dystrophic muscle. Although VEGF is known to be located
upstream of MMP-2, we suggest that MMP-2 and VEGF may
regulate each other in the skeletal muscle.

We conducted microarrays to comprehensively identify dif-
ferentially expressed genes in mdx/MMP-2"'" mice, because
other genes could affect the phenotype. Among the genes
up-regulated at 3 months of age in mdx/MMP-2"'" mice,
S100A8 and A9 mRNA levels were significantly increased.
S100 proteins are involved in the pathogenesis of cellular
stress condition such as wound healing or inflammatory dis-
orders (41). In particular, SI00A8 and A9 are required for
transcriptional activation of the MMP-2 gene (42). We
suggest, therefore, that overexpression of SI00A8 and A9 in
mdx/MMP-2"'" mice may compensate for MMP-2 ablation.
In addition, microarray analysis (Supplementary Material,
Table S4) and RT-PCR revealed that MMP-3 was significantly
increased in the skeletal muscle of mdx/MMP-2"'" mice at 3
months of age when compared with that of the age-matched
mdx mice. It has been reported that MMP-3 is significantly
elevated in the synovium by intra-articular injection of recom-
binant S100A8 in knee joints of normal mice and was
increased in macrophages stimulated by recombinant
S100A8 or S100A8/A9 heterodimer (43). The up-regulation
of MMP-3 in the skeletal muscle of mdx/MMP-2"'" mice
at 3 months of age may be caused by overexpression of
S100AS8 and AS.

We also found that expression of nNOS in the mdx/
MMP-2"'" mice was significantly lower than in mdx mice
at 3 months of age. This further reduction in nNOS may
have been caused by MMP-2 ablation in the mdx mice, or
impairment of angiogenesis may secondarily induce a
further decrease in nNOS. NO is increased in the ischemic
hindlimb and eliminating NO impairs the revascularization
process (44). It has been reported that an nNOS transgene in
mdx mice ameliorated muscular dystrophy (45) and that mdx
mice expressed dystrophin only in smooth muscle cells, restor-
ing vascular nNOS expression and NO-dependent vasoregula-
tion and resulting in improvement in dystrophic pathology
(46). Taken together, these studies show that MMP-2 ablation
in mdx mice may result in further reduction of nNOS in the
dystrophic muscle, with a detrimental effect on the function
and regeneration of the dystrophic muscle. It is reported that
nNOS levels are reduced in inflammatory conditions (47).
Actually, our data showed that the expression of some cyto-
kines (e.g. CCL-2) was significantly increased in the skeletal
muscle of mdx/MMP-2"'" at 3 months of age. Taken a
report that S100A8/A9 enhances the gene expression of
pro-inflammatory proteins such as CCL-2 (48), SI00A8/A9
up-regulation may enhance pro-inflammatory genes, resulting
in the down-regulation of nNOS expression in mdx/
MMP-2~'" mice at 3 months of age. Interestingly,
nNOS™™ mice in an acute lung injury model show reduced
expression of VEGF protein (49). The decrease in nNOS
levels via increased cytokines may also reduce VEGF
expression in the skeletal muscle of mdx/MMP-2~'" mice at
3 months of age.

We assessed differences in the degradation patterns of DGC
in the skeletal muscles between mdx and mdx/MMP-27'"
mice. The B-DG degradation was reduced by MMP-2 ablation
in mdx mice at 1 month of age. Nevertheless, at 3 months of
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Figure 7. Hypothetical schema of the role of MMP-2 in the dystrophin-
deficient skeletal muscle. We hypothesize that MMP-2 influences angiogenesis
and muscle regeneration via up-regulation of VEGF and its receptor Flt-1
during regeneration of the dystrophin-deficient skeletal muscle. MMP-2 may
also affect angiogenesis in the dystrophin-deficient skeletal muscle through
coordination of NO produced by nNOS.

age, B-DG degradation was unchanged in the presence of
MMP-2. Previous reports documented that MMP-2 as well
as MMP-9 were able to degrade B-DG (50) and that
macrophage-derived MMP-2 in a mouse model of experimen-
tal autoimmune encephalomyelitis participated in tissue injury
via B-DG degradation through proteolytic activity (10).
However, our data indicated that B-DG degradation by
MMP-2 was not apparent in the process of muscle regener-
ation. The expression of B-sarcoglycan remained unchanged
in the skeletal muscle of mdx/MMP-2"'" mice at 1 and 3
months of age when compared with mdx of the same age.
These results suggest that the ablation of MMP-2 does not
significantly influence - the degradation of B-DG and
-sarcoglycan in the regeneration process of the dystrophic
muscle.

