Histopathology. We performed muscle biopsies of
the right TC and right EDL on a 3-month-old nor-
mal dog (II-2308MN) and a CXMD; dog (II-
2302MA), and right TC on a 7-year-old normal
dog (00-174MN) and a CXMDj dog (II-C04MA) af-
ter MRI scanning. The muscle samples were snap-
frozen in liquid nitrogen cooled by isopentane.
Hematoxylin and eosin (H&E) staining was per-
formed on serial 10-um transverse cryostat sections.
Ant-IgG immunofluorescence staining was per-
formed on 6-um serial cryostat sections incubated
with fluorescein isothiocyanate (FITC)-conjugated
polyclonal sheep anti-canine IgG (1:200; AbD Sero-
tec, Oxford, UK) overnight. To examine fatty infil-
tration in the muscle, 6-um serial frozen sections
from normal and CXMD; dogs at 7 years of age
were stained with oil red O.

RESULTS

MRI Findings of Lower Leg Muscles in 3-Month-Old
Normal Dogs. First, we acquired muscle images of
three 3-month-old normal dogs by T1WI, T2WI],
CHESS-T1WI, CHESST2WI, Gd-T1WI, and
CHESS-GA-T1WI. Representative  cross-sectional
images of 1I-2308MN are shown in Figure 2A. In
normal dogs, the lower leg muscles showed a ho-
mogeneous signal intensity in these sequences, but
the muscles that contain mainly slow-twitch fibers,
such as the gastrocnemius (GC) and flexor digito-
rum superficialis (FDS) (Fig. 2A, e and i), showed
slight hyperintensity on T2WI and CHESS-T2WI
when compared with muscles that contain mainly
fast-twitch fibers such as TC and EDL (Fig. 2A, €
and i). These findings were consistent with the
previous T2 relaxation time study of rabbit
muscles.®® Gd-TIWI (data not shown) or CHESS-
Gd-T1WI (Fig. 2A, g) showed homogeneous and
slight enhancement when compared with T1WI
(Fig. 2A, a) or CHESS-TIWI (Fig. 2A, c), respec-
tively, in all normal dogs.

MRI Findings of Lower Leg Muscles in 3-Month-Old
Dystrophic Dogs. Next, we tried to detect muscle
involvement in three 3-month-old CXMD; dogs.
Clinically, the dogs showed mild to moderate mus-
cle atrophy and gait or mobility disturbance. These
clinical findings are compatible with our previous
study of CXMDJdogs.14 Representative cross-sec-
tional images of II-2302MA are shown in Figure 2A.

All lower leg muscles of the three CXMDy
showed no change on TIWI and CHESS-T1WI
(Fig. 2A, b and d), but almost all lower leg
muscles, especially EDL and GC, revealed remark-
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able hyperintensity on T2WI when compared with
the images of normal dogs. We should note that
the hyperintensity on TC was rather slight com-
pared with that of the other lower leg muscles
(Fig. 24, f). We found that contrast agent uptake
by Gd-TIWI (data not shown) or CHESS-Gd-TTWI
(Fig. 2A, h) was increased in the areas where
hyperintensity was recorded by T2WI. These find-
ings suggest the necrotic and/or inflammatory
changes that were shown in a previous study of
mdx mice.?! Hyperintensity was also clearly indi-
cated by CHESS-T2WI in these regions, where
hyperintensity on T2WI and contrast agent uptake
in Gd-TIWI or CHESS-Gd-TIWI were noted
(Fig. 24, j).

Comparison of MR Signal Intensities of 3-Month-Old
Normal and Dystrophic Dogs. To quantitatively eval-
vate MRI findings of three normal and three
CXMD; dogs, we measured T2 relaxation time, CE
based on comparison between SNR of CHESS-
T1WI and CHESS-Gd-T1WI, and SNR of CHESS-
T2WI. In TC, the T2 relaxation time of CXMDJ
dogs was significantly prolonged (49.8 + 2.3 ms)
when compared with that of normal dogs (39.9 +
1.2 ms) (P = 0.0004). Moreover, T2 relaxation
time of EDL was significantly prolonged in CXMD;
(58.6 + 3.1 ms) when compared with not only that
in normal dogs (40.0 & 0.5 ms) but also that of
TC in CXMDj dogs (P < 0.0001 and P = 0.0008,
respectively) (Fig. 2B, a).

Similarly, the effect of contrast enhancement in
TC and EDL of CXMD; (1.659 + 0.077 and 1.936
+ 0.127-fold) was significantly increased in com-
parison with that of normal dogs (1.511 + 0.009
and 1.528 + 0.015 fold) (P = 0.0413 and P =
0.0002, respectively), but the effect in TC of
CXMDj was more prominent in EDL of CXMDy (P
= 0.0019) (Fig. 2B, b).

In TC, the SNR of CHESST2ZWI was signifi-
cantly increased in CXMD; (102.3 + 12.1) when
compared with that of normal dogs (70.0 £ 3.6)
(P = 0.0019). Moreover, the SNR of CHESS-T2WI
was significantly increased in EDL of CXMDj
(146.0 + 11.7) when compared with not only that
of normal dogs (69.2 & 2.9) but also that in TC of
CXMDy dogs (P < 0.0001 and P = 0.0003, respec-
tively), indicating EDL was more affected than TC
in the early stage of CXMD; (Fig. 2B, c).

Histopathological Findings in Lower Leg Muscles of
3-month-old Normal and Dystrophic Dogs. To deter-
mine the relationship between MRI findings and
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FIGURE 2. Cross-sectional MR images in lower leg muscles of 3-month-old normal and dystrophic dogs and comparison of three
quantitative values in Rt. TC and Rt. EDL. (A) Representative images of normal (l1-2308MN) and dystrophic (1-2302MA) dogs are
shown. TIWI {(a, b), CHESS-T1WI (¢, d), T2W! (e, f), CHESS-Gd-T1WI (g, h), and CHESS-T2WI (i, j). Rt, right side; Lt, left side. (B)
Comparison of T2 relaxation time (a), contrast enhancement (CE) (b), and SNR of CHESS-T2W! (c) between three 3-month-old nor-
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shown. Rt. TC, right side tibialis cranialis; Rt. EDL, right side extensor digitorum longus. Error bar: mean + SD; *P < 0.05; **P <
0.01.
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morphological changes of CXMD; lower leg
muscles, we biopsied the Rt. TC and Rt. EDL of a
normal dog (II-2308MN) and a CXMD; dog (II-
2302MA) and carried out histopathological exami-
nations. In TC of the CXMD;, we found necrotic
fibers, regenerating myofibers with central nuclei,
a slight increase in cellular infiltration, and moder-
ate variation in fiber size (Fig. 3A, ¢). Immuno-
staining with anti-IgG antibody, which is a marker
for muscle necrosis,37 revealed a slight degree of
IgG uptake in the cytoplasm (Fig. 3A, d). On the
other hand, EDL of the CXMD; showed many ne-
crotic and hypercontracted fibers, severe cellular
infiltration, and an increase in interstitial connec-
tive tissue (Fig. 3B, c). Moreover, the cytoplasm of
this muscle showed a severe degree of IgG uptake
(Fig. 3B, d). The necrotic and inflammatory
changes in the muscle corresponded to the higher
SNR on CHESS-T2W images.

MRl Findings of Lower Leg Muscles in a 7-year-old
Normal Dog. Next, we obtained muscle images of
a 7year-old normal dog, 00-174MN (Fig. 4A). As
shown in Figure 44, a, ¢, e, g, and i, the lower leg
muscles showed a homogeneous signal intensity in
each sequence. Homogeneous but slight contrast
enhancement was found on Gd-T1WI and CHESS-
Gd-T1WI, as seen in 3-month-old normal dogs.

