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Abstract

Background: Skeletal muscles are composed of heterogeneous collections of muscle fiber types, the
arrangement of which contributes to a variety of functional capabilities in many muscle types. Furthermore,
skeletal muscles can adapt individual myofibers under various circumstances, such as disease and exercise, by
changing fiber types. This study was performed to examine the influence of dystrophin deficiency on fiber type
composition of skeletal muscles in canine X-linked muscular dystrophy in Japan (CXMD)), a large animal model
for Duchenne muscular dystrophy.

Methods: We used tibialis cranialis (TC) muscles and diaphragms of normal dogs and those with CXMD, at
various ages from | month to 3 years old. For classification of fiber types, muscle sections were immunostained
with antibodies against fast, slow, or developmental myosin heavy chain (MHC), and the number and size of these
fibers were analyzed. In addition, MHC isoforms were detected by gel electrophoresis.

Results: In comparison with TC muscles of CXMD,, the number of fibers expressing slow MHC increased
markedly and the number of fibers expressing fast MHC decreased with growth in the affected diaphragm. In
populations of muscle fibers expressing fast and/or sow MHC(s) but not developmental MHC of CXMD; muscles,
slow MHC fibers were predominant in number and showed selective enlargement. Especially, in CXMD,
diaphragms, the proportions of slow MHC fibers were significantly larger in populations of myofibers with non-
expression of developmental MHC. Analyses of MHC isoforms also indicated a marked increase of type | and
decrease of type lIA isoforms in the affected diaphragm at ages over 6 months. In addition, expression of
developmental (embryonic and/or neonatal) MHC decreased in the CXMD, diaphragm in adults, in contrast to
continuous high-level expression in affected TC muscle.

Conclusion: The CXMD, diaphragm showed marked changes in fiber type composition unlike TC muscles,
suggesting that the affected diaphragm may be effectively adapted toward dystrophic stress by switching to
predominantly slow fibers. Furthermore, the MHC expression profile in the CXMD, diaphragm was markedly
different from that in mdx mice, indicating that the dystrophic dog is a more appropriate model than a murine
one, to investigate the mechanisms of respiratory failure in DMD.
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Background

Duchenne muscular dystrophy (DMD) is an X-linked,
lethal disorder of skeletal muscle caused by mutations in
the dystrophin gene, which encodes a large sub-sarcolem-
mal cytoskeletal protein, dystrophin. DMD is character-
ized by a high incidence (1 in 3,500 boys) and a high
frequency of de novo mutation [1]. The absence of dys-
trophin is accompanied by the loss of dystrophin-associ-
ated glycoprotein complex from the sarcolemma, leading
to reduce membrane stability of myofibers. This dysfunc-
tion results in progressive muscle weakness, cardiomyop-
athy, and subsequent early death by respiratory or heart
failure in DMD patients.

For basic and therapeutic studies of DMD, itis very impor-
tant to perform analysis and evaluation using dystrophin-
deficient animal models, such as the mdx mouse and dys-
trophic dog. The mdx mouse has been well utilized in
many DMD studies, but the murine model shows moder-
ate dystrophic changes unlike severe human DMD {2].In
contrast, golden retriever muscular dystrophy (GRMD)
shows similar dystrophic phenotypes to those of human
patients: elevated serum CK level, gross muscle atrophy
with joint contracture, cardiomyopathy, prominent mus-
cle necrosis, degeneration with mineralization and con-
current tegeneration, and endomysial and perimysial
fibrosis [3]. Therefore, the dystrophic dog is more suitable
than the mdx mouse for studies to gain insight into the
pathogenic and molecular biological mechanisms of
human DMD, as well as for pre-clinical trals [4]. There-
fore, we have recently- established a colony of beagle-
based canine X-linked muscular dystrophy in Japan
(CXMDy) [5], and have demonstrated that CXMD; also
exhibited severe symptoms similar to GRMD. To date, we
have utilized the littermates of the CXMD; colony for
pathological {6,7|, molecular biological |8}, and thera-
peutic examinations [9] of DMD.

Skeletal muscles are composed of heterogeneous popula-
tions of muscle fiber types, which contribute to a variety
of functional capabilities. In addition, muscle fibers can
adapt to diverse situations, such as aging, exercise, and
muscular diseases, by changing fiber size or fiber type
composition. Therefore, it is important to analyze fiber
types to evaluate the condition of skeletal muscle with dis-
ease. Fiber types can be distinguished by biochemical,
metabolic, morphological, and physiological properties.
One of the most informative methods for identification of
fiber types is detection of myosin heavy chain (MHC)
[10,11]. Myofibers express various MHC isoforms con-
taining slow (type 1), fast (types 1A, 1IX, IIB), embryonic,
and neonatal forms. MHC expression, however, seems to
differ between animal species and muscle types. Three
MHC isoforms {types [, 1A, and IIX) have been identified
in limb skeletal muscles of human and dog, while the
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fourth isoform, MHC 1IB, is abundantly present in small
mammals including mouse [10,11}. In addition, expres-
sion profiles of MHCs in dystrophin-deficient muscles
have been widely examined in limb skeletal muscles of
DMD patients |12} and animal models, such as the mdx
mouse [13] and GRMD [14], but it has not been fully ana-
lyzed in skeletal muscles of a canine model. Furthermore,
expanded studies of the diaphragm were restricted to that
of the mdx mouse [13,15]. Therefore, it is important to
perform detailed evaluation of fiber types and fiber sizes
in limb skeletal muscles and the diaphragm of CXMDj to
understand adaptations toward disease by changes in
fiber type composition in the skeletal muscles of human
DMD.

In this study, to investigate fiber types of myofibers in dys-
trophin-deficient skeletal muscles of dystrophic dogs, we
evaluated the expression profiles of MHCs in tibialis cra-
nialis (TC) muscles and diaphragms of CXMDj at various
ages, by immunohistochemical and electrophoretic tech-
niques. Briefly, we detected myofibers expressing fast type,
slow type, and/or developmental MHCs. In addition, the
numbers of fast or slow MHC fibers and the size distribu-
tion of these myofibers were analyzed among populations
of muscle fibers with or without developmental MHC.
The composition of MHC isoforms was also examined in
pairs of normal and affected dogs at various ages. This is
the first report of evaluation of the detailed distribution of
fiber types in TC muscles and diaphragms of dystrophic
dogs.

Methods

Animals

Experimental dogs were wild-type and dystrophic litter-
mates at ages from 1 month to 3 years, from the beagle-
based CXMD; breeding colony at National Center of Neu-
rology and Psychiatry (Tokyo, Japan) [5,6]. Within a few
days after birth, the genotypes (wild-type, carrier, or dys-
trophy) of the littermates were determined by a snapback
method of single-strand conformation polymorphism
(SSCP) analysis [ 16}, and the phenotypes were also confi-
ermed by measuring serum CK level [5]. All animals were
cared for and treated in accordance with the guidelines
approved by Ethics Committee for Treatment of Labora-
tory Animals at NCNP, where three fundamental princi-
ples (replacement, reduction, and refinement) were also
considered. Adult control and CXMD; dogs (10 months to
3 years) were analyzed in early experiments (three to six
animals). Series consisting of a pair of a normal dog and
an affected littermate at ages of 1, 2, 4, 6 months, or 1 year
old were examined in subsequent experiments. TC mus-
cles and diaphragms were removed from the dogs after
necropsy, in which euthanasia was performed by exsan-
guination under anesthesia with isoflurane taken to pre-
vent unnecessary pain. TC muscle was used as a

Page 2 of 12

{page number not for citation purposes)

— 208 —



BMC Musculoskeletal Disorders 2008, 9:1

representative limb skeletal muscle, and it corresponds to
the tibialis anterior muscle in mice and humans. The mus-
cle blocks were divided into pieces and frozen immedi-
ately in isopentane pre-cooled with liquid nitrogen.