In this study, we found that reduction in angiogenesis via
decreased VEGF and nNOS expression may impair regener-
ation in the skeletal muscle of mdx mice with MMP-2 ablation
(Fig. 7). Corticosteroids are promising agents for the preven-
tion of progression in various diseases including DMD;
however, they inhibit VEGF and MMP-2, resulting in a
reduction in tissue angiogenesis (51,52). Normal rats treated
with corticosteroids exhibit muscle atrophy and weakness
with a concomitant reduction in VEGF expression (53,54);
therefore, the decrease in MMP-2 and VEGF by corticoster-
oids might be associated with the pathogenesis in steroid
myopathy.

MATERIALS AND METHODS
Mice

Control (strain: C57 BL/6J) and MMP-2 knockout (strain:
C57BL/6J-Mmp2tm) mice were purchased from Jackson Lab-
oratory (Bar Harbor, ME, USA). Dystrophin-deficient (mdx)
mice (strain: C57BL/6J-DMDmdx) were a gift from the Insti-
tute of Neuroscience, National Research Center of Neurology
and Psychiatry (Tokyo, Japan). MMP-2 knockout
(MMP-27"7) mice were crossed with mdx mice to generate
litermate. WT, MMP-2""", mdx/MMP-2""" and mdx/
MMP-2""" mice. All genotypes were determined using PCR
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analysis of mice tail DNA. An amplification-resistant mutation
system assay was used to identify control and mdx mice (55).
MMP-2 knockout and control mice were identified using the
primer sets suggested by the Jackson Laboratory. Mice were
housed in a plastic cage in a temperature-controlled environ-
ment with a 12-h light/dark cycle and free access to food
and water. All experiments with animals were carried out in
accordance with the institutional guidelines and approved by
the Institutional Review Board of Shinshu University, Japan.

Muscle tissue extraction and preparation

TA muscles were carefully dissected and frozen in isopentane
cooled by liquid nitrogen for histological and immunohisto-
chemical analyses and protein and RNA isolation, and were
stored at —80°C. Ten-micrometer transverse cryostat sections
were cut in the center of the TA muscle belly to obtain the
largest cross-sectional area (CSA), placed on slides, air-dried
and stained with hematoxylin and eosin (H&E). Serial sections
were stained to demonstrate myofibrillar ATPase activity. Dia-
phragm, quadriceps and gastrocnemius muscles were also dis-
sected and frozen, and were stained with H&E as noted above.
The sections were viewed and photographed using a digital
camera system (Leica Microsystems, Wetzlar, Germany).

Cardiotoxin muscle injury and histochemistry

We injected 100 pl of cardiotoxin (10 mm in 0.9% WaCl)
(Sigma, St Louis, MO, USA) into the TA muscle of WT and
MMP-2"" mice at 6 weeks of age using a 27-gage needle
and a 1-ml syringe. The needle was inserted deep into the
TA muscle longitudinally toward the knee from the ankle.
The needle was held in place for a few seconds and then
slowly withdrawn along the long axis of the anterior tibial
muscle with a little pressure to allow the cardiotoxin to perme-
ate throughout the muscle. The TA muscles were isolated
before the injection, and 3 and 7 days after; the muscles
were then frozen in liquid nitrogen-cooled isopentane. Ten-
micrometer transverse cryostat sections were stained with
H&E, and the diameters of 500 muscle fibers were measured.

Morphometric analysis

Morphometric analysis was performed to determine the CSA
of each muscle fiber by using the H&E-stained TA, dia-
phragm, quadriceps and gastrocnemius muscle sections, separ-
ately recording the CSAs for perinuclear fibers and
centronuclear regenerated fibers. Necrotic fibers, when
present, were discarded. The distribution of muscle fiber
CSAs was examined using National Institutes of Health
(Bethesda, MD, USA) images. At least 1000 fibers were ana-
lyzed for each muscle, and muscle fiber boundaries were
determined to count the size and number of the fibers. All
images were obtained under identical conditions and at the
same magnification. For the CSA histogram, histological par-
ameters were evaluated and treated as previously described
(56). Variability in fiber size was determined by the mean +
S.E.M. values.