MRI Findings of Lower Leg Muscles in 7-Year-Old
Dystrophic Dogs. We performed muscle MRI on
two 7-year-old CXMDj dogs. II-C04MA showed mus-
cle weakness and atrophy, gait disturbance, macro-
glossia, arthrogryposis, and dysphagia, but the dog
could stll rise and walk. Another dog, II-C12MA,
was found to have difficulty in rising at the age of
about 6.5 years. These two CXMD; showed mild
clinical symptoms and signs despite their ages,
which is sometimes seen in less affected GRMD.®
We have previously reported that the clinical sever-
ity in Beagle-crossed dystrophic dogs was milder
than that in GRMD,14 in accordance with a sepa-
rate report from another facility.®

MRI indicated muscle atrophy in both dogs,
but the degree of muscle atrophy was more strik-
ing in II-C12MA than that in II-CO4MA. Figure 4A,
b, d, f, h, and j shows representative cross-sectional
images of II-CO4MA. On T1WI, almost all lower leg
muscles of both dogs, in particular TC, EDL, and
GC, revealed diffuse hyperintensity regions (Fig.
4A, b), although FHL and FDL did not show re-
markable change compared with the normal dog.
On CHESS-T1WI, these hyperintense regions were
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considerably suppressed, suggesting fat infiltration
with progression of the disease (Fig. 4A, d), which
was reported in a previous MRI study of DMD.'?

On T2WI, 1I-C04MA showed slight and moder-
ate hyperintensity in TC and other lower leg
muscles, respectively (Fig. 4A, f). On the other
hand, II-C12MA also had an area that showed re-
markable T2 hyperintensity with T1 hyperintensity,
but there is no area of T2 hyperintensity without
T1 hyperintensity, with the exception of FHL (data
not shown).

On CHESS-T2WI, FDL, GC, FHL, and FDS of
11-CO4MA and FHL of II-C12MA showed hyperin-
tensity, but significant signal changes were found
in neither TC of II-C04MA nor almost all lower leg
muscles of II-C12MA (Fig. 44, j, and data not
shown).

On CHESS-GAd-T1WI of 1I-C04MA, the CHESS
sequence considerably suppressed the hyperintense
fat signal, but the contrast agent greatly enhanced
the muscle regions left in all lower leg muscles,
especially EDL, FHL, FDL, GC, and FDS (Fig. 4A,
h). Contrast agent uptake was also found on
CHESS-GA-TIWI of II-C12MA, but the degree of
uptake was lower than that of II-C04MA (data not
shown).

Comparison of MR Signal Intensity in 7-Year-Old
Normal and Dystrophic Dogs. To quantitatively
assess the MRI findings of CXMD; dogs, we calcu-
lated the T2 relaxation time, CE, and SNR of
CHESS-T2WI in TC of one 7-year-old normal dog
and two CXMDj dogs. T2 relaxation time of TC
was moderately prolonged in both CXMD; dogs
(46.4 and 47.4 ms) when compared with that in a
normal dog (37.0 ms) (Fig. 4B, a). Similarly, the
effect of contrast enhancement was also increased
in TC of each CXMDj (1.439- and 1.465-fold) rela-
tive to that of a normal dog (1.229-fold) (Fig. 4B,
b). However, the SNR of CHESS-T2WI in TC of
both CXMDy dogs (77.7 and 75.0) was not signifi-
cantly increased when compared with that of a
normal dog (74.7) (Fig. 4B, c). The discrepancy
between the SNR of CHESS-T2WI and T2 relaxa-
tion times, and the effect of contrast enhancement
should be carefully considered in the examination
of affected skeletal muscle morphology.

Histopathological Findings in Lower Leg Muscles of
7-year-old Normal and Dystrophic Dogs. To deter-
mine the relationship between MRI findings and
morphological changes in CXMDj lower leg
muscles, we biopsied the Rt. TC of 00-174MN and
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sin (H&E) staining (a, ¢) and IgG immunostaining (b, d) in Rt. TC of 3-month-old normal (11-2308MN) (a, b) and dystrophic (li-
2302MA) dogs (c, d). (B) H&E (a, ¢) and IgG immunostaining (b, d) in Rt. EDL of 3-month-old normal (11-2308MN) (a, b) and dystro-
phic (11-2302MA) dogs (c, d) are also shown. Bar = 100 um.
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II-C04MA and carried out histopathological
examinations. In CXMD; dogs, we found a few
degenerated and many regenerated fibers with
central nuclei and a moderate degree of fiber
size variation together with fibrotic changes
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(Fig. 5d). IgG accumulation was found in only a
few fibers, but it was extensively distributed in
the interstitial tissues (Fig. 5e). Oil red O stain-
ing revealed definite fatty infiltration in the
CXMD; dogs (Fig. 5f).
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FIGURE 5. Histopathology in Rt. TC of 7-year-old normal and dystrophic dogs. We performed hematoxylin and eosin (H&E) staining
(a, d), lgG immunostaining (b, e), and oil red O staining (c, f) on tissues of 7-year-old normal (00-174MN) (a~c) and dystrophic (lI-

C04MA) dogs (d—f). Bar = 100 pm.

DISCUSSION

Previous studies have attempted to noninvasively
evaluate involvement of striated muscle in DMD
patients or the animal models by various MRI
sequences; however, a method for more accurate
and precise assessment of acute-phase responses
such as muscle necrosis and/or inflammation is
necessary, because it is difficult to distinguish
between these lesions and fat infiltration and/or fi-
brosis by conventional MRI sequences. Among dys-
trophic processes, especially in muscle necrosis,
the intramuscular water concentration and extrac-
ellular components are increased, with the water
imbalance having been induced by the deficiency
of sarcolemmal membrane integrity.'®***® CHESS-
T2WI may be one of the tools to solve this prob-

MRI of Dystrophic Dogs

lem, because the sequence can selectively cancel
fat tissue signals.

CHESS-T2W! Is Useful to Evaluate Dystrophic Skeletal
Muscle Involvement in Early Stage. First, we tried to
detect necrotic and/or inflammatory lesions in the
early stage of CXMDj by using a CHESS-T2WI
sequence. EDL of a 3-month-old CXMD; dog
showed massive and severe necrosis and inflamma-
tory cell infiltration in the pathological analyses,
but TC of the dog revealed localized and moderate
necrosis and inflammation. The SNR of CHESS-
T2WI in EDL showed a significant increase
compared with that in TC. These findings suggest
that there is a correlation between SNR of CHESS-
T2WI and the degree of necrotic and inflamma-

MUSCLE & NERVE  November 2008 823



tory changes in the histopathology. Moreover, the
SNR of CHESS-T2WI was consistent with T2 relaxa-
tion time or contrast enhancement in the early
stage of muscular dystrophy. Previous contrast
agent studies sensitively detected early dystrophic
muscle involvement that showed the increase of
cell membrane permeability.24'25 In the forelegs of
2-month-old GRMD dogs, the maximum relative
enhancement, which was calculated from fatsatu-
rated T1-weighted images pre- and post-gadolinium
injection, was almost doubled compared with nor-
mal control dogs.>® However, side effects of the
contrast agent itself or cytotoxicity may be of con-
cern, because influx of the contrast agent into
damaged muscle fibers occurred. CHESS-T2WI can
identify dystrophic lesions without a contrast agent
and may facilitate more sensitive and clearer opti-
cal evaluation of early dystrophic lesions than
other fat suppression sequences, because the SNR
on either STIR or the multipoint Dixon technique
is lower than that on CHESS.*

CHESS-T2WI May Be Able to Differentiate Necrotic
and/or Inflammatory Changes from Fatty Changes in
Advanced Stage of Dystrophic Dogs. Next, we stud-
ied whether CHESS-T2WI is able to evaluate ne-
crotic and/or inflammatory lesions in the
advanced stage of CXMDj. TC of 7-year-old CXMDj
dogs showed severe fatty infiltration and an
increase in interstitial tissues without necrosis and
inflammation. The SNR of CHESS-T2WI in TC was
not significantly different from that of the age-
matched normal dog, suggesting that CHESS-T2WI
is a good tool to evaluate necrotic and/or inflam-
matory changes, even though extensive fatty infil-
tration exists. On the other hand, the T2 relaxa-
tion time and enhancing effect of the contrast
agent were increased, although necrotic and
inflammatory changes were not present. It is possi-
ble that the prolongation of T2 relaxation time or
the increase of contrast enhancement is affected
by fatty infiltration, increase of interstitium, and/
or microvascular flow, and therefore necrotic and
inflammatory changes could be overestimated by
these sequences and indexes. CHESS-T2WI may
reflect necrotic lesions more precisely in the inter-
mediate to advanced stage without special contrast
agents, because the SNR of CHESS-T2WI was ele-
vated in EDL of II-C04MA, where it is thought that
necrotic and fatty changes coexist (data not
shown). On the other hand, it is also important to
evaluate fatty infiltration in the advanced stages of
DMD. In a recent study, the percentage of intra-
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muscular fat tissue was measured by three-point
Dixon MRI, which may accurately reflect the clini-
cal severity of DMD patients.*!