Histological and immunohistochemical analysis

Serial transverse cryosections (10 pm thick) were stained
with hematoxylin and eosin (H&E), and immunostained
using anti-MHC antibodies. Immunohistochemistry was
performed as described previously [17]. Cryosections
were incubated with the following primary antibodies:
mouse monoclonal antibodies against fast type MHC
(NCL-MHCS; Novacastra), slow type MHC (NCL-MHCs),
and developmental MHC (NCL-MHCd). The primary
antibodies were detected using a Vectastain® ABC kit (Vec-
tor Laboratories) and then visualized with diaminobenzi-
dine. Images were. recorded using a microscope (Edipse
E600; Nikon) equipped with a CCD camera (HV-D28S;
Hitachi), and fiber types of individual myofibers from
400 to 1200 per muscle were identified, based on serial
sections immunostained with three types of MHC anti-
bodies. Subsequently, the fiber number of each group was
counted, and fiber sizes were also measured using Image-
Pro Plus (Media Cybernetics). Furthermore, the differ-
ences in MHC expression between two groups (normal,
dMHC (-} vs affected, dMHC (-); affected, dMHC (-) vs
affected, dMHC (+)), between muscles (TC muscle vs dia-
phragm), or among ages (1, 2, 4, 6 months, and 1 year)
were evaluated by Yates's chi-square test.

Myosin extraction and gel separation

Myosin was extracted on ice for 60 min from cryosections,
as described previously [18,19]. MHC isoforms were sep-
arated on 8% SDS-polyacrylamide gels containing 30%
glycerol, according to the methods described previously
[19,20] with some modifications. Briefly, aliquots of 0.4
ug of total protein were loaded in each well of mini-gels
(Bio-Rad). Electrophoresis was carried out at 60 V at 5°C
for 48 h using upper buffer containing additional 10 mM
2-mercaptoethanol. The gels were stained with silver, and
the image was scanned and analyzed using NIH image.

Results

MHC expression in TC muscle and diaphragm of adult
CXMD,

To investigate the relationship between the pathology and
fiber types in dystrophic skeletal muscles of CXMD), we
first examined histological features and MHC expression
in TC muscles and diaphragms of normal and affected
dogs at adult stages (10 months to 3 years old) (Fig. 1). In
H&E-stained sections, affected muscles exhibited some
dystrophic characteristics, such as necrosis, regeneration,
cellular infiltration, fibrosis, fiber splitting, and fiber size
variation. Especially, clusters of infiltrating cells were
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prominently observed in TC muscles, while endomysial
fibrosis was predominant in diaphragms.

We next detected expression of fast and slow type MHCs
for fiber type identification, and further examined devel-
opmental MHC, which means neonatal and/or embry-
onic MHC, as a marker of regenerating fibers (Fig. 1). In
TC muscles and diaphragms of adult normal dogs, indi-
vidual myofibers showed expression of either fast or slow
type MHC. In affected TC muscles, the proportions of fast
or slow MHC fibers were similar between normal and
affected muscles. In addition, large numbers of develop-
mental MHC-expressing fibers were observed in clusters,
and many of these fibers co-expressed fast type MHC. In
the affected diaphragms, the numbers of fast MHC fibers
were much lower than in the nomal counterparts, and
slow type MHC was expressed in almost all fibers. Further-
more, the numbers of developmental MHC fibers were
less than in affected TC muscle, and almost all of these fib-
ers co-expressed slow type MHC, unlike TC muscle. These
results indicated that the influences of dystrophin defi-
cdiency on MHC expression are significantly different
between TC muscle and the diaphragm of CXMD;, sug-
gesting that the diaphragm would be more greatly influ-
enced with regard to the composition of fiber types and
muscle regeneration than TC muscle.

MHC expression and fiber size distribution

To further evaluate the size distribution of individual
myofibers related to MHC expression, we measured trans-
verse areas of all muscle fibers within one area in TC mus-
cle or diaphragm of adult CXMD; (Fig. 2 and Table 1). We
then analyzed three types of MHC-positive fibers (fast,
slow, and hybrid) among populations of myofibers
expressing fast and/or slow type MHC(s) together with or
without developmental MHC, which were defined as
regenerating or non-regenerating fibers, respectively. In
non-regenerating fibers of affected TC muscle and dia-
phragm, the proportion of slow MHC fibers increased and
these fibers showed a larger size distribution than those in
the normal counterparts, indicating increased number
and enlarged fiber size of slow fibers (Fig. 2B and Table 1).
Interestingly, fast MHC fibers disappeared in the adult
CXMD; diaphragm.

In regenerating fibers of both affected muscles, the distri-
butions of all three populations shifted to smaller sizes
than those in the normal counterparts, and a large
number of hybrid fibers co-expressing fast and slow type
MHCs were observed at a high rate (Fig. 2C and Table 1).
In addition, fast MHC fibers were predominant in a regen-
erating population in TC muscle, while slow MHC fibers
were predominant in the diaphragm except for hybrid fib-
ers. These observations suggested that fast fibers could be
more susceptible to dystrophic stress than slow fibers, and
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Representative images of histology (H&E) and expression of fast type, slow type, or developmental myosin
heavy chain (MHC) in tibialis cranialis (TC) muscle and diaphragm of a normal (10 months old) or a CXMD,
dog (11 months old). Identical parts of serial cross-sections are shown in longitudinal panels. in panels of affected muscles,
dots show the fibers expressing developmental MHC. Bar: 200 um.

alteration of MHC expression and regeneration of muscle
fibers would be different between TC muscle and the dia-

phragm.

Time courses of histology and MHC expression

To investigate how MHC expression alters together with
growth of CXMD;, we examined MHC expression in TC
muscles and diaphragms of a normal or an affected litter-
mate at various ages from neonatal to adult stages (1
month to 1 year old) in relation to histopathological fea-
tures. Affected TC muscles showed mild lesions at 1 and 2
months old, but severe degenerative lesions were evident
at over 4 months old (Fig. 3). Expression of fast or slow
type MHC did not alter much with aging, and develop-
mental MHC was expressed continuously (Fig. 4). In con-
trast, degenerative lesions were severe in the affected
diaphragm at all ages examined (from 1 month old
onward), and endomysial fibrosis was dominantly
present over 6 months old (Fig. 3). Fast MHC fiber
number decreased markedly, while the number of slow
MHC fibers increased significantly in affected diaphragms
after 6 months old (Fig. 5). In addition, expression of
developmental MHC decreased at 6 months and 1 year

old. These observations indicated that MHC expression is
altered greatly in the affected diaphragms after 6 months
old, unlike TC muscles.

For quantitative evaluation of MHC expression in individ-
ual myofibers, we counted three types of MHC-expressing
fibers among non-regenerating or regenerating popula-
tions within an area in the TC muscle or diaphragm of a
normal or an affected littermate (Fig. 6). As normal mus-
cles still expressed developmental MHC at 1 month old
(Fig. 4 and 5), we performed the examinations at both
adolescent (2 and 4 months old) and adult stages (10 or
11 months old). In normal dogs, the number of fast MHC
fibers in TC muscle was three times greater than that of
slow MHC fibers throughout aging, while the proportions
in the diaphragms remained constant and equivalent
between the two types (Fig. 6A). In non-regenerating fib-
ers, the proportions of fiber types were not constant in
affected TC muscles at the ages examined, but the majority
of these fibers consisted of slow MHC fibers in the affected
diaphragms (Fig. 6B). These observations indicated that
slow fibers were already predominant in non-regenerating
populations of CXMDJ diaphragms at younger ages. In
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Figure 2

The size distribution of myofibers expressing fast and/or slow type MHCs in skeletal muscles of a normal (10
months old) or a CXMD,; dog (11 months old). On the basis of expression of fast and slow type MHCs, all fibers within
an area of TC muscle or diaphragm of a normal (A) or an affected dog (B, C) were classified into three types of MHC-positive
fiber. Furthermore, fast (white), hybrid (gray), or slow MHC myofibers (black) were analyzed among populations of muscle fib-
ers with non-expression of developmental MHC (A, B) or with expression of developmental MHC (C) in terms of fiber num-
bers (see Table ) and fiber sizes (A-C). Note that larger sizes of slow MHC fibers were noticeable in populations of muscle
fibers expressing fast and/or slow MHC(s) but not developmental MHC of affected muscles (B).

regenerating fibers, in contrast to the observation that fast
MHC fibers consistently accounted for the majority of fib-
ers in affected TC muscles, the affected diaphragms were
mainly composed of hybrid and slow MHC fibers and the
proportion increased gradually with age (Fig. 6C). These
observations indicated that MHC expression in regenerat-
ing fibers was also different between affected TC muscle
and diaphragm after 4 months old, although it was rela-
tively similar in the two at 2 months old.

