and dem-
onstrate a possible role for myofibres in regulating the fate of PDGFRa*
cells. We suggest that these cells are responsible for ectopic fat cell for-
mation within skeletal muscle in pathological conditions such as DMD,
denervation, obesity and ageing-related sarcopenia. Targeting PDGFRa*
mesenchymal progenitors may open new opportunities for designing
therapeutic strategies to treat muscle diseases. a

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/.

Note: Supplementary Information is available on the Nature Cell Biology website.
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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
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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, RNAi, siRNA, synthetic collagen.

Introduction

Induction of RNA interference (RNAi) 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 siBNA 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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© 2010 The Authors
Journal compilation © 2010 Japanese Society of
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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
irradiation 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 0.03%. 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 pg/pL
RNase A (Nippon gene) for 0, 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 siBNA/SYCOL (0.03%) complexes were prefixed
to a 24 well plate (10-173 pmol siRNA/50 ul/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).

Joumnal 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 uM)
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 mg/kg, 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;
WAKQ) 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 sSRNA/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 bicimaging was conducted on a
cryogenically cooled VIS system (Xenogen) using Liv-
inglmage 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
(uciferase GL3 duplex) from the RNase, siRNA/SYCOL
complex solution was incubated in the presence of the
RNase (0.1 ug/uL) 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-
acrylamid% gel electrophoresis (PAGE) are shown in
Fig. 1, where the siBRNA/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
ImageJ (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 luciferase (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
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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 (0.08%) 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 sRNA/ATCOL com-
plex.

Effects of SYCOL-mediated local transfer of sSiRNA
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
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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.
(B) Hematoxylin and eosin staining of E
the control and myostatin-siRNA/
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

Weight (mg)
-—

masseter muscles. White bar, control 0
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 myofibers 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 theymuscle 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 (q-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 siRNA 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 bicluminescence 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 siBNA 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 10°
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 puL of sterile 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 iradiation, 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 sSiRNA 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 etal. 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 for clinical applications of RNAI.
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