Muscle Regeneration in Advanced Stage of CXMD,
May Stabilize Cell Membrane. We found that the
majority of muscle fibers in TC of 7-year-old
CXMDj dogs were composed of regenerated fibers
with central nuclei, but those fibers did not show
IgG uptake, in accordance with the lack of abnor-
mal signals on CHESS-T2WI at this stage. The his-
topathological findings and muscle physiological
functions were ameliorated at the advanced stage
in mdx mice compared with those in the early
stage.” Moreover, studies using 3l-phosphorus
magnetic resonance Spectroscopy (*'P-MRS) dem-
onstrated biochemical abnormalities in the regula-
tions of intracellular ion and oxidative metabolism
of dystrophic muscles at the early stage.*?*® It was,
however, reported that older GRMD (>30 months)
did not demonstrate further increases in the inor-
ganic phosphate (Pi) to phosphocreatine (PCr) ra-
tio [Pi/ (Pi+PCr)] after exercise, and these results
may reflect the relative stabilization of clinical
signs and symptoms at the later stage, as far as
they were examined by *IP.MRS.*® Skeletal muscle
in the early stage of DMD and the model animals
showed enhanced necrotic and regeneration activ-
ities due to functionally defective regulation
caused by the deficiency of dystrophin. On the
other hand, we and others found a lower degree
of muscle degeneration at the advanced stage, sug-
gesting some degree of membrane stability
remains in regenerated fibers, resulting in resist-
ance to further necrosis. Retention of membrane
stability in the advanced stage may be related to
the shift of muscle fiber types from fast to slow™
and/or compensatory expression of utrophin,*’ a
homolog of dystrophin.

One of the limitations of the CHESS sequence
is that it requires a presaturation pulse. Fat sup-
pression by the CHESS sequence is not applicable
with a low magnetic field (<1.5 T), because disper-
sion of the frequency direction between water and
fat depends on the main magnetic field.*® Another
limitation is that CHESS-T2WI does not allow eval-
uation of fibrotic changes. We, however, suggest
that CHESS-T2WI could precisely and perceptively
provide much information, such as the presence
and severity of necrotic and inflammatory changes
throughout all stages of the disease. Moreover,
CHESS-T2WI is safer than other conventional
sequences, because the sequence does not require
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contrast agent enhancement. CHESS-T2WI may be
useful to understand the pathological findings, to
monitor therapeutic effects in clinical trials, and to
predict functional recovery in muscular dystrophies
such as DMD.
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Duchenne muscular dystrophy (DMD) is a lethal muscle
disorder caused by mutations in the DMD gene for which
no mutation-targeted therapy has been available thus far.
However, exon-skipping mediated by antisense oligonucle-
otides (AOs), which are short single-strand DNAs, has con-
siderable potential for DMD therapy, and clinical trials in
DMD patients are currently underway. This exon-skipping
therapy changes an out-of-frame mutation into an in-frame
mutation, aiming at conversion of a severe DMD pheno-
type into a mild phenotype by restoration of truncated
dystrophin expression. Recently, stable and less-toxic AOs
have been developed, and their higher efficacy was con-
firmed in mice and dog models of DMD. In this review,
we briefly summarize the genetic basis of DMD and the
potential and perspectives of exon skipping as a promising
therapy for this disease.

Key words: antisense oligonucleotide, DMD animal model,
DMD gene, Duchenne muscular dystrophy (DMD), dys-
trophin, exon skipping.

INTRODUCTION

Muscular dystrophy is a group of disorders that shows
progressive muscle atrophy and weakness and the histopa-
thology of which reveals degeneration and regeneration of
muscle fibers. Among them, Duchenne muscular dystrophy
(DMD), an X-linked disorder, is the most common and
produces the most severe phenotype. This disorder mani-
fests around the age 2-5 years by difficulty in walking, and
the skeletal muscle involvement is progressive, resulting in
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patients being wheelchair-bound by the age of 13. The
patients die of cardiac or respiratory failure due to dilated
cardiomyopathy around the age of 30 years, at least in
Japan. The responsible gene, DMD, encodes dystrophin,
which is expressed at the sarcolemma of muscle fibers, and
DMD mutations interrupt the reading-frame, resulting in
a complete loss of dystrophin expression, which causes
DMD.! The histopathology shows degeneration, necrosis,
inflammatory cell invasion, and regeneration of muscle
fibers, which are eventually replaced by fibrous connective
and fat tissue. Besides DMD, two phenotypes of the
dystrophin-deficient condition, Becker muscular dystrophy
{(BMD) and X-linked dilated cardiomyopathy (XLDCM)
are known. BMD is a milder variant of DMD, and XLDCM
shows dilated cardiomyopathy without overt skeletal
muscle signs and symptoms. All three phenotypes of dys-
trophin deficiency are called dystrophinopathies.

Several therapeutic strategies for treatment of DMD
have been investigated extensively: gene therapy using
micro-dystrophin with an adeno-associated virus (AAV)
vector,? stem cell transplantation using muscle satellite
cells’ or bone marrow stromal cells,' and read-through
therapy for nonsense mutations.® However, an effective
treatment has not yet been established. In recent years,
exon skipping using antisense oligonucleotides (AOs) has
been considered one of the therapeutic strategies for res-
toration of dystrophin expression at the sarcolemma. AOs
are artificial nucleic acids that recognize a specific sequence
of the mRNA, resulting in a change in the splicing pattern
or translation, Currently, various AOs possessing the prop-
erties of high stability, high efficacy and low toxicity,
have been developed. Here, we review advances in exon-
skipping therapy for DMD.

THE DMD GENE AND ITS MUTATION

The DMD gene is located on the human chromosome
Xp2.1, and it is the largest gene in the human genome, with
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79 exons spanning more than 2500 kb. The DMD gene
encodes a product called dystrophin. Full-length dystro-
phin mRNA is about 14 kb and is mainly expressed in
skeletal, cardiac and smooth muscles, and the brain. Dys-
trophin is a rod-shape structure that consists of four
domains: (i) the N-terminal actin-binding domain; (ii) a rod
domain composed of 24 spectrin-like rod repeats and 4
hinges; (iii) a cysteine-rich domain that interacts with
dystroglycan and sarcoglycan complexes; and (iv) the
C-terminal domain that interacts with the syntrophin
complex and dystrobrevin. Dystrophin is localized at the
sarcolemma and forms a dystrophin-glycoprotein complex
(DGC) with dystroglycan, sarcoglycan, and syntrophin/
dystrobrevin complexes. Then, DGC links the cytoskeletal
protein actin to the basal lamina of muscle fibers. DGC is
considered to work as a membrane stabilizer during muscle
contraction or a transducer of signals from the extracellu-
lar matrix to the muscle cytoplasm via its interactions with
intracellular signaling molecules® Dystrophin deficiency
leads to a condition in which the membrane is leaky under
mechanical or hypo-osmotic stress. Consequently, Ca®
permeability is increased, and various Ca*-dependent
proteases, such as calpain, are activated in dystrophin
deficiency. It has also been proposed that alteration of the
expression or function of the plasma membrane proteins
associated with dystrophin, such as neuronal nitric oxide
synthase (nNOS), aquaporin-4, Na* channel, L-type Ca*
channel, and stretch-activated channel, are involved in the
molecular mechanisms of muscle degeneration.’