Study for vessels was performed on 6-pm-thick TA muscle
sections stained with anti-PECAM-1 antibody. Serial

H&E-stained sections were used to count the number of
muscle fibers. The number and size of each vessel and
number of muscle fibers were counted under identical con-
ditions and at same magnification. We determined the
number of vessels per myofiber and endothelial area of
PECAM-1-positive vessels in total area.

Immunohistechemical analysis

For immunofluorescent staining, serial cross-sections (6-pm
thick) from frozen skeletal muscle tissues were mounted on
glass slides. The sections were air-dried and blocked in 10%
goat serum in phosphate-buffered saline (PBS) for 30 min
and incubated with primary antibodies in blocking solution
at 4°C ovemight. The sections were washed briefly with
1 x PBS before incubation with secondary antibodies for 1 h
at room temperature and then washed three times for 30 min
with 1 x PBS. The slides were mounted using a fluorescence
medium with 4’,6-diamidino-2-phenylindole (Vector Labora-
tories, Burlingame, CA, USA), visualized using a fluorescent
microscope (Olympus, Tokyo, Japan), and images were cap-
tured using a VB-7010 camera (Keyence, Osaka, Japan).
The primary antibody dilutions and sources were as follows:
rat monoclonal anti-PECAM-1 (1:50; BD Transduction Lab-
oratories, San Jose, CA, USA), rabbit polyclonal anti-VEGF-A
(1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit polyclonal anti-Flt-1 (1:100; Santa Cruz Biotechnol-
ogy), rabbit monoclonal anti-Flk-1 (1:100; Cell Signaling
Technology, Danvers, MA, USA), rat monoclonal anti-laminin
a2-chain (1:100; Enzo Life Sciences, Plymouth Meeting, PA,
USA), rabbit polyclonal anti-nNOS (1:200; Invitrogen,
Carlsbad, CA, USA), rat monoclonal anti-NCAM (1:100;
Millipore, Billerica, MA, USA), rat monoclonal anti-Mac3
(1:50 BD; Transduction Laboratories), mouse
anti-B-sarcoglycan (1:200; Leica Microsystems). Alexa
Fluor® 488 or Alexa Fluor® 568-conjugated secondary anti-
bodies were obtained from Invitrogen and used at 1:500
dilution.

Total protein extract and western blotting

Muscle tissues (20 mg) were homogenized in 150 pl of 5%
sodium dodecyl sulfate (SDS) sample buffer (50 pmol/l
Tris—HCl, pH 8.0, 10 pmol/l ethylenediaminetetraacetic
acid, 5% SDS and 5% R-mercaptoethanol). After centrifu-
gation (10 min at 15 000g), the protein concentration was esti-
mated in the supernatant using the BCA Protein Assay Kit
(Bio-Rad, Hercules, CA, USA). Protein homogenates recov-
ered from the supernatant from each sample were denatured
for 5 min at 95°C in reducing buffer (50 w1 of SDS buffer con-
taining 5% SDS, 0.01% bromophenol blue, 10% glycerol and
5% B-mercaptoethanol). Protein extracts (10 pg/lane) were
submitted to SDS-polyacrylamide gel electrophoresis (7.5 or
12.5%) with pre-stained standard proteins (Bio-Rad) to
achieve more accurate molecular weight determination. The
resulting gel was transferred onto a 0.2-pm nitrocellulose
membrane (Millipore) using a transfer buffer (25 mmol/l
Tris—HCI, pH 8.3, 192 mmol/l glycine and 20% methanol).
The membranes were blocked with Tris buffer, 0.1% Tween
20 (TBST) containing 5% milk (w/v) for 1Th at room
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temperature. All membranes were incubated with primary
antibodies at 4°C overnight followed by several washes with
TBST. The membranes were incubated with peroxidase-
conjugated secondary antibodies (Bio-Rad) for 1 h, washed
several times with the washing buffer described above and
visualized using an enhanced chemiluminescence system
according to the manufacturer’s protocol (Amersham, Little
Chalfont, UK). Protein signals were quantified by scanning
densitometry using the program package of the National Insti-
tutes of Health. The results from each experimental group
were expressed as integrated intensities relative to the
control samples. Equal loading of proteins was assessed on
stripped  blots by  immunodetection using the
anti-glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
antibody. The primary antibody dilutions and sources were
as follows: goat anti-VEGF-A (1:200; Santa Cruz Biotechnol-
ogy), mouse anti-nNOS (1:1000; BD Transduction
Laboratories), rabbit anti-MMP-9 (1:1000; Millipore),
mouse anti-B-DG (1:800; Leica Microsystems), mouse
anti-B-sarcoglycan (1:400; Leica Microsystems) and mouse
anti-GAPDH (1:3000; Millipore).