Temporal changes of MHC isoforms
To examine how progressive degeneration alters the com-
position of fiber types in affected skeletal muscles, we

detected myosin isoforms in TC muscles and diaphragms
of CXMD); at various ages by electrophoretic gel separation
(Fig. 7). Four MHC isoforms (], I1A, 11X, and embryonic),
which migrated on electrophoresis as IIA-embryonic-1I1X-1
from slowest to fastest [11,12), were detected in canine
skeletal muscles (Fig. 7A). In affected TC muscles, type I,
11A, and embryonic isoforms were consistently detected at
similar levels, but the level of type IIX MHC was lower
than those in normal TC muscles after 2 months old. In
contrast, type IIA MHC level decreased gradually in
affected diaphragms with growth, and type I accounted
for the majority of MHC components in animals over 6
months old. In addition, the embryonic isoform
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Table 1: The numbers of myofibers co-expressing fast type, slow type, and/or developmental MHCs in skeletal muscles of a normal (10

months old) or a CXMD, dog (11 months old).

TC Diaphragm
Normal Affected Normal Affected
Developmental - - - - +
Fast 265 (73%) 85 (40%) 155 (70%) 222 (48%) 12 (1%) 20 (3.6%)
Fast & slow 0 (0%) 38 (18%) 67 (30%) 0 (0%) 160 (16%) 370 (66.8%)
Slow 96 (27%) 88 (42%) I (0%) 243 (52%) 847 (83%) 164 (29.6%)
Total 361 (100%) 211 (49%) 223 (51%) 465 (100%) 1019 (65%) 554 (35%)

The numbers of fibers analyzed were results from a normal or an affected dog. MHC expression between two groups (normal, dMHC (-) vs
affected, dMHC (-); affected, dMHC (-) s affected, dMHC (+)), or between muscles (TC muscle vs diaphragm) was analyzed by Yates's chi-square

test. Significant differences (p < 0.05) were detected in all tests.

decreased in affected diaphragms after 6 months old.
These results were consistent with those of immunohisto-
chemical analyses (Figs. 4 and 5). These observations sug-
gested that type 11X and IHA fast fibers may be
preferentially affected in TC muscle and diaphragm of
CXMD;, respectively. Furthermore, these observations
suggested that muscle regeneration may deteriorate from

1 month 2 month

Normal

TC

Affected

Normal

Diaphragm

Affected

Figure 3

4 month

relatively younger age in the affected diaphragm, unlike
TC muscle.

Discussion

To investigate the alterations in fiber types in skeletal mus-
cles of a canine DMD model, we examined MHC expres-
sion in the TC muscle and diaphragm of CXMDj at various
ages. Our results indicated that the influences of dys-

6 month

1year

Representative histological findings in TC muscles and diaphragms of a normal or a CXMD, dogat 1, 2, 4, 6
months, and | year old. Note that severe degenerative lesions were observed from early ages in affected diaphragms, as

compared with affected TC muscles. Bar: 200 pm.
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4 month & month

1 year

Expression of fast type, slow type, and developmental MHCs in TC muscles of a normal or a CXMD,dogat |,
2, 4, 6 months, and | year old. Note that there were no notable differences between expression levels of fast and slow

type MHCs in normal and affected TC muscles. Bar: 200 pm.

trophin deficiency on fiber type composition were signif-
icantly different between TC muscle and diaphragm.

To analyze MHC expression in details, we compared fiber
type composition and fiber size distribution of MHC-
expressing fibers between a normal dog (10 months old)
and an affected dog (11 months old). In normal and
affected dogs, body weight rapidly increased to approxi-
mately 9 kg at 4 months old, and then slightly increased
to approximately 14 and 11 kg at 12 months old, respec-
tively [5]. As body weight reflects muscle weight, muscle
mass and fiber size would not extremely change in 1
month after 4 months old, especially in normal dogs. In
fact, in TC muscles or diaphragms of normal dogs, there

were no significant differences among compositions of
fiber types and MHC isoforms after 4 months old (Fig 6
and 7). In addition, we examined normal dogs at 11, 12
and 14 months old, and affected dogs at 10, 12, 13 and 15
months old. Normal muscles of adult dogs showed simi-
lar expression of fast type, slow type, or developmental
MHC at all adult ages, and affected muscles also showed
similar MHC expression at examined ages (data not
shown). These observations implied that there would be
no significant difference in MHC expression between at
10 and 11 months old, in both of normal and affected
dogs.
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Normal
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Figure 5
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1 year

Expression of fast type, slow type, and developmental MHCs in diaphragms of a normal or a CXMD, dog at |,
2, 4, 6 months, and | year old. Note that slow MHC fibers were increased markedly in the affected diaphragms after 6

months old, while fast MHC fibers were decreased. Bar: 200 um.

Common features between TC muscle and diaphragm of
CXMD,

TC muscle and diaphragm of CXMD; shared the features
that slow MHC fibers increased and enlarged selectively in
non-regenerating populations, while fast type IIX or IIA
MHC isoform decreased. Similar observations have been
reported in skeletal muscles of the mdx mouse [13],
GRMD {14}, and human DMD [12,21]. In general,
increasing and enlarging of slow fibers may be a conse-
quence of adaptive responses by metabolic enzyme sys-
tems and energy consumption, because slow fibers have
lower capacity for power output and consume less energy
than fast fibers [22]. Our results also supported the

hypothesis that slow fibers would be more adaptable to
dystrophic stress than fast fibers, to compensate for the
reduced abilities of muscle function.

Two mechanisms were considered to explain the selective
increase in slow fibers during progressive muscle degener-
ation. One possibility is that slow fibers may be more
resistant to dystrophic stress than fast fibers, leading to
selective survival of slow fibers. This was supported by the
observation that slower muscle fibers contained signifi-
cantly more utrophin, a homolog of dystrophin, in com-
parison to faster counterparts [23,24]. Another is
transition of MHC isoforms, where type 1A or 1IX MHC
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Figure 6
Proportions of fiber types in skeletal muscles of a
normal or a CXMD, dog at various ages. The numbers
of fast (black), hybrid (gray), and slow MHC myofibers
(white) among populations of myofibers without develop-
mental MHC (A, B) and with developmental MHC (C) were
counted in TC muscle and diaphragm of a normal (A) or an
affected dog (B, C) at adolescent (2 or 4 months old) or adult
stages (10 or || months old). The numbers under the ages
show total fibers examined. MHC expression between two
groups {(normal, dMHC (-) vs affected, dMHC (-); affected,
dMHC (-) vs affected, dMHC (+)), between muscles (TC
muscle vs diaphragm), or among ages (2, 4,and 10 or 11
months) was analyzed by Yates's chi-square test. Significant
differences (p < 0.05) were detected in all tests, except for
no significant differences between 4 and 10 months old in
normal TC muscles or diaphragms. Note that slow MHC fib-
ers were consistently larger than other fibers, in populations
~ of muscle fibers without developmental MHC of affected dia-
phragms. In populations of muscle fibers co-expressing devel-
opmental MHC and other MHC isoform(s), slow MHC and
hybrid fibers were increased markedly in the affected dia-
phragm at 4 and 11 months old, unlike TC muscles.

isoforms could be transited to type I, as seen in hypertro-
phy and exercise [25]. MHC], Ila, IIx, and IIb gene expres-
sion are known to be regulated by the calcineurin pathway
[26,27]. Dystrophin deficiency may accelerate MHC tran-

http://www.biomedcentral.com/1471-2474/9/1

sition to slower types via calcineurin/NFAT signaling in
skeletal muscles of CXMDy, because calcineurin and acti-
vated NFATc1 protein content were higher in muscles
from mdx than wild-type mice [28}. However, it remains
possible that both mechanisms may be active at the same
time, because the calcineurin/NFAT cascade can regulate
not only the MHC promoters but also the utrophin A pro-
moter {24,29,30].