In DMD patients, various mutations in the DMD gene,
such as missense, nonsense, deletion, insertion, or duplica-
tion, have been identified (http://www.hgmd.org). In
general, when the reading-frame of amino acids is dis-
rupted by a mutation (out-of-frame), dystrophin is not
expressed, resulting in the severe phenotype of DMD. On
the other hand, when the reading-frame is maintained
despite the existence of a mutation (in-frame), a truncated
but still functional dystrophin is expressed, leading to the
more benign phenotype of Becker muscular dystrophy
(BMD). Ninety-two percent of the DMD/BMD pheno-
types are explained by the “frame-shift theory.” In the
DMD gene, there are two hot spots for mutation: around
exons 3-7 and exons 45-55.

RATIONALE OF EXON-SKIPPING
THERAPY IN DMD

In DMD, dystrophin is basically absent at the sarcolemma,
although some dystrophin-positive fibers, which are called
revertant fibers, are detected in DMD patients and DMD
animal models. The number of revertant fibers increases
with age due to the cycle of degeneration and regenera-
tion.”® It is currently thought that the molecular mecha-
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nism underlying revertant fibers is the skipping of exon(s)
around the original mutation, which gives rise to correction
of the reading frame and expression of dystrophin at the
sarcolemma.’ Consequently, exon skipping has attracted
attention as a strategy for restoration of dystrophin expres-
sion in DMD®" In addition, exon-skipping therapy for
DMD has been advanced by the development of several
new AOs."! Exon-skipping therapy has been reported to be
practical for up to 90% of DMD patients having a deletion
mutation.’*”® In addition, the ethical issues involved in
exon-skipping therapy are fewer in number than those in
gene therapy or stem-cell transplantation therapy because
AOs are classified as a drug rather than a gene therapy
agent by the Food and Drug Administration (FDA) of the
USA and representative agencies in the EU and Japan.
Based on reports that asymptomatic patients with high
blood creatine kinase concentrations have an in-frame
deletion in the DMD gene*" it is possible that exon-
skipping therapy could convert DMD phenotype to an
asymptomatic phenotype rather than the milder pheno-
type of dystrophin deficiency, BMD.

DEVELOPMENT OF ANTISENSE
OLIGONUCLEOTIDE AND DESIGN OF
SEQUENCE

Antisense oligonucleotides are chemically synthesized
20-25 base-long single-strand DNAs that are designed to
hybridize with a complementary sequence in the target
mRNA. In 1989, Isis Pharmaceuticals developed the AO
drug Vitravene (fomivirsen) for retinitis due to cytomega-
lovirus infection in AIDS patients, and it was the first AO
approved by the FDA. However, the clinical application
did not go smoothly because of adverse effects such as
inflammation, and it was terminated in 1999.

Various chemistries for AOs have been proposed to
overcome the unstable nature of single-strand DNA or
RNA molecules (Fig. 1). Several modifications of AOs
include a bicyclic-locked nucleic acid (LNA), peptide
nucleic acid (PNA), ethylene-bridged nucleic acid (ENA),
2’-O-methyl phosphorothionate AO (20MeAO), phos-
phorodiamidate morpholino oligomer (PMO: morpho-
lino), and peptide-linked PMO (PPMO).!" Development
of appropriate AOs requires consideration of several
characteristics of AOs, such as the chemical specificity,
affinity, nuclease resistance, stability, safety, and ease of
synthesis,'s!® but among them, 20MeAO and PMO are
the most frequently utilized because of their suitable
properties.

The structure of 20MeAO is similar to that of RNA, but
it has been methylated at the 2"-OH position of the ribose
ring. 20MeAOQ is widely used because it is relatively cheap
to produce and easy to synthesize, has high stability and
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Fig.1 Chemistries used for exon skipping. A, DNA; B, RNA; C, peptide nucleic acid (PNA); D, ethylene-bridged nucleic acid (ENA);
E, 2’-O-methyl phosphorothionate antisense oligonucleotide (20MeAQ); F, phosphorodiamidate morpholino oligomer (PMO) (mor-

pholino), G, peptide-linked PMO (PPMO).

affinity to mRNA, and is also resistant to nucleases.
However, the low solubility of 20MeAO prevents its use at
higher dosages.”

PMO has a morpholine ring instead of a deoxyribose
ring in DNA or ribose ring in RNA, and the morpholine
rings bind to each other through phosphorodiamidate
instead of phosphoric acid. PMO is non-ionic, which
minimizes protein interactions and nonspecific antisense
effects, and it has several advantages such as high solubility
in water and high binding capacity to mRNA. PMO does
not stimulate or activate either Toll-like receptors or
inflammatory responses mediated by interferon or NF-xB.
AVI Biopharma Inc. (Corvallis, OR, US), which is the only
pharmaceutical company that currently produces a Good
Manufacturing Practice grade of PMO, has promoted
several clinical trials targeting cardiovascular restenosis
(Phase II, finished), hepatitis C virus (Phase I, finished),
Ebola virus (Phase I, ongoing), Marburg virus (Phase I,
ongoing), and rheumatoid arthritis (Phase I, ongoing). To
improve the stability of PMO in blood and cells and to

increase the uptake of PMO into the cells, cell-penetrating
peptides (CPPs) such as B-alanine (B), B-arginine (R), or
6-aminohexane (X) are added, and the compound is called
a peptide-conjugated PMO (PPMO).

Designing the sequence of an AO to skip a particular
exon in the splicing process from premature mRNA to
mRNA is very important.’** Knowledge of the molecular
mechanism of splicing tells us that some proteins and
splicesome complexes are involved in the splicing machin-
ery through an exon-intron consensus sequence or an
exon splicing enhancer (ESE). AOs target the exon-intron
boundaries or the ESE and subsequently can inhibit
the binding of the spliceosome to premature mRNA.
However, when web-based software, such as ESEfinder
(http//rulai.cshl.edu/tools/ESE), is used to design an AO
sequence to target an ESE, exon-skipping is not always
induced.*” An AO targeting a non-ESE sequence such
as exon-intron boundary sequences can often effectively
induce exon skipping, but the effects of the same AO differ
in vitro and may also differ in vivo. Recently, Wee et al.

© 2009 Japanese Society of Neuropathology
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developed bioinformatics tools to optimize AO sequences
based on the pre-mRNA secondary structure.”

EXON SKIPPING IN DMD ANIMAL
MODELS

Before application of AOs to exon skipping in DMD, in
vitro and in vivo studies using animal models are indispens-
able. Cultured skeletal muscle cells derived from DMD
patients are often used to evaluate exon-skipping effi-
ciency.**® However, in vitro studies are limited because
while we can examine the effectiveness of skipping itself,
we cannot evaluate the functional repair in an in vitro
system. On the other hand, animal models can be used to
assess the efficacy of exon skipping as well as the improve-
ment of muscle function. In this section, studies of the
DMD mouse models mdx and mdx52, which we estab-
lished, and dystrophic dog will be described.