Gelatin zymegraphy

Frozen skeletal muscles were homogenized in an extraction
buffer (62.5 mm Tris—HCI, pH 6.8, 2% SDS and 10% gly-
cerol), and total protein content was assessed using a BCA
Protein Assay Kit (Bio-Rad). Each extract (50 pg) was dis-
solved in a loading buffer provided by the manufacturer and
subsequently electrophoresed through a gelatin-containing
SDS-polyacrylamide gel provided as part of the Gelatin
Zymography Kit (Invitrogen). The gel was washed with regen-
erating buffer and subsequently incubated for 24 h at 37°C in
developing buffer that was also provided by the manufacturer.
The gels were stained in Coomasie Brilliant Blue (CBB) and
destained with a destaining solution (Bio-Rad). Gelatinolytic
activity was identified as clear bands on a blue background.
Gelatin zymography detects the activity of both pro- and
active forms of gelatinolytic MMPs. This is because exposure
to SDS during gel electrophoresis activates the pro-form
MMPs without proteolytic cleavage of the prodomain. Equal-
ity of the protein concentration was confirmed by CBB stain-
ing. Myosin heavy chain was used as a loading control.

RNA isolation and gene expression profiling

Frozen tissues (20 mg) for each muscle were homogenized,
and the total RNA was isolated using an RNeasy Fibrous
Tissue Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. cDNA synthesis, biotin-labeled target
synthesis, Mouse Genome 430 2.0 Array Gene Chip (Affyme-
trix, Santa Clara, CA, USA) array hybridization, staining and
scanning were performed according to the standard protocols
supplied by Affymetrix. The quality of the data was controlled
using Microarray Suite MAS 5.0 (Affymetrix). The MAS-
generated raw data were uploaded to GeneSpring GX software
version 10 (Silicon Genetics, Redwood City, CA, USA). The
software calculated signal intensities, and each signal was nor-
malized to the median of its values in all samples or the 50th
percentile of all signals for a specific hybridization
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experiment. Fold ratios were obtained by comparing normal-
ized data for mdx and mdx/MMP-2"'" mice.

Analyses by RT-PCR

Single-strand ¢cDNA was synthesized using the QuantiTect
Reverse Transcription Kit (Qiagen). The levels of mRNA
and 18S rRNA were quantified using fluorescent dye SYBR-
green detection (Roche Diagnostics, Basel, Switzerland) with
10 nM of each primer at a final volume of 10 pl, and the reac-
tions were carried out in duplicate using the StepOnePlus
RT-PCR system (Applied Biosystems, Foster City, CA,
USA). Thermal cycling conditions for all primers were
10 min at 95°C, then 40 cycles each of 15s at 94°C, 30 s at
48°C, 1min at 72°C and a final extension of 10 min at
72°C. For each gene, all samples were amplified simul-
taneously. Each RNA quantity was normalized to its respect-
ive 185 rRNA mRNA quantity. Primer sequences for
RT-PCR are shown in Supplementary Material, Table S1.

Statistical analysis

Results are expressed as mean + S.E.M. Statistical analysis
was performed using an unpaired #-test for two-group com-
parisons, and multiple comparisons were performed using a
one-way ANOVA. Intergroup comparison was carried out
using the Bonferroni correction. Statistical significance was
set at P < 0.05. Statistical analyses were carried out using
the software SigmaStat, version 2.0 (Aspire Software,
Ashbumn, VA, USA).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Abstract

Background: Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are caused by abnormali-
ties in the DMD gene. The majority of DMD patients have out-of-frame deletion(s}. which disrupt the reading frame:
while some cases of DMD are caused by duplication or nonsense mutation(s), Most patients with BMD have in-frame
deletion(s), which preserve the reading frame. The phenotype of BMD is generally milder than that of DMD. Antisense
morpholino-mediated exon skipping, which changes out-of-frame deletions to in-frame deletions. is a promising
therapeutic approach for DMD. It is necessary, however, to confirm the exon-skipping event in cells of DMD patients
before the clinical trial.

Methods: Fibroblasts isolated from four DMD patients were induced to differentiate into the myogenic lineage by
infection with Ad.CAGMyoD. The cells were then transfected with two types of morpholino. The exon-skipping event
was analyzed on reverse transcription~polymerase chain reaction.