Differences between TC muscle and diaphragm of CXMD,
The CXMDy diaphragm developed severe degenerative
lesions from earlier stages than TC muscle, which corre-
sponded to previous reports [3,5,31]. In addition, dys-
trophic changes in the CXMD; diaphragm not only
markedly altered the expression of fast and slow type
MHGCs but also decreased the amount of the developmen-
tal (embryonic and/or neonatal) MHC with growth,
unlike affected TC muscle. Especially, fast MHC fibers dis-
appeared and slow MHC fibers enlarged in the adult
CXMD; diaphragm. The greater cross-sectional area of
slow fibers in affected diaphragms might be due to hyper-
trophy in compensation for loss of fast fibers, relating to
plasticity of muscle fibers, as mentioned above. The dia-
phragm keeps continuous contraction of muscle fibers
without resting, while limb skeletal muscle regularly rests
its movement. Therefore, replacement with slow fibers
may be particularly enhanced in the diaphragm rather
than TC muscle, depending on pathological severity and
contractile activity of skeletal muscles.

Fiber type determination and fiber type-specific gene
expression are regulated by multiple signaling pathways
and transcription factors. As partially described above, a
key mediator, calcineurin, plays an important role in
acquisition of fiber phenotype [29,30} and may induce
not only transition of MHC isoforms from faster to slower
types but also transformation of myofiber phenotypes in
mouse or rat muscles [26,27,32/{. In addition, calcineurin
signaling activity was greater in the diaphragm than in the
tibialis anterior muscle of the mdx mouse [28]. Therefore,
replacement with slow fibers may be up-regulated to a
greater extent in the diaphragm than in the TC muscle of
CXMD;.

We also showed age-related changes of MHC expression
in affected diaphragms after 6 months old, in contrast to
TC muscles (Fig 4, 5 and 7). In addition, fiber type com-
positions in non-regenerating or regenerating fibers were
also different between the TC muscle and the diaphragm,
depending on age. In non-regenerating fibers of affected
TC muscles, fast MHC fibers at 4 months old was higher
than those at 2 and 11 months old (Fig. 6B). It might be
partially involved in pathological changes that degenera-
tive lesions appeared obviously in affected TC muscles
after 4 months old, as described previously [3,5,31}. In
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MHC isoforms in skeletal muscles of normal and CXMD dogs. (A) Electrophoretic separation of MHC isoforms in TC
muscle and diaphragm. Myosin was extracted from muscles at various ages (|, 2, 4, 6 months, and | year old), and aliquots of
0.4 ug of protein were separated on 8% SDS-polyacrylamide gels containing 30% glycerol. Four MHC isoforms (1, IEX, 1A, and
embryonic) were detected. NTC: normal TC muscle at | year old. Note that MHC type | increased in the affected diaphragm

after 6 months old. (B) Quantitative analysis of MHC isoform

s. MHC expression between two groups (normal vs affected) or

among ages (1, 2,4, 6 months and | year) was analyzed by Yates's chi-square test. Significant differences (p < 0.05) were

detected between normal and affected groups in TC muscles
between | and 2 months old in normal TC muscles.

after 2 months old or in diaphragms after 4 months old, and

regenerating fibers of the CXMD; diaphragm, the propor-
tion of myofibers expressing slow type MHC increased
markedly after 4 months old (Fig. 6C). These results sug-
gested that MHC expression in TC muscle and the dia-
phragm of CXMD; would be influenced by different
mechanisms after 4 months old. These age-dependent
MHC expression might be related to body growth, partic-
ularly increasing of muscle mass. One possibility is parti-
cipitation of insulin-like growth factor (IGF)-1, which is
important for postnatal growth of skeletal muscles [33]
and can activate multiple Ca2*-dependent signaling path-
ways, induding the calcineurin/NFAT pathway [30].
When growth rate of body weight decreases after 4
months old [5], signaling activity of IGF-1 might reduce
and MHC expression might be regulated predominantly
by alternative signaling pathways.

Comparison among mdx, CXMD,, and DMD diaphragms
MHC expression in normal skeletal muscle has been well
studied in mice [15,34}], dogs {11}, and humans [35]. In
normal dogs, the proportions of fiber types in TC muscle

were relatively similar to those in the representative tibia-
lis anterior muscles of mice and humans. In the dia-
phragm, however, the proportion of fiber types differed
markedly among these species. The murine diaphragm is
composed mainly of fast type IIA and IX isoforms
[15,34], but the canine diaphragm consists of equal pop-
ulations of slow type MHC I and fast type MHC 1A {11],
as also shown in our study. In normal human diaphragm,
the distribution of myosin isoforms has been estimated
that types I, IIA, and 11X account for approximately 45%,
40%, and 15%, respectively [35]. Thus, the proportions of
MHC isoforms in the diaphragm of healthy dogs are
much closer to those of humans than those of mice.

Some groups have studied expression profiles of MHC
isoforms in the diaphragm of the mdx mouse. The mdx
diaphragm shows increases in MHC type [ fibers and elim-
ination of type [IX population at 2 years old, but not at
young ages (3 to 6 months old) {13,15,34]. In contrast to
the mdx diaphragm, that in CXMD; exhibited drastic
changes even in younger animals (6 months old). On the
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other hand, there is no direct information available
regarding the changes in fiber type composition in the
diaphragm in human DMD. In addition, there is an
important difference of MHC expression even in limb
skeletal muscles between large mammals (including dogs
and humans} and mammals with smaller body mass,
especially rodents. The former do not express the fastest
MHC 1IB isoform in limb muscles [10,11,36}, while it is
abundantly expressed in the latter [34]. Therefore,
changes/adaptations in skeletal muscles of dogs with
muscular dystrophy are likely to be more relevant to
human DMD, than that in the mdx mouse. As it is difficult
to examine the diaphragms of DMD patients, it would be
important to investigate the differences between murine
and canine models for understanding the mechanisms of
respiratory failure in human DMD.