Mdx mouse

The mdx mouse has a nonsense mutation in exon 23 of the
DMD gene, resulting in loss of dystrophin. This mouse
shows a mild but non-progressive muscle weakness of the
limbs, although progressive muscle degeneration, necrosis
and fibrosis occur in respiratory muscles including the dia-
phragm.* Lu et al. reported the local administration of
20MeAO with the non-ionic polymer F127, which pro-
motes intracellular uptake of 20MeAQ, to the skeletal
muscles of 2-week-old mdx mice. The result showed that
dystrophin together with B-dystroglycan, sarcoglycans, and
nNOS was restored in 20% of the muscle fibers.” Further-
more, systemic administration of the anti-sequences of the
same 20MeAO with F127 revealed that dystrophin was
expressed in the skeletal muscle of the whole body except
the heart. There was no toxicity of 20MeAO, but the
expression did not reach a therapeutic level.”? Wells et al.
reported that local administration of 20MeAO using elec-
troporation restored dystrophin expression to up to 20%
of the normal level.” Systemic induction of dystrophin
expression by PMO administration has reached a feasible
level in whole body skeletal muscle, although not the
heart.?? In addition, the more recently developed PPMO
induced high expression of dystrophin in the heart as well
in whole body skeletal muscles.”” A unique exon-skipping
method was proposed in which the mutated exon 23 on the
mRNA of mdx mice is removed by a single administration
of an AAV vector expressing antisense sequences linked to
a modified U7 small nuclear RNA.* This may teach us a
method to prevent repeated injections of AO. Goyenvalie
et al. indeed showed a strong and long-term recovery of
dystrophin expression and improvement of muscle func-
tion in mdx mice,® but the issue of the cytotoxicity of AAV
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vectors and finding a way to prevent immune responses
due to subsequent injections of AAV vectors needs to be
addressed.

Dystrophic dog

Muscular dystrophy in dogs was originally identified in
golden retrievers and designated “Golden retriever
muscular dystrophy” (GRMD). GRMD shows progressive
skeletal muscle weakness and atrophy as well as abnormal
electrocardiographic findings and myocardial fibrosis, like
those seen in DMD. However, the dogs are too large to be
maintained conveniently, so we have established a colony
of medium-sized beagle-based dystrophic dogs (canine
X-linked muscular dystrophy in Japan: CXMDy) at the
National Center of Neurology and Psychiatry, Tokyo, by
using artificial insemination of frozen GRMD semen.* The
level of serum creatine kinase in CXMD; is very high soon
after birth, and about 25-33% of the pups die of respira-
tory failure during the neonatal period. Around the age of
2-3 months, atrophy and weakness of limb muscles appear,
then the dogs develop gait disturbance, joint contracture,
macroglossia, and dysphasia. Those symptoms rapidly
progress until the dogs are 10 months of age, and then the
progression is retarded.*® CXMD,;, GRMD, and DMD
have similar cardiac involvement, including distinct deep
Q-waves on the electrocardiogram and fibrosis of the left
ventricular wall.® The distinct deep Q-waves are ascribed
to fibrosis in the posterobasal region of the left ventricular
wall in DMD, but we found that the deep Q-waves on
echocardiograms precede the development of histopatho-
logically apparent fibrosis in CXMD;.»® When we investi-
gated the cardiac pathology of CXMDj;, we found that the
Purkinje fibers showed remarkable vacuolar degeneration
despite the absence of detectable fibrotic lesions in the
ventricular myocardium. The degenerated Purkinje fibers
were coincident with overexpression of Dp71,a C-terminal
truncated isoform of dystrophin, at the sarcolemma and
translocation of calcium-dependent protease p-calpain to
the cell periphery near the sarcolemma or in the vacuoles.
Utrophin, a homologue of dystrophin, was highly upregu-
lated in the Purkinje fibers in the early stage, but the
expression was dislocated when vacuolar degeneration was
recognized at 4 months of age.* The selective degeneration
of Purkinje fibers can be associated with distinct deep
Q-waves on electrocardiograms and the fatal arrhythmia
seen in dystrophinopathy. Thus, the dystrophic dog is a
useful model to examine pathogenesis and therapeutic
strategies because the phenotype and genetic background
are closer to human DMD than those of the mouse model.

The dystrophic dogs have a point mutation at the intron
6 splice acceptor site in the canine DMD gene, resulting in
skipping of exon 7. A premature stop codon arises in exon
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8 and dystrophin is not produced. Recently, we and
researchers at the Children’s National Medical Center in
the USA used three PMOs targeting exons 6 and 8 to
convert an out-of-frame mutation into an in-frame muta-
tion, and mixtures of the PMO were systemically adminis-
tered to CXMD;.* The result showed that dystrophin was
restored in the entire body skeletal muscle except the heart
but that heart muscle function was improved. Thus, we
showed for the first time that multi exon-skipping is fea-
sible in vivo. Another study reported that PPMO had the
highest efficacy in restoration of dystrophin expression
when the effectiveness of exon skipping of 20MeAO,
PMO, and PPMO was compared in GRMD muscle cells.*

Mdx52 mouse

Katsuki and his colleagues generated another DMD
mouse model, mdx52, in which exon 52 of the murine
DMD gene was deleted by using a homologous recombi-
nation technique.”’” Like the mdx mouse, mdx52 lacks dys-
trophin and presents dystrophic changes including muscle
hypertrophy. In particular, the retina-specific dystrophin
isoform Dp260 is absent and abnormal electroretino-
graphic findings were detected.” Recently, we tried exon
51-skipping using PMO in mdx52 mice to convert an out-
of-frame mutation into an in-frame mutation and found
restoration of dystrophin expression in various muscles
and improvement of muscle pathology and function (Aoki
et al., unpublished data).

PROSPECTS FOR CLINICAL TRIALS
FOR DMD

It is thought that the number of patients having the same
nonsense or deletion mutation of exon 23 as the mdx
mouse or the same deletion of exon 7 as the dystrophic dog
is very small. To provide exon-skipping therapy to more
patients, it will be necessary to target the hot spots of
mutation in the DMD gene. Among the mutation hot spots,
patients having one and more deletions within exons 45-55
account for 60% of DMD patients having deletion muta-
tions, making this area a prominent target. This section
reviews the preclinical studies of exon skipping targeting
one exon (single-exon skipping) and multiple exons (multi-
exon skipping) within exons 45-55. Here, the mdx52 mouse
is an indispensable animal model for the investigation of an
exon-skipping strategy targeting this hot spot region.

Single-exon-skipping therapy

Based on the Leiden Muscular Dystrophy database (http:/
www.dmd.nl), exon skipping targeting exon 51 may be
applicable to about 15% of patients with DMD having a
deletion mutation. In the Netherlands, clinical trials of
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exon S1-skipping therapy for patients with the deletion of
either exons 48-50, exons 49-50, exon 50, or exon 52 have
been conducted.” In that study, 20MeAOs were injected
into the tibialis anterior (TA) muscle of the patients, and
the efficacy of exon skipping, restoration of dystrophin
expression, and improvement of MRI findings were
reported, although the TA muscle function could not be
evaluated because of local administration. Based on our
on-going study of exon 51 skipping in the mdx52 mouse,
a certain degree of improvement of muscle function is
expected (Aoki et al., unpublished data). In addition, the
UK* and US/Japan are planning clinical trials of exon
51-skipping therapy using PMO.

In the Leiden Muscular Dystrophy database, relatively
small-sized in-frame deletions, mainly including exons 50
and 51 {e.g. deletion of exons 45-51, 47-51, 48-51, 49-51,
50-51, 51, or 52) cause a high rate of DMD phenotypes
(56-100%) rather than the BMD phenotype.* The mecha-
nism underlying the high ratio of DMD phenotypes despite
the in-frame mutation remains unclear, but the hinge 3
region coded by exons 50-51 of the DMD gene might have
an important functional role in dystrophin. On the other
hand, larger deletions including exons 50-51 (e.g. deletion
of exons 45-53 or 45-55) more frequently present with a
BMD phenotype.” Thus, hinge 3 might bestow flexibility
on the protein structure, and when hinge 3 is absent, the
longer spans between hinges might become fragile to
mechanical stress. However, we also need to point out that
gene deletion should be confirmed not only on a genomic
DNA level but also an mRNA level.