Results: Morpholino B30. which is located at the splicing enhancer of exon 51 of the DMD gene, yielded the desired
exon 51-skipping event in all deletion patterns of cells tested. Morpholino 125, which is located at the exon donor,
induced two different exon-skipping patterns, which are total or partial exon 51-skipping events. According to the
sequence analysis, the unexpected unskipped regions were the 95 bp section and the 188 bp section of exon 51, showing
that the cryptic splicing donor was newly produced with 125. Unfortunately, these cryptic splicing donors gave rise to
out-of-frame patterns. Based on these in vitro results, B30 would presumably be an effective therapy. Interestingly. the
cocktail of B30 and 125 appeared to yield a more efficient exon 51-skipping event.

Conclusion: An in vitro system was developed that could easily screen the effectiveness of antisense sequences and

identify good candidates for therapy with morpholino.

Key words Duchenne muscular dystrophy, dystrophin, exon skipping, fibroblast, morpholino.

Duchenne muscular dystrophy (DMD) is caused by defective
expression of the DMD gene, resulting in the absence of the
dystrophin protein in muscle fibers.! Approximately 60% of
DMD/Becker muscular dystrophy (BMD) patients have deletions
in the DMD gene itself. while the remaining 40% of patients have
duplication, small deletions or point mutations in the region that
encodes the gene.”” DMD, which manifests as a severe muscle
weakness phenotype, results from an out-of-frame deletion(s) in
the DMD gene, leading to prematurely truncated, dysfunctional
dystrophin.* In contrast, BMD, which results from an in-frame
deletion(s) in the DMD gene, leads to the synthesis of internally
defective but largely functional dystrophin. Thus, the muscle
weakness seen in BMD is generally milder than that of DMD.,
Ninety percent of DMD and BMD patients seem to fit this
rule.? Van Deutekom er al., Wilton et al., Dunckley et al. and
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Takeshima et al. reported promising results for a genetic therapy
aimed at restoring the reading frame of the dystrophin pre-
mRNA in cells from the mdx mouse model and from DMD
patients.”"* The strategy corrects the reading frame by inducing
the skipping of specific exons during pre-mRNA splicing by
using antisense oligonucleotides (AON) that interfere with the
splicing of the targeted exons. This restoration may convert a
Duchenne phenotype into a Becker phenotype.”

Phosphorodiamidate morpholino oligonucleotides (PMO) are
a type of AON in which the phosphodiester bond is replaced by
a phosphorodiamidate linkage and the ribose is replaced by a
morpholino moiety. PMO seem most promising because they
have higher affinity to their target nucleic acid sequences and
greater resistance to degradation than conventional nucleic
acids.™ It is hard, however, to transfect PMO into cells in virro,
because they are non-ionic.”* Therefore, there are major limita-
tions in evaluating PMO in cultured cells.'

Alter et al. showed that weekly i.v. injections of PMO induce
the expression of functional levels of dystrophin in skeletal
muscles of the dystrophic mdx mouse, resulting in improved
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muscle function.'” Yokota er al. reported that i.v. injections of a
three-morpholino cocktail into DMD dogs induced therapeutic
levels of dystrophin expression throughout the body (the average
level was approx. 26% of the normal level), and the phenotype
was improved.'® Intramuscular injection of antisense oligonucle-
otide PROO51 (2-O-methyl oligonucleotides) and AVI-4658
(morpholino oligomer) induced dystrophin synthesis in DMD
patients with suitable mutations. suggesting that further studies
might be feasible.*

The exclusion of target exon 51 is predictive of the restoration
of the DMD open reading frame (ORF) in 17% of DMD patients
with a deletion mutation.” Exon 51 is the target for intervention
in the present experimental design™ Fortunately. the BMD
patients with in-frame deletions (exons 45-51 and 50-51) that
encompass exon 51 are reported to have a mild phenotype.”
Although this method is promising, 10% of the mutations
recorded in the Leiden DMD mutation databases do not follow
the reading-frame rule.? Prior to the initiation of clinical treat-
ment, the correct exon-skipping events with the antisense
sequence must be confirmed, because the sequences are different
between human patients and animal models, and a small percent-
age of patients with the Duchenne type actually have an in-frame
deletion in the DMD gene.? Therefore, we developed a system
that can easily screen antisense sequences and identify patients
who are eligible for the therapy.