Conclusion

Based on fiber type dassification using MHC expression,
we demonstrated the predominant replacement with slow
fibers and reduced muscle regeneration with progression
of muscular dystrophy in the diaphragm of a canine DMD
model, but these phenomena were much less strict in
affected TC muscle. In addition, the expression profiles of
MHC isoforms in the CXMD) diaphragm were evidently
different from those of the mdx mouse. Our results indi-
cated that dystrophic dog is a more appropriate model
than a murine one for human DMD, and would be useful
for investigation of the mechanisms of respiratory failure
in DMD, as well as pathological and molecular biological
backgrounds, and therapeutic effects in clinical trials.
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Abstract Parkinson’s disease (PD) is a neurodegenerative
disorder of unknown etiology with probable involvement of
genetic-environmental factors. The majority of PD cases
(approximately 90-95%) are sporadic, while familial cases
account for approximately 5~10% of PD. In arecent report, a
heterozygous LRRK2 P755L mutation within LRRK?2 exon
19 was found in 2% of Chinese sporadic PD patients and in
0% of normal controls or Caucasians, suggesting that the
mutation is disease-associated with ethnic specificity, To
further evaluate the role of LRRK2 P755L variant in sporadic
PD, we performed direct sequencing of LRRK2 exon 19 in
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501 Japanese sporadic PD patients (male 249, female 252,

“aged 28-92 years, mean 65.0 years) and 583 controls of the

Japanese general population as an extended association
study. In this group, we found six patients (6/501 = 1.2%)
and eight controls of the general population (8/583 = 1.6%)
with a heterozygous P755L variant (P = 0.80, x> = 0.064).
No other variants were found in exon 19. Together with
previous reports, our extended case-controlled study of large
sample size suggests that LRRK2 P755L is a non-disease-
associated polymorphism in PD patients.

Keywords Parkinson’s disease - Genetics - PARKS -
Leucine-rich repeat kinase 2 (LRRK2) - Polymorphism -
Association study - Japanese - Ethnic background

Introduction

Parkinson’s disease (PD, OMIM #168600) is the second
most common neurodegenerative disorder next to Alzhei-
mer’s disease. The clinical features are characterized by
levodopa-responsive parkinsonism, such as rigidity, resting
tremor, bradykinesia, and postural instability. Although the
cause of PD remains unclear, genetic-environmental
interaction is suggested for the development of the disease. -
One of the autosomal-dominant forms of PD, PARKS, was
originally mapped from a Japanese Sagamihara family
(Funayama et al. 2002) and LRRK?2 (PARKS; leucine-rich
repeat kinase 2, OMIM *609007) was identified as the
causative gene for PARKS8-linked PD (Paisin-Ruiz et al.
2004; Zimprich et al. 2004). Among LRRK2 mutations, the
most common LRRK2 G2019S mutation in North Africans
and Ashkenazi Jews has shown ethnic differences among
Caucasian, Japanese, and Chinese (Nichols et al. 2005;
Gilks et al. 2005; Lesage et al. 2006; Tomiyama et al.
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2006; Tan et al. 2005). On the other hand, LRRK2 G2385R
variant has recently been found the most common genetic
risk factor among Chinese and Japanese, but not Cauca-
sians (Di Fonzo et al. 2006; Funayama et al. 2007; Tan
et al. 2007; Farrer et al. 2007). Moreover, in a recent report
(Wu et al. 2006), a heterozygous LRRK2 p.P755L
(c.2264c¢ > t, rs34410987) mutation within LRRK2 exon
19, corresponding to a predicted ankyrin-repeat-like
domain of LRRK2, was found in 2% (12/598) of Chinese
sporadic PD and 0% (0/765) of Chinese normal controls,
suggesting its association with the disease. However,
LRRK2 P755L was reported as a polymorphism (3% of 92
normal controls) in the dbSNP database of Taiwanese.
Thus, to determine the frequency and the role of LRRK2
P755L in Asian PD, we screened for LRRK2 exon 19 in
Japanese sporadic PD patients.

Subjects and methods

The nucleotide sequences of LRRK2 exon 19 were
determined by direct sequencing in 501 sporadic Japa-
nese PD patients and 583 controls of the Japanese
general population (Table 1). All blood samples and
clinical information were obtained by the attending
neurologists after obtaining informed consent from their
patients. The study was approved by the ethics review
committees of Juntendo and Osaka Universities. Diag-
nosis of PD was made by the attending neurologists
based on the presence of parkinsonism and good
response to anti-PD treatment. Controls of the Japanese
general population were evaluated by neurologists to
ensure none of them had PD. DNA was prepared using
standard methods. They were amplified by polymerase
chain reaction (PCR) of exon 19 and sequenced using
BigDye Terminator Chemistry and ABI310 and 3130
Genetic Analyzer (Applied Biosystems, Foster City, CA).
Sequences of the primers, conditions of PCR, and con-
ditions of sequencing were based on a previous report
(Zimprich et al. 2004).

Results

We found 6 patients (6/501 = 1.2%) and 8 controls of the
Japanese general population (8/583 = 1.6%) with a het-
erozygous P755L varant (P = 0.80, odds ratio = 1.15,
95% CI: 0.40-3.32, x*=0.064) in LRRK2 exon 19
(Table 2). No other variants were found in exon 19.

Discussion

The purpose of the present study was to clarify the role of
an ethnic-specific variant in the causative gene for PD.
Although PD is considered a heterogeneous disease with
genetic-environmental interaction, some cases certainly
exhibit a Mendelian-inherited disease or are associated
with strong genetic and ethnic background. Indeed, the
reported frequency of LRRK2 G2385R was higher in Asian
sporadic PD patients than in controls (Di Fonzo et al. 2006,
Funayama et al. 2007; Tan et al. 2007), although this is not
the case in Caucasians. Moreover, Wu et al. (2006) in
Nanjing, Chind, recently reported that a heterozygous
LRRK2 P755L mutation was found in 2% (12/598) of
Chinese sporadic PD and 0% (0/765) of normal controls,
whereas none (0/463) of the Caucasian PD patients had this
mutation (Deng et al. 2007), suggesting ethnic differences,
like LRRK2 G2385R. However, our results of large case-
controlled study in Japanese revealed that LRRK2 P755L is
a non-disease associated polymorphism. Consistent with
our data, this variant was present at similar frequency in
Taiwanese PD patients (7/578 = 0.99%) and Taiwanese
normal controls (10/339 = 0.97%) (Di Fonzo et al. 2006).
Furthermore, the latest report in the Chinese population in

- Singapore showed the absence of segregation and associ-

ation of P755L with PD (case 4/204 = 2.0%, control 6/
235 = 2.6%, P = 0.76) (Tan et al. 2008). These findings
might be based on ethnic or native differences in human
migration history or human genetics.

We reported previously that the most common LRRK?2
G2019S mutation in Mendelian-inherited and sporadic PD

Table 1 Profile of analyzed
samples in this study

Parameter Patients Controls of general population
Total sample, n (%) 501 (100) 583 (100)
Male, n (%) 249 (49.7) 312 (53.5)
Female, n (%) 252 (50.3) 271 (46.5)

Age at sampling (years)®
Male®

Female®

Age at onset (years)®
Male®

Female®
? Data are mean  SD (range) emate

65.0 + 9.6 (28-92)
64.3 + 10.2 (28-92)
65.4 + 9.9 (28-92)
58.0 &+ 10.5 (20-88)
57.7 £ 10.9 (20-88)
58.3 £+ 10.1 (25-82)

45.0 £ 17.0 (21-98)
43.6 £ 15.0 (22-92)
46.8 + 19.0 (21-98)
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Table 2 Allele frequency of LRRK2 c. 2264C > T (p. P755L) in Japanese patients with Parkinson’s disease and controls of general population

Genotype, n (%)

Allele, n (%)

crc CIT T/T c T N OR (95% CI)
Patients (n = 501) 495 (98.8) 6(1.2) 0 (0) 996 (99.4) 6 (0.6) 0.06 1.15 (0.40-3.32)
Controls of general population (n = 583) 575 (98.6) 8(1.4) 0 () 1,158 (99.3) 8 (0.7)

 Compared with the control
OR odds ratio, CI confidence interval

was rare in Asians compared to North Africans or Cauca-
sians (Tomiyama et al. 2006). LRRK2 variants are reported
to spread worldwide with some ethnic differences among
each variant, such as R1441G, R1441C, R1441H (exon 31,
ROC domain), G2019S, I12020T (exon 41, MAPKKK
domain), and G2385R (exon 48, WD40 domain) (Mata
et al. 2005). Since LRRK2 consists of as many as 51 exons,
it is important to decide which exon(s) of this gene should
be screened first for efficient analysis of mutation in
patients with various ethnic backgrounds. In this regard,
LRRK?2 exon 41 and 31 are reasonable to be screened first;
however, exon 19 is not likely a candidate exon for caus-
ative mutation screening in PD. In addition, although

MAPKKK and ROC dornain are reported to be associated -

with kinase activity of LRRK2 (Paisdn-Ruiz et al. 2004;
Zimprich et al. 2004; Smith et al. 2006), the existence and
the role of the predicted ankyrin repeat-like domain in
LRRK?2 have not been established yet.