Multi-exon-skipping therapy

As described above, exon 51-skipping therapy may be fea-
sible for up to 15% of DMD patients having a deletion
mutation, but this therapeutic method remains a “custom-
made therapy,” and large numbers of DMD patients will
not benefit from it. We recently reported three unrelated
patients with a deletion of exons 45-55, which covers the
entire hot spot region, who have very mild skeletal muscle
involvement and can still walk unassisted late in life.*?
Beroud etal. also described 15 patients having an exon
45-55 deletion who had very mild or asymptomatic skeletal
muscle involvement.® Furthermore, when we examined
the number of patients having deletions within exons 45-55
in the Leiden Muscular Dystrophy database combined
with previous data,”* the deletion of exons 45-55 pro-
duced a BMD phenotype in 97% of cases, which is second
only to the percentage of BMD phenotypes due to deletion
of exons 47-49.* If multi-exon skipping of exons 45-55 is
feasible, not only approximate 60% of DMD but also
severe BMD cases having a deletion within the hot spot
may be treatable. We recently induced exons 45-55 skip-
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ping by injection of mixtures of 10 PMOs in the anterior
tibialis muscle of mdx52 mice and confirmed that multi-
exon-skipping is feasible (Aoki et al., unpublished data).

One of the difficulties of multi-exon skipping is the need
to avoid the formation of duplex AOs. The affinity of PMOs
for duplex formation is much stronger than that of DNA or
RNA, and once a duplex PMO is formed, the efficacy of
exon-skipping may be greatly decreased or an immune
response might be induced. Another problem is that the
efficacy of multi-exon skipping might be lower than that of
single-exon skipping because many different splicing prod-
ucts could be produced. Thus, the design of each AO and
their combinations are very important. However, there are
advantages in exons 45-55-skipping therapy: we can treat
up to 60% of DMD deletion patients using the same
mixture of AQs if the mixture of AOs for multi-exon skip-
ping is regarded as one pharmaceutical agent by the FDA
and its Japanese counterpart PMDA. Even partial products
for multi-exon skipping, which lack exons 45-46, 4547,
45-48, 45-49, or 47-49, might give positive effects because
each deletion causes the BMD phenotype rather than the
DMD phenotype. Concerning the mutations outside of
exons 45-55 in the DMD gene, at least in the Leiden data-
base, 90% have deletion of exon(s) corresponding to the
N- or C-terminal region of dystrophin,** 80% of DMD
patients having a duplication as well.*

ISSUES OF EXON-SKIPPING THERAPY
FOR DMD AND IMPACT ON OTHER
DISORDERS

Issues remaining in exon-skipping therapy

One of the issues that accompanies exon-skipping therapy
is whether the efficacy of skipping differs among organs or
tissues. Systemic administration of 20MeAO or PMO pro-
duced restoration of dystrophin expression that was much
lower in the heart than in skeletal muscle.?* Considering
that many DMD patients die of cardiac complications such
as heart failure or lethal arrhythmias, improvement of the
efficacy of AOs in cardiac muscle is very important. It is
unclear why the uptake of AOs in the cells of cardiac and
skeletal muscle is different; however, it is intriguing to note
that cardiac muscle cells have a single nucleus, unlike
skeletal muscle cells. Therefore, damaged but living multi-
nucleated muscle fibers may uptake PMO, but damaged
cardiomyocytes may not survive and are soon replaced by
fibrous tissues. To improve the efficacy of its introduction
into cardiac muscle cells, injection of PMO combined with
a microbubble contrast agent using diagnostic ultrasound
has been proposed.* Another way to increase effectiveness
is to use PPMO; once-a-day administration of PPMO to
mdx mice for 4 days produced high restoration of dystro-
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phin expression in cardiac muscle However, whether
PPMO causes dose-dependent cytotoxicity or not should
be examined.

We also need to consider another issue: each AO may or
may not be considered a different pharmaceutical agent by
the FDA or its counterparts. Further, even if the multi-
exon-skipping from exon 45 to 55 is established, it is not
applicable to all patients with DMD having a deletion, and
a specific AO targeted to each type of mutation needs to be
designed. Moreover, the costs for development of each AO
and its clinical trials will be enormous if the FDA considers
each AO to be a different drug. Therefore, it is expected
that the FDA and its counterparts will consider PMOs as
one drug, even if their sequences are different. Another big
difficulty is that exon-skipping therapy by AOs modifies
the splicing process of pre-mRNA for a limited period of
time but does not affect the genome DNA itself; therefore,
the efficacy of the treatment is finite and repeated admin-
istration will be needed.

Impact on other diseases

Duchenne muscular dystrophy is one of the plausible can-
didates for exon-skipping therapy because the phenotype
of dystrophin-deficiency shows a heterogeneity from
severe DMD phenotypes to asymptomatic cases and the
correlation between genotype and phenotype has been
well investigated on the basis of analysis of the molecular
structure of dystrophin. The attempt of exon-skipping in
DMD may provide a useful platform to develop experi-
mental therapies for many other disorders, including
manipulation of splicing of the muscle-specific chloride
channel CICI gene in myotonic dystrophy* and the SMN2
gene of spinal muscular atrophy type 1,% switching of iso-
forms of the TNFa type 2 receptor gene, TNFRSFIB, in
rheumatoid arthritis,” or knockdown of the collagen type 7
gene, COL7A1 in epidermolysis bullosa.” Thus, the success
of research on exon-skipping therapy and the clinical trials
for DMD might have a large impact on the development of
therapy for other disorders.

CONCLUSIONS

Exon-skipping therapy for DMD has rapidly advanced
with newly developed AOs, especially PMO, and better
animal models. Various issues accompanying this therapy,
including the introduction, efficacy, and toxicity of AQs,
remain prior to human clinical trials, but the ethical hurdles
might be lower than those for gene therapy using viral
vectors or stem cell transplantation therapy. This therapy
could also be appropriate to patient populations with other
disorders, and therefore is expected to be applicable to
some hereditary neuromuscular disorders.
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ABSTRACT Satellite cells are myogenic stem cells
responsible for the postnatal regeneration of skeletal
muscle. Here we report the successful in vitro induction
of Pax7-positive satellite-like cells from mouse embry-
onic stem (mES) cells. Embryoid bodies were generated
from mES cells and cultured on Matrigel-coated dishes
with Dulbecco’s modified Eagle medium containing
fetal bovine serum and horse serum. Pax7-positive
satellite-like cells were enriched by fluorescence-acti-
vated cell sorting using a novel anti-satellite cell anti-
body, SM/C-2.6. SM/C-2.6-positive cells efficiently dif-
ferentiate into skeletal muscle fibers both in vitro and
in vivo. Furthermore, the cells demonstrate satellite cell
characteristics such as extensive self-renewal capacity in
subsequent muscle injury model, long-term engraft-
ment up to 24 wk, and the ability to be secondarily
transplanted with remarkably high engraftment effi-
ciency compared to myoblast transplantation. This is
the first report of transplantable, functional satellite-like
cells derived from mES cells and will provide a founda-
tion for new therapies for degenerative muscle disor-
ders.—Chang, H., Yoshimoto, M., Umeda, K., Iwasa, T.,
Mizuno, Y., Fukada, S., Yamamoto, H., Motohashi, N.,
Yuko-Miyagoe-Suzuki, Takeda, S., Heike, T., Nakahata, T.
Generation of transplantable, functional satellite-like cells
from mouse embryonic stem cells. FASEB J. 23,
1907-1919 (2009)

Key Words: long-term engraftment - secondary transplania-
tion + high engraftment efficiency * self-renewal

DUCHENNE MUSCULAR DYSTROPHY (DMD; ref. 1) is a
progressive, lethal muscular disorder (2) with no effec-
tive cure despite extensive research efforts. DMD re-
sults from mutations in the X-linked dystrophin gene
(3). Dystrophin and its associated proteins function to
link the intracellular actin cytoskeleton of muscle fibers
to laminin in the extracellular matrix (4), thereby
protecting myofibers from contraction-induced dam-
age (5). Skeletal muscle fibers are continuously regen-
erated following exercise and injuries when satellite
cells (6) are induced to differentiate into myoblasts that

0892-6638/09/0023-1907 © FASEB

form myotubes and replace the damaged myofibers (7,
8). This muscular regeneration is observed at a much
higher frequency in DMD patients (9). Continuous
damage to myofibers and constant activation of resi-
dent satellite cells due to loss of dystrophin leads to the
exhaustion of the satellite cells (10, 11), and the
eventual depletion of satellite cells is primarily respon-
sible for the onset of DMD symptoms.