Methods
Strategy

Fibroblasts isolated from DMD patients were induced to differ-
entiate into the myogenic lineage by infection with Ad.CAG-
MyoD, an adenoviral vector encoding MyoD regulated by the
CAG promoter.®* The cells were then transfected with two
PMO, termed B30 and 125 by Arechavala-Gomeza ef al..* which
were designed to induce exon 51 skipping. B30 is located at the
splicing enhancer of exon 51 of the DMD gene, and 125 is Iocated
at the exon donor. B30 was reported to be the most efficient
inducer of exon 51 skipping, while 125 was a poor inducer that
yielded a faint exon 51-skipping event. We analyzed the exon-
skipping event on reverse transcription-polymerase chain reac-
tion (RT-PCR) after transfection.

Cell culture and AON transfection

The study protocol was approved by the institutional ethics com-
mittee of Kumamoto University. Human primary fibroblasts were
isolated from the buttocks or upper arms of four DMD patients
(ages 10. 18, 8, and 12 years) who had deletions of exons 45-50,
48-50, 49-50. and 50, respectively. in the DMD gene. Patients
with deletions of exons 45-50 and 49-50 can walk by them-
selves., while patients with deletions of 48-50 and 50 require the
use of a wheelchair. The range of deletions was determined on
multiplex ligation-dependent probe amplification of the DMD
gene (Mitsubishi Kagaku Bio-clinical Lab., Tokyo, Japan). A
total of 4 x 10° cells were seeded onto a 6 cm dish 1 day before
infection. Cells were cultured in growth medium (Dulbecco’s
modified Eagle’s medium [DMEM]: Invitrogen, Carlsbad, CA.
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USA) with 10% fetal bovine serum (FBS; Moregate Biotech,
Bulimba. Qld, Australia) and were infected with Ad.CAGMyoD
at a multiplicity of infection of 20 (total amount, 1.33 pL of 6 x
10° PFU/mL) in 1 mL of FCS-free Hanks” Balanced Salt solution
(HBSS: Invitrogen) for 2 h. During the infection, the HBSS was
occasionally stirred. Sequentially. 3 mL of growth medium was
added onto the dish. On the following day, the culture medium
was replaced with differentiation medium (DMEM plus 2%
FBS). When myoblasts fused to form myotubes. usually after 4
days,>* the differentiated cells were transfected with 10 pmol/L
PMO (10 pmol/L B30. 10 pmol/L I25, or 5 umol/L of each)
using Endo-Porter according to the manufacturer’s instructions
(Gene Tools, Philomath, OR, USA). The standard control (Gene
Tools) was used for the negative control under each condition. At
7-8 days after infection, RNA was isolated from the cells for
RT-PCR.

Nested RT-PCR

Primary PCR consisted of 38 cycles of 94°C (1 min). 55°C
(1 min) and 72°C (3 min) with the pairs of primers described here
(Figs 1,2). Ten 1 pL aliquots of the primary reaction products
were then re-amplified in nested PCR consisting of 20 cycles of
94°C (1 min). 55°C (1 min) and 72°C (3 min) with the following
primers (Figs 1,2): for the patient with the exon 45-50 deletion,
exon 44-f1 (5'-gcgatitgacagatctgitg-3") and exon 53-r (5%-aact
gitgectecggtictg-3) for the first PCR and exon 44-f2 (5'-ggc
ggcgttttcattatgatat-3') and exon 52-r(5'-ttccaactggggacgectetgttc-
3’) for the second PCR; for the patient with a deletion of exon
48-50, exon 46-f (5'-gctagtatcecacttgaacctg-3") and exon 53-r for
the first PCR, and exon 47-f (5'-tgcgccagggaattctcaaa-3") and
exon 52-r for the second PCR; and for the patients with the exon
49--50 deletion and the exon 50 deletion, exon 47-f and exon 53-r
for the first PCR and exon 48-f (5-gcttgaagaccttgaagage-3) and
exon 52-r for the second PCR. PCR products were analyzed on
3% agarose gels.

Sequence analysis

DNA fragments amplified on PCR were sequenced with the
dideoxy chain termination method using an automated sequencer
(ABI Prism 310; Applied Biosystems, Tokyo, Japan) following
the standard protocol.

Resulis

Differentiation of fibroblasts into myotubes with
Ad.CAGMyoD

Fibroblasts (Fig. la,b) began to fuse together at 4 days after
infection and differentiate into myotubes at 6 days after infection.
On RT-PCR dystrophin expression was detected from at least 7-8
days after infection (Fig. lc).