So far, LRRK2 P755L as well as G2385R variants have
been found in only Chinese, Taiwanese, and Japanese
{Asians) with similar frequencies in some Asians, but have
not been found in Caucasians. Thus, these variants could
occur independently in very ancient Asians with a single
founder effect (Farrer et al. 2007). Although the HapMap
project has been very successful, the presence of ethnic
differences among LRRK2 variants such as G2019S,
R1441G, G2385R, and P755L suggest that further estab-
lishment of ethnic-specific or native-specific data is essential
for more accurate SNP analyses and genome-wide associa-
tion studies.

Conclusion

. Our extended association study in Japanese with large
sample size suggests that LRRK2 P755L is a non-disease-
associated polymorphism in PD patients.
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ABSTRACT

Skeletal muscle satellite cells play key roles in postnatal
muscle growth and regeneration. To study molecular reg-
ulation of satellite cells, we directly prepared satellite cells
from 8- to 12-week-old C57BL/6 mice and performed
genome-wide gene expression analysis. Compared with
activated/cycling satellite cells, 507 genes were highly up-
regulated in quiescent satellite cells. These included neg-
ative regulators of cell cycle and myogenic inhibitors.
Gene set enrichment analysis revealed that quiescent sat-
ellite cells preferentially express the genes involved in
cell-cell adhesion, regulation of cell growth, formation of
extracellular matrix, copper and iron homeostasis, and
lipid transportation. Furthermore, reverse transcription-
polymerase chain reaction on differentially expressed

genes confirmed that calcitonin receptor (CTR) was ex-
clusively expressed in dormant satellite cells but not in
activated satellite cells. In addition, CTR mRNA is hardly
detected in nonmyogenic cells. Therefore, we next exam-
ined the expression of CTR in vivo. CTR was specifically
expressed on quiescent satellite cells, but the expression
was not found on activated/proliferating satellite cells
during muscle regeneration. CTR-positive cells reap-
peared at the rim of regenerating myofibers in later stages
of muscle regeneration. Calcitonin stimulation delayed
the activation of quiescent satellite cells. Our data provide
roles of CTR in quiescent satellite cells and a solid scaf-
fold to further dissect molecular regulation of satellite
cells. STEM CELLS 2007;25:2448-2459

Disclosure of potential conflicts of interest is found at the end of this article.

.- INTRODUCTION

Muscle satellite cells, which account for 2%-5% of the total
nuclei in adult skeletal muscle, play a major role in muscle
regeneration [1, 2]. Under normal conditions, satellite cells are
found external to the myofiber plasma membrane and beneath
the muscle basal lamina [3] and are mitotically quiescent in the
adult skeletal muscle [4, 5]. When activated by muscle damage,
they proliferate, differentiate, fuse with each other or injured
fibers, and eventually regenerate mature myofibers under the
influence of innervation [6]. Recently, it was clearly demon-
strated that the proliferation capacity of satellite cells in vivo is
robust and that the contribution of interstitial cells or bone
marrow-derived cells to muscle fiber regeneration is limited [7].
Importantly, a small fraction of activated satellite cells exit the
cell cycle and return to the quiescent satellite state during
muscle regeneration to maintain their numbers and the regener-
ative capacity of muscle.

Besides muscle fiber repair, satellite cells are also respon-
sible for postnatal growth [8] and hypertrophy of skeletal mus-
cle 9], and impairment of their functions is related to several
pathological conditions, for example, muscular dystrophies and
aging-related muscle atrophy [10]. Moreover, several studies

showed that satellite cells differentiate into adipogenic cells or
osteocytes in vitro [11-13], implying that they contribute to the
fatty infiltration seen in Duchenne muscular dystrophy. Thus,
normal functioning of satellite cells is indispensable for the
integrity of skeletal muscle, and the cells themselves are an
important source of cells for cell therapy of muscle diseases,
making it valuable to clarify the molecular regulation of main-
tenance, activation/proliferation, and differentiation in satellite
cells.

Like hematopoietic stem cells, most satellite cells are in a
quiescent and undifferentiated state in the adult. Although qui-
escence is important to retain the proliferative and differentia-
tive potential of satellite cells throughout the lifetime, the mo-
lecular regulation of quiescence remains poorly defined. Recent
studies suggested that myostatin, a skeletal muscle-specific
transforming growth factor-B superfamily member, sup-
presses the activation of satellite cells [14]. Myostatin has
been shown to induce a potent cyclin-dependent kinase in-
hibitor, p21(Cdknla), in vitro [15]. Other in vitro studies sug-
gested that the decrease of MyoD protein and induction of
another cyclin-dependent kinase inhibitor, p27(Cdknlb) [16],
and a Rb-related pocket protein, p130 [16, 17], are involved in
the attainment of quiescence by proliferating myoblasts.
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We previously reported a method to purify quiescent satel-
lite cells from adult skeletal muscle using the fluorescence-
activated cell sorting (FACS) technique and a novel antibody
named SM/C-2.6 [18]. In this study, to clarify the molecular
regulation of quiescent satellite cells, we performed genome-
wide gene expression profiling of quiescent satellite cells iso-
lated from CS7BL/6 mice. Expression analysis of individual
genes identified several candidate genes that regulate dormancy
of satellite cells. Gene set enrichment analysis (GSEA) revealed
that the gene sets involved in cell-cell adhesion, cell growth,
copper and iron ion homeostasis, lipid transport, and formation
of extracellular matrix were coordinately upregulated in quies-
cent satellite cells. Furthermore, we demonstrate that calcitonin
receptor (CTR) is expressed specifically on quiescent satellite
cells in vivo and that calcitonin significantly attenuates the
activation of satellite cells. Our study is the first report of
in-depth gene expression analysis of quiescent satellite cells and
will greatly facilitate the investigation of molecular regulation
of satellite cells in both physiological and pathological condi-
tions.

Animals

All procedures using experimental animals were approved by the
Experimental Animal Care and Use Committee at the National
Institute of Neuroscience. C57BL/6 mice were purchased from
Nihon CLEA (Tokyo, http://www .clea-japan.com).

Preparation of Satellite Cells and Nonmyogenic
Cells from Mouse Limb Muscles

Mononuclear cells were prepared from fore- and hindlimb muscles
of 8- to 12-week-old female C57BL/6 mice as described [19] and
incubated on ice for 30 minutes in the presence of a 1:200 dilution
of phycoerythrin-conjugated anti-CD45 (clone: 30-F11) and biotin-
ylated SM/C-2.6 [18]. Cells were then incubated with streptavidin-
labeled allophycocyanin on ice for 30 minutes and resuspended in
phosphate-buffered saline (PBS) containing 2% fetal bovine serum
(FBS) and 2 pg/ml propidium iodide (PI). Cell sorting was per-
formed on a FACSVantage SE flow cytometer (BD Biosciences,
San Diego, http://www.bdbiosciences.com). Dead cells were ex-
cluded by PI gating. All antibodies and reagents for FACS analysis
were purchased from BD Pharmingen (San Diego, hitp://www.
bdbiosciences.com/index_us.shtml).