Successful transplantation of normal satellite cells
into the skeletal muscle of DMD patients may enable
in situ production of normal muscle tissue and create a
treatment option for this otherwise fatal disease. A
recent report has shown that the transplantation of
satellite cells collected from mouse muscle tissues can
produce muscle fibers with normal dystrophin expres-
sion in mdx mice (12-14), a model mouse for DMD
(15). This study suggests that stem cell transplantation
may be a viable therapeutic approach for the treatment
of DMD (16).

Satellite cells are monopotent stem cells that have
the ability to selfrenew and to differentiate into myo-
blasts and myotubes to maintain the integrity of skeletal
muscle (17). Satellite cells lie dormant beneath the
basal lamina and express transcription factors such as
Pax3 (13, 18) and Pax7 (19). Pax7, a paired box
transcription factor, is particularly important for satel-
lite cell function. A recent study of Pax7-null mice
revealed that Pax7 is essential for satellite cell forma-
tion (19) and that the Pax7-null mice exhibit a severe
deficiency in muscle fibers at birth and premature
mortality with complete depletion of the satellite cells.
Surface markers such as M-cadherin and c-met (20) are
also expressed by satellite cells. However, these markers
are not specific to satellite cells because they are also
expressed in the cerebellum (21) and by hepatocytes
(22). To specifically identify quiescent satellite cells, a

! Correspondence: Department of Pediatrics, Kyoto Univer-
sity Graduate School of Medicine, 54 Syogoin Kawahara-cho
Sakyo-ku, Kyoto 606-8507, Japan. E-mail: heike@kuhp.kyoto-
u.ac.jp

doi: 10.1096/1.08-123661

1907



novel monoclonal antibody, SM/C-2.6, has recently
been established (23). Satellite cells purified with this
antibody regenerate muscle fibers on implantation into
mdx mice (15).

The use of satellite cells for clinical therapies would
require the establishment of a reliable source of these
cells. Embryonic stem (ES) cells are totipotent stem
cells that are able to differentiate into various types of
somatic cells in vitro. While mouse embryonic stem
(mES) cells can be readily induced to differentiate into
muscle fibers (24, 25) and the myogenicity of human
ES cells was recently validated (26), the induction of
mES cells into functional satellite cells has not been
reported. Here we have successfully induced mES cells
to generate cells expressing Pax7 in vitro by forming
embryoid bodies (EBs). These ES cell-derived (ES-
derived) Pax7-positive cells can be enriched using the
SM/C-2.6 antibody (23) and possess a great potential
for generating mature skeletal muscle fibers both
in vitro and in vivo. The Pax7-positive cells display a
self-renewal ability that can repopulate Pax7-positive
cells in vivoin the recipient muscles following an injury.
Furthermore, these ES-derived Pax7-positive cells could
engraft in the recipient muscle for long periods, up to
24 wk, and could also be serially transplanted. These
results indicate that ES-derived Pax7-positive cells pos-
sess satellite cell characteristics. This is the first report
of effective induction of functional satellite cells from
mES cells, and these novel findings may provide a new
therapeutic approach for treatment of DMD.

MATERIALS AND METHODS
Cell culture

D3 cells, mES cells (27) that ubiquitously express the EGFP
gene under the CAG promoter (28) (a gift from Dr. Masaru
Okabe, Osaka University, Osaka, Japan), were used in this
study. ES cells were maintained on tissue culture dishes
(Falcon) coated with 0.1% gelatin (Sigma, Oakville, CA,
USA), in DMEM (Sigma) supplemented with 15% fetal
bovine serum (FBS; Thermo Trace, Melbourne, Australia),
0.1 mM 2-mercaptoethanol (Nakalai Tesque, Japan), 0.1 mM
nonessential amino acids (Invitrogen, Burlington, CA, USA),
1 mM sodium pyruvate (Sigma), penicillin/streptomycin (50
ug/mL), and 5000 U/ml leukemia inhibitory factor (Dainip-
pon Pharmaceutical Co., Japan).

In vitro differentiation of ES cells into a muscle lineage

To induce EB formation, undifferentdated ES cells were cultured
in hanging drops for 3 d at a density of 800 cells/20 pl of
differentdadon medium, which consisted of DMEM supple-
mented with penicillin/streptomycin, 0.1 mM nonessential
amino acids, 0.1 mM 2-mercaptonethanol, 5% horse serum
(HS), and 10% FBS. EBs were transferred to suspension cultures
for an additional 3 d (d 3+3). Finally, the EBs were plated in
differentadon medium in 48-well plates (Falcon) coated with
Matrigel (BD Bioscience, Bedford, MA, USA). The medium was
changed every 5 d.
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Immunofluorescence and immunocytochemical analysis

Immunostaining of cultured cells and recipient mouse tissues
were carried out as described previously (29). Briefly, the left
tibialis anterior (LTA) muscle of the recipient mouse was
fixed with 4% paraformaldehyde and cut into 6 wm cross
sections using a cryostat, and samples were fixed for 5 min in
4% paraformaldehyde (PFA) in PBS and permeabilized with
0.1% Triton X-100 in PBS for 10 min. After incubation in 5%
skim milk for 10 min at room temperature to block nonspe-
cific antibody binding, cells were incubated for 12 h at 4°C
with anti-mouse monoclonal antibodies. Antibodies used in
this study were mouse anti-Pax7, which was biotinylated using
a DSB-X Biotin Protein Labeling Kit (D20655; Molecular
Probes, Eugene, OR, USA), mouse ant-Pax3 (MAB1675,
MAB2457; R&D Systems, Minneapolis, MN, USA), rabbit
anti-mouse Myf5 (sc-302; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mouse anti-mouse M-cadherin (205610;
Calbiochemn, San Diego, CA, USA), mouse anti-myosin heavy
chain (MHC; 180105; Zymed Laboratories, San Frandsco, CA,
USA; reacts with human, rabbit, rat, mouse, bovine, and pig
skeletal MHC), mouse anti-mouse myogenin and mouse anti-
mouse Myo-D1 (M3559, M3512; Dako, Carpinteria, CA, USA),
monoclonal rabbit anti-mouse laminin (LB-1013; LSL, Tokyo,
Japan), and mouse anti-mouse dystrophin (NCL-DYS2; Novo-
castra Laboratories, Newcastle-upon-Tyne, UK). Cy3-labeled
antibodies to mouse or rabbit IgG, fluorescein isothiocyanate-
labeled antibodies to mouse or rabbit IgG (715-005-150,
711-165-152; Jackson ImmunoResearch Laboratory, Bar Har-
bor, ME, USA), or Alexa 633-labeled goat anti-rabbit IgG
(A21070; Invitrogen, Molecular Probes) were applied as
secondary antibodies. Hoechst 33324 (H3570; Molecular
Probes) was used for nuclear staining. The samples were
examined with a fluorescence microscope (Olympus, Tokyo,
Japan) or an AS-MDW system (Leica Microsystems, Wetzlar,
Germany). Micrographs were obtained using an AxioCam
(Carl Zeiss Vision, Hallbergmoos, Germany) or the ASMDW
system (Leica Microsystems). In sections of muscles trans-
planted with ES-derived satellite cells, the number of GFP-
positive muscle fascicles and GFP/Pax7-double-positive cells
were counted, per field, at X100. More than 10 fields in each
tissue sample were observed. To prevent nonspecific second-
ary antibody binding to Fc receptors, all immunostaining of
frozen sections used the Vector® M.O.M™ Immunodetec-
tion Kit (BMK-2202; Vector Laboratories, Burlingame, CA,
USA).