Exon 51 skipping after Endo-Porter-mediated
transfection of 10 umol/L. PMO

Fibroblasts with deletions of exon 45-50. 48-50, 49-50 and 50
of the DMD gene were used to check the exon 51-skipping event
after being stably transfected with 10 pmol/LL B30 or 125, or
5 umol/L of each, with Endo-Porter. RT-PCR showed that the

© 2011 The Authors
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Fig. 1  Dystrophin expression from fibroblast into muscle lineage after infection of Ad.CAGMyoD. Upper panels. normal gene without
deletions and the locations of the deletions of exon 48-50 in the Duchenne muscular dystrophy (DMD) gene. Arrows, locations of reverse
transcription—polymerase chain reaction (RT-PCR) primers. (a) Non-Ad.CAGMyoD-infected non-deleted fibroblasts. (b) Fibroblasts at 8 days
after infection of Ad.CAGMyoD. The fibroblasts were fused together. (c) Dystrophin expression was not detected in non-infected fibroblasts
(day 0) but was detected in fibroblasts with non-deletion (normal) and deletion of exon 48-50 at 8 days after infection. M, DNA Molecular

Weight Marker X (Roche, Penzberg, Germany).

transfection of B30 always yielded the exon 51-skipping event
(Fig. 2). The size of the RT-PCR bands from cells with the exon
45-50 deletion, the exon 48-50 deletion, the exon 49-50 deletion
and the exon 50 deletion was 164, 170. 154 and 256 bp. respec-
tively. In the case of 125 transfection, cells with the exon 45-50
deletion yielded the long partial exon 51-skipped transcript
(352 bp) and the exon 51-skipped transcript (164 bp; Fig. 2a);
cells with the exon 48-50 deletion yielded the long partial
exon 51-skipped transcript (358 bp) and the short partial exon
51-skipped transcript (265 bp; Fig. 2b); cells with the exon
49-50 deletion yielded the long partial exon 5!-skipped tran-
script (342bp) and the exon S51-skipped transcript (154 bp;
Fig. 2c): and cells with the exon 50 deletion yielded all sizes of
transcripts (the 444 bp long partial exon 51-skipped transcript:
the 351 bp short partial exon 51-skipped transcript; and the
256 bp exon 51-skipped transcript; Fig. 2d). Interestingly, in the
case of cells with the exon 48-50 deletion, the non-exon
51-skipped band was absent; only the long and short partial exon
51-skipped transcripts were observed (Fig. 2b).

When a cocktail of B30 and 125 was transfected, cells with the
exon 49-50 deletion yielded the long partial exon 51-skipped
transcript and the exon 51-skipped transcript, and cells with the
exon 50 deletion yielded all types of transcripts (Fig. 2¢,d). The
density of the exon 51-skipped band after transfection with
the cocktail of B30 and 125 was greater than the density of the
non-exon 51-skipped band. Interestingly. when I25 was used, the

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society

long partial exon 51-skipped transcripts were always observed
(Fig. 2).

Sequence analysis of short and long fragments

Reverse transcription—polymerase chain reaction of cells trans-
fected with 125 showed two kinds of bands different to the non-
exon 51-skipped transcript and the exon 51-skipped transcript.
According to the sequence analysis. the short fragment contained
a 95 bp section of exon 51 (Fig. 3a), and the long fragment
contained a 188 bp section of exon 51 (Fig. 3b). The 3’ end of the
95 bp section is GAGIGTA (exonl intron), which partially coin-
cides with the consensus sequence of the splicing donor,
C/AAGIGTA/G (exonl intron), without the first G of GAG in the
3’ end of the exon (Fig. 3a).”** The 3’ end of the 188 bp section
is ATGIGTG (exonl intron), which also partially coincides with
the consensus sequence of the splicing donor, C/AAGIGTA/G
(exonl intron), without the second T in ATG of the 3’ end of the
exon (Fig. 3b). Thus, both segments appear to be cryptic splicing
donors.