Cell Culture

Satellite cells were cultured in growth medium consisting of
high-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA, http://www.invitrogen.com) contain-
ing 20% fetal calf serum (FCS; Trace Biosciences, New South
Wales, Australia), 2.5 ng/ml basic fibroblast growth factor (In-
vitrogen), and penicillin (100 U/ml)-streptomycin (100 pg/ml)
(Gibco-BRL, Gaithersburg, MD, http://www.gibcobrl.com) on
culture dishes coated with Matrigel (BD Biosciences). Single
living myofibers were prepared as described [20] and transferred
to Matrigel-coated 24-well culture dishes (one fiber per well).
After a 2-day culture in growth medium with or without elcato-
nin, satellite cells that had detached from muscle fibers were
counted.

Immunocytochemical Analysis

FACS-sorted cells were collected on glass slides by Cytospin 3
(Thermo Shandon Inc., Pittsburgh, http://www.thermo.com) and
immunostained as described {19]. Cultured cells were fixed on
8-well Lab-Tek Chamber Slides (Nunc, Rochester, NY, http://www.
nuncbrand.com) and stained as described [19, 21] with mouse
anti-Pax7 (1:100; clone: Pax7; Developmental Studies Hybridoma

www.StemCells.com

Bank, Iowa City, 1A, http://www.uiowa.edu/~dshbwww), mouse
anti-MyoD (1:200; clone: 5.8A; NeoMarkers; Lab Vision, Fremont,
CA, http://www.labvision.com), mouse anti-myogenin (1:100;
clone: FSD; Developmental Studies Hybridoma Bank), rabbit anti-
Ki67 (1:2; Ylem, Rome), or rabbit anti-p57 antibodies (1:50; Gene-
Tex, San Antonio, http://www.genetex.com) at 4°C overnight and
then reacted with secondary antibodies conjugated with Alexa 488
or Alexa 568 (Molecular Probes, Eugene, OR, http://probes.
invitrogen.com). Nuclei were stained with 4,6-diamidino-2-phe-
nylindole (DAPI). Images were photographed using a phase-con-
trast and fluorescence microscope IX70 (Olympus, Tokyo, http://
www.olympus-global.com) equipped with a Quantix air-cooled
CCD camera (Photometrics, Kew, VIC, Australia, http:/www,
photometrix.com.au) and IP Lab software (Scanalytics, Rockville,
MD, http://www .scanalytics.com).

Immunohistochemistry

Immunostaining of muscle cryosections was performed as pre-
viously described [21] using rat anti-laminin a2 (1:200; clone
4H8-2; Alexis Biochemical, Lausen, Switzerland, http://www.
axxora.com), rabbit anti-M-cadherin {21], rabbit anti-human
CTR (1:200; Serotec Ltd., Oxford, U.K., http://www serotec.
com), goat anti-Notch 3 (1:100; R&D Systems Inc., Minneapolis,
http://www.rndsystems.com), or mouse anti-Pax7. Rabbit anti-
mouse HeyL polyclonal antibody was produced in our labora-
tory. In brief, the DNA fragment corresponding to amino acids
220-287 of mouse HeyL (GenBank: NM_013905) was fused to
glutathione S-transferase in the pGEX-1 Lambda T vector (GE
Healthcare, Uppsala, Sweden, http://www.gehealthcare.com).
The purified fusion protein was used to immunize New Zealand
White rabbits. The obtained serum was affinity-purified. For
Pax7 staining, an M.O.M. kit (Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com) was used to block endogenous
mouse IgG. For CTR staining, horseradish peroxidase-conju-
gated anti-rabbit IgG donkey secondary antibody (1:100; GE
Healthcare) and Alexa 568-conjugated Tyramid (Molecular
Probes) were used to amplify the signal. Nuclei were counter-
stained with TOTO-3 (1:5,000; Molecular Probes) or DAPI. The
images were recorded using a confocal laser scanning micro-
scope system TCSSP (Leica, Heerbrugg, Switzerland, http:/
www.leica.com) or Axiophot microscope (Carl Zeiss, Jena, Ger-
many, http://www zeiss.com).

Cell Cycle Analysis

Muscle-derived mononucleated cells or cultured SM/C-2.6 positive
cells were suspended at 10° cells per milliliter in DMEM (lnvitro-
gen) containing 2% FBS (Trace Biosciences), 10 mM Hepes, and 10
uM Hoechst 33342 (Sigma-Aldrich, St. Louis, http://www,
sigmaaldrich.com) and incubated for 45 minutes at 37°C. An addi-
tional incubation was performed in the presence of 10 pg/ml Py-
ronin Y (Sigma-Aldrich) for 45 minutes at 37°C. Cells were then
washed with PBS containing 2% FCS. Muscle-derived mononucle-
ated cells were stained with SM/C-2.6 antibody and analyzed by
FACSVantage SE flow cytometer.

Cell Proliferation Assay

After cell sorting, quiescent satellite cells were plated on 96-well
culture plates at a density of 3,000-8,000 in the absence or presence
of elcatonin (0.01-0.1 U/ml) (Asahi Kasei Pharma Corporation,
Tokyo, http://www asahi-kasei.co.jp/asahi/en) and cultured for 1-2
days. Then 5-bromo-2'-deoxyuridine (BrdU) (10 uM) was added to
the culture. To examine the effects of elcatonin on activated satellite
cells, satellite cells were cultured for 3 days and then elcatonin was
added to the culture 24 hours before addition of BrdU. Twenty-four
hours later, BrdU uptake was quantified by cell proliferation en-
zyme-linked immunosorbent assay, BrdU Kit (Roche Diagnostics,
Basel, Switzerland, http://www.roche-applied-science.com), and
lumi-Image F1 (Roche). In Figure 6B, cells were exposed to elca-
tonin for 30 minutes and washed twice with PBS and then plated on
culture dishes.
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Detection of Apoptotic Cells

Cells were cultured on 8-well Lab-Tek chamber slides with or
without elcatonin. Apoptotic cells were detected by rhodamine
fluorescence using an ApopTag Red In Situ Apoptosis Detection
Kit (Chemicon, Temecula, CA, http://www.chemicon.com).

RNA Extraction and Reverse
Transcription-Polymerase Chain Reaction

Total RNA was extracted from sorted or cultured cells with a
Qiagen RNeasy Mini kit according to the manufacturer’s instruc-
tions (Qiagen, Hilden, Germany, http://www1.qiagen.com) and
then reverse-transcribed into ¢cDNA by using TagMan Reverse
Transcription Reagents (Roche). The polymerase chain reaction
(PCR) was performed with cDNA products under the following
cycling conditions: 94°C for 3 minutes followed by 30-40
cycles of amplification, annealing, and extension (94°C for 15
seconds, 58°C for 30 seconds, and 72°C for 30 seconds) with a
final incubation at 72°C for 5 minutes. Specific primer sequences
used for PCR are described in supplemental online Materials and
Methods.

Target Synthesis, Gene Chip Hybridization, and
Data Acquisition

To label antisense RNA (aRNA) with biotin for microarray
hybridization, we followed the protocol supplied by the manu-
facturer (Affymetrix, Santa Clara, CA, htip://www.affymetrix.
com). Because the starting amount of total RNA was 100 ng for
the sorted SM/C-2.6™ cell fraction, we used a two-cycle biotin
aRNA synthesis kit (Affymetrix). Labeled aRNA was frag-
mented according to Affymetrix GeneChip protocol and then
hybridized to Affymetrix MOE430A GeneChip arrays for 16
hours. After washing, the gene chips were stained according to
the instrument’s standard Eukaryotic GE WS2v4 protocol using
antibody-mediated signal amplification. The signal was deter-
mined, using the Microarray Suite (MAS) 5.0 absolute analysis
algorithm, as the average fluorescence intensity among the in-
tensities obtained from the probe set. The signal of a probe set
was calculated as the one-step biweight estimate of combined
differences of all the probe pairs (perfectly matched and mis-
matched) in the probe set. A one-sided Wilcoxon’s signed rank
test was used to calculate a p value that reflects the significance
of differences between perfectly matched and mismatched probe
pairs. The p value was used to make the absolute call for probe
sets. A “Present” call was assigned to transcripts for p values
between 0 and .04, a “Marginal” call was assigned to transcripts
for p values between .04 and .06, and an “Absent” call was
assigned to transcripts for p values between .06 and 1.0.