PCR analysis

Total RNA was isolated from cultured cells in 48-well plates,
using TRIzol reagent (Invitrogen). The following specific
primers were used for PCR:

Pax3, sense, 5-AACACTGGCCCTCAGTGAGTTCTAT-
3’, and antisense, 5'-ACTCAGGATGCCATCGATGCTGTG-
3'; Pax7, sense, 5-CATCCAGTGCTGGTACCCCACAG-3’,
and antisense, 5-CTGTGGATGTCACCTGCTTGAA-3';
Myf5, sense, 5-GAGCTGCTGAGGGAACAGGTGG-3', and
antisense, 5-GTTCTTTCGGGACCAGACAGGG-3'; MyoD,
sense, 5'-AGGCTCTGCTGCGCGACCAG-3’, and antisense,
5'-TGCAGTCGATCTCTCAAAGC-3'; myogenin, sense, 5'-
TGAGGGAGAAGCGCAGGCTCAAG-3’, and antisense, 5'-
ATGCTGTCCACGATGGACGTAAGG-3’; M-cadherin,
sense, b'-CCACAAACGCCTCCCCTACCC-3’, and antisense,
5.-GTCGATGCTGAAGAACTCAGGGC-3’; C-met, sense, b'-
GAATGTCGTCCTACACGGCCAT-3’, and antisense, 5'-
CACTACACAGTCAGGACACTGC-3'; GAPDH, sense,
5" TGAAGGTCGGTGTGAACGGATTTGGC3', and antisense, 5'-
TGTTGGGGGCCGAGTTGGGATA-3". AmpliTaqGold (Applied
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Biosystems, Foster City, CA, USA) was used for PCR amplifi-
cation. The amplification program used was 35 cycles of 30 s
at 94°C, 30 s at 64°C, and 40 s at 72°C, with a final incubation
of 7 min at 72°C.

Flow cytometry and cell sorting

Cultured cells were incubated with enzyme-free Hank’s-based
Cell Dissociation Buffer (Invitrogen) for 30 min at 37°C and
gently dissociated into single cells. The cells were then
washed with PBS twice, probed with biotinylated-SM/C-2.6
{28) antibody for 15 min at room temperature, and stained
with phycoerythrin-conjugated strepavidin (12-4312; eBio-
science, San Diego, CA, USA) for 15 min at room tempera-
ture, Dead cells were excluded from the plots based on
propidium iodide staining (Sigma), and SM/C-2.6-positive
cells were collected using a FACS Vantage instrument (Bec-
ton Dickinson, San Jose, CA, USA). Sorted cells were plated
(1X10* cells/well) with differentiation medium in 96-well
plates (Falcon) coated with Matrigel (008504; BD Bio-
science). The medium was changed every 5 d, and 7 d after
plating the cultured cells were analyzed.

Intramuscular cell transplantation (primary transplantation)

Recipient mice were injected with 50 ul of 10 uM cardiotoxin
(CTX; Latoxan, Valence, France) (30) in the LTA muscle
24 h before transplantation (31). CTX is a myotoxin that
destroys myofibers, but not satellite cells, and leaves the basal
lamina and microcirculation intact. Since proliferation of
host myogenic cells may prevent the incorporation of trans-
planted cells, recipient mdx mice (15) received 8 cGy of
systemic irradiation (32) 12 h before transplantation to block
muscle repair by endogenous cells. An average of 4.53 X 10*
ES-derived SM/G-2.6-positive or -negative cells were washed
twice with 500 pl of PBS, resuspended in 20 ul of DMEM, and
injected into the LTA muscle of recipient mdx mice using an
allergy syringe (Beclon Dickinson). Mdx mice, which are
derived from the CL/B16 strain, were used as the recipient
mice in all experiments. Similarly, D3 ES cells, which are
derived from the 129X1/Sv] ES cells, were used in all
experiments. The major histocompatibility complex (MHC)
of mdx mouse and D3 cells are very similar, both possessing
type b MHC H2 haplotypes. All animal-handling procedures
followed the Guild for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and the Guidelines
of the Animal Research Committee of the Graduate School of
Medicine, Kyoto University.

Secondary transplantation

The LTA muscles of recipient mice were collected 8 wk after
the primary transplantation. The muscles were minced and
digested into single cells with 0.5% collagenase type I (lot
S4D7301; Worthington Biochemical Corp., Lakewood, NJ,
USA). After washing with PBS and filtration through a 100
wm filter, Pax7-positive cells were sorted by FACS using the
SM/C-2.6 antibody. SM/C-2.6-positive cells (200 cells/
mouse) were injected into preinjured LTA muscles of second-
ary recipient mice. The LTA muscles were analyzed 8 wk after
transplantaton.

Isolation and immunostaining of single fibers

To detect muscle satellite cells attaching to single fibers with
Pax7, muscle fibers from the LTA muscle of recipient mice

mES DERIVED FUNCTIONAL SATELLITE-LIKE CELLS

were prepared essentially according to the method of
Bischofl in Rosenblatt e al. (33). Briefly, dissected muscles
were incubated in DMEM containing 0.5% type I collagenase
(Worthington) at 37°C for 90 min. The tissue was then
transferred to prewarmed DMEM containing 10% FBS. The
tissue was gently dissociated into single fibers by trituration
with a fire-polished wide-mouth Pasteur pipette. Fibers were
transferred to a Matrigel-coated 60 mm culture dish (Falcon)
and fixed in 4% PFA for b min at room temperature. Fibers
were permeabilized with 0.1% Triton X-100 in PBS for 10
min, and nonspecific binding was blocked by incubation in
5% skim milk for 10 min at room temperature. Primary
mouse monoclonal antibodies against mouse Pax7 were ap-
plied for 12 h at 4°C. Antibodies were detected using the
secondary antibodies described above.

Statistics

Data are presented as means * sp. For comparison of the
numbers of MHC and Pax7-positive cells in the sorted SM/
C-2.6-positive and -negative f{ractions and the numbers of
GFP-positive muscle fascicles and GFP/Pax7-double-positive
cells in reinjured and noninjured groups, the unpaired
Student’s ¢ test was used, and a value of P < 0.05 was
considered to be statistically significant.

RESULTS

Myogenic lineage cells are effectively induced from
mES cells in vitro

EBs were formed in hanging drop cultures for 3 d
followed by an additional 3 d in suspension cultures
(Fig. 14). These EBs were then plated onto Matrigel-
coated 48-well plates in differentiation medium, which
contained 5% HS. This culture method is a modified
version of the classical ES cell differentiation method (25)
and the skeletal muscle single fiber culture method (33).
After plating, EBs quickly attached to the bottom of the
coated dishes, and spindleshaped fibers appeared sur-
rounding the EBs by the seventh day of plating (d 3+3+7;
Fig. 1B). As these spindle fibers grew, they began to fuse
with each other, forming thick multinucleated fibers
resembling skeletal myofibers (Fig. 1C, D). At the same
time we observed spontaneous contractions by the fibers
(Supplemental Videos 1 and 2), a trait commonly seen in
cultured skeletal muscle fibers. Immunostaining showed
that these fused fibers were positive for skeletal-muscle-
specific MHC (Fig. 1E). Furthermore, cells expressing
muscle regulatory factor (MRF) proteins, including Pax7
(Fig. 1), Myf5 (Fig. 1G), MyoD (Fig. 1H), and myogenin
(Fig. 11) were observed. On d 3 + 3 + 14, the average
number of MHG-positive wells was 73.6 = 5.8% (n=144).
In all the MHGpositive wells, cells expressing Pax7, an
essential transcription factor in satellite cells, were also
observed. Double staining for Pax7 and MyoD confirmed
the existence of cells staining for Pax7 alone, indicating
the presence of quiescentstate satellite cells (34) within the
culture (Supplemental Fig. 1). Next, the time course of
MRF expression was examined by RT-PCR (Fig. 1)).
Expression of Pax3 and Pax7 both peaked ond 3 + 3 +
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