Discussion

In the present study we show that it is important to check the
exon-skipping event in vitro by using patient fibroblasts before
the initiation of therapy. Generally, PMO are not suitable for in
vitro experiments.'>'® but they are powerful tools for exon-
skipping therapy.
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Fig.2 Endo-Porter transfection with 10 umol/L of antisense morpholino. The Endo-Porter-mediated transfection of 10 pmol/L of phospho-
rodiamidate morpholino oligonucleotide (PMO) was stable. Upper panels, locations of the deletions in the Duchenne muscular dystrophy
(DMD) gene. The deletions were (a) exons 45-50, (b) 4850, (c) 49-50 and (d) 50. Arrows, locations of the reverse transcription—polymerase
chain reaction (RT-PCR) primers. The positions of B30 and 125, the two PMO, are indicated. (a—d) RT-PCR of RNA isolated from fibroblasts
that differentiated into muscle lineage and were subjected to Endo-Porter-mediated transfection of morpholino. The illustrations to the right of
the gel show the pattern of exon-skipping. (a-d) The exon 51-skipping event was also correctly detected in cells transfected with B30. In
contrast, RT-PCR of 125-transfected cells produced two kinds of bands, a long and a short partial exon 51-skipped transcript. (c.d) The
transfection of a cocktail of B30 and 125 yielded the skipping patterns of B30 plus I25. Interestingly, the cocktail appeared (o mediate a more
efficient exon 51-skipping event. C, transfection of standard for a negative control; L. long partial exon 51-skipped transcript; M. DNA
Molecular Weight Marker X (Roche, Penzberg, Germany): S, short partial exon 51-skipped transcript.

We initially performed single RT-PCR to detect exon skip-
ping, but the results showed many extra bands. These extra bands
might be caused by repeated sequences of the rod domain of the
DMD gene. Therefore, we performed nested RI-PCR. After
transfection of B30, only the exon 51-skipping event was
observed. In contrast, after transfection of 125, we detected two
kinds of longer partial exon 51-skipped transcripts that were
different from the non-exon 51 and exon 51-skipped transcripts.
These two types of partial exon 51-skipped transcripts were also
observed in the Aartsma-Rus ef al. study after 125 was injected
i.m. into a transgenic mouse expressing a complete copy of the
human DMD gene.* The authors, however, did not provide a clear
description of these skipped transcripts. Sequence analysis-in the
present study produced two bands, a 95 bp band and a 188 bp
band. which each included part of exon 51, because 125 produced

two cryptic splicing donors on exon 51. Unfortunately. these
cryptic splicing donors resulted in an out-of-frame deletion.
Therefore, we should check the consensus sequence of a splicing
donor when we design sequences for antisense therapy. Such
various exon-skipping pattérns might be explained by differences
in differentiation, because the PMO were transfected into cells in
the differential stage from fibroblast to myotube. In addition, the
different exon-skipping patterns were also caused by differences
in the deletion patterns of the DMD gene, which is difficult to
explain and suggests a difference in the exon-skipping pattern
between wild type and the DMD dog.'®

The transfection of a cocktail of B30 and 125 yielded the
skipping pattern of B30 plus the pattern of 125. Interestingly. the
cocktail appeared to yield a more efficient exon 51-skipping
event than an equivalent total amount of one PMO. Thus, it seems

© 2011 The Authors
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Fig.3 Sequence analysis of short and long fragments after transfection with 125. (a,b) Upper panels, locations of deletions in the Duchenne
muscular dystrophy (DMD) gene and the splicing pattern. The bottom schema shows the border of cryptic donor. Dots, nucleotides that are
identical to the consensus sequence of the splicing donor. Boxes, exons. (a,b) The short fragment (short partial exon 51-skipped transcript) and
the long fragment (long partial exon 51-skipped transcript) included 95 and 188 bp of exon 51, respectively, because the cryptic sphcmo donor

was produced.

that B30 and 125 together inhibited the splicing of exon 51 more
than either B30 or 125 alone.

We checked the exonic splicing enhancer (ESE) scores of the
sequences of B30 and I125. The sequence motives recognized by
the four most abundant SR proteins (SF2/ASF, SC35, SRp40 and
SRp535) are implemented in the ESEfinder software. The scores/

threshold of the SF2/ASF, SC35, SRp40, and SRp55 motif of

B30 were 0.31027/1.956, 1.47752/ 2.383, .34852/2.67 and
0.41398/2.676, respectively. For 125, the scores were 3.09235/
1.956. 0.48692/2.383, 1.52791/2.67, and 1.02577/2.676, respec-
tively. The 125 ESE score is higher than that of B30. The score
sometimes did not represent the true ESE.*®

Aartsma-Rus et al. noted that not every effective PMO has
high values of ESE score for SR protein binding sites and some
ineffective PMO do have high values. Furthermore, ESEfinder
predicts putative ESE sites for the most abundant SR proteins
only.” So several important variables, such as the local sequence
context