Microarray Data Analysis

Scanned output files were analyzed by the probe level analysis
package MAS 5.0 (Affymetrix). The Present/Absent call pro-
vided by the Affymetrix programs was used for the first selec-
tion. The MAS 5.0-generated raw data were uploaded to Gene-
Spring software version 7.0 (Silicongenetics, Redwood, CA,
http://www.chem.agilent.com/scripts/PHome.asp). Data normal-
ization was achieved by one of two methods: (a) each signal was
divided by the 50th percentile of all signals in a specific hybrid-
ization experiment or (b) each signal was divided by the median
of its values in all samples. A more reliable list of “S-fold
changing” genes was obtained by applying the filtering options
of GeneSpring. Present calls in all (four) quiescent or activated
satellite cell probes were selected and a restriction, which passed
genes with raw data above 100, was applied. Then, using all the
quiescent and activated satellite cells as data, we performed a
one-way analysis of variance test between the quiescent satellite
cell group and the activated satellite cell group. In particular, a
parametric test, with variances assumed equal (Student’s ¢ test, p
value cut-off .05; multiple testing correction: Benjamini and
Hochberg false discovery rate), was applied. The genes passing
all these filters and tests were selected as “5-fold changing
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genes.” Nonmyogenic cells (SM/C-2.67/CD45™ cells) were also
prepared four times.

Gene Set Enrichment Analysis

GSEA [22] is a statistical analysis of sets of gene expression
profiles, separated by phenotypic labels. Using GSEA, we can
test hypotheses concerned with predefined sets of genes; the rank
orderings of the genes in the whole gene set calculated with a
given ranking method are random with regard to a given classi-
fication of samples. As a result of the analysis, nominal p values,
family-wise error rate p values, and false discovery rate (FDR) q
values for test hypotheses (thus for gene sets) were obtained.
In our analysis, we used the GSEA-P software package [22],
which is available from the Broad Institute (Cambridge, MA,
http://www.broad.mit.edu). We prepared, as input to the
GSEA-P, the MAS 5.0-generated raw signal data and gene sets
derived independently. We chose genes on the chip that were
detected (the Present call was assigned) in at least one sample
(17,150 of 22,626). The raw signals of the chosen genes were
normalized so that their total sum was 1. Because the total
amount of mRNA in a quiescent satellite cell (QSC) is much less
than that in an activated satellite cell (ASC), the normalized
signal should be understood as a relative signal among the
chosen genes. To compile the gene sets, we assigned each probe

“to a gene ontology (GO) category [23] using annotations of the

MOE430A chip (September 22, 2005) provided by Affymetrix.
Therefore, these gene sets reflect the structure of the GO cate-
gories and subcategories of molecular function (MF), biological
process (BP), and cellular component (CC). The 17,150 genes
chosen comprised 1,674, 1,698, and 412 gene sets in the MF, BP,
and CC subcategories, respectively, and were reduced to 162,
218, and 85 after filtering out gene sets with sizes smaller than
20 or larger than 1,000. We ran the GSEA-P with the signal-to-
noise option for its ranking metric, with permutation over phe-
notype labels of QSC and ASC samples, and repeated it 2,000
times with the “weighted” option for its scoring scheme.

Isolation of Quiescent Satellite Cells from Mouse
Skeletal Muscle

First, to obtain RNA samples for microarray analysis, we prepared
mononuclear cells from 8- to 12-week-old C57BL/6 mouse mus-
cle, and the SM/C-2.6" fraction was collected as the satellite cell
fraction by FACS [18] (Fig. 1A). Consistent with our previous
report, more than 97% of fresh SM/C-2.6" cells expressed Pax7
(Fig. 1B) but were mostly negative for both MyoD (Fig. 1Ca, 1Cb)
and Ki67 (Fig. 1Ce, 1Cf). After 4-5 days of culture, more than
98% of SM/C-2.6™ cells expressed MyoD (Fig. 1Cg, 1Ch) and
Ki67 (Fig. 1Ck, 1Cl). Both freshly isolated, uncultured SM/C-2.6*
cells and SM/C-2.6™ cells cultured in growth medium were nega-
tive for myogenin expression (Fig. 1Cc, 1Cd, 1Ci, 1Cj), but these
cells started to express myogenin and differentiated well into
multinucleated myotubes after mitogen withdrawal (data not
shown). In contrast, more than 99% of freshly isolated SM/C-2.67/
CD45™ cells were negative for Pax7 expression (Fig. 1Bc, 1Bd),
and cultured SM/C-2.67/CD45™ cells did not express MyoD (data
not shown), again indicating that myogenic cells are highly en-
riched in the SM/C-2.6™ fraction.

The forward and side scatter profiles of freshly isolated SM/
C-2.6" cells showed that they are small and uniform in granularity
(data not shown). In fact, as shown in Figure 1D, the cell size of
fresh SM/C-2.6™ cells was estimated to be approximately one-half
that of cultured SM/C-2.6" cells based on the forward scatter
profile, indicating that the freshly isolated SM/C-2.6" cells were
not activated yet. Pyronin Y staining showed the small amount of
RNA content in freshly isolated SM/C-2.6" cells (Fig. 1D). In
general, a Pyronin'" and Hoechst 33342'°" fraction is considered
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Figure 1. SM/C-2.6" cells isolated from skeletal muscle by fluorescence-activated cell sorting (FACS) are highly purified quiescent satellite cells and
proliferate and express MyoD in culture. (A): Mononucleated cells prepared from uninjured limb muscles of adult mice were stained with anti-CD45 antibody
and SM/C-2.6 monoclonal antibody. The SM/C-2.6* fraction (red square) and the SM/C-2.67/CD45™ fraction (blue square) were collected for Further
analysis. (B): Freshly isolated SM/C-2.6™ and SM/C-2.67/CD45~ cells were stained with anti-Pax7 (Ba, Bc) antibody and DAPI (Bb, Bd). The percentages
of Pax7-positive cells in each cell fraction are shown. Cell fractionation was performed three times, and more than 300 cells from each fraction were counted.
Scale bar: 50 wm. (C): Freshly isolated SM/C-2.6™ cells and SM/C-2.6" cells cultured for 4 days in the presence of basic fibroblast growth factor were
stained with antibodies to MyoD (Ca, Cg), myogenin (Cc, Ci), or Ki67 (Ce, Ck). Percentages of MyoD-, myogenin-, or Ki67-positive cells are shown. Cell
fractionation was performed three times, and more than 180 cells were counted each time. Nuclei were stained with DAPI (Cb, Cd, Cf, Ch, Cj, C1). Scale bar: 50
2m. (D): The mean value of FSC (cell size) and Pyronin Y intensity (RNA content) of freshly isolated SM/C-2.6™ cells and satellite cells cultured in vitro. The value
is an average of two independent experiments. (E): The percentages of cells in the GO phase of the cell cycle were estimated by staining with Pyronin Y and Hoechst
33342. The number in the lower left of each FACS profile indicates the percentage of the GO cells: 90% for fresh SM/C-2.6" cells and 11% for cultured SM/C-2.6™
cells. Abbreviations: APC, allophycocyanin; DAPI, 4,6-diamidino-2-phenylindole; FSC, forward scatter; M, mitosis phase; PE, phycoerythrin; S, synthesis phase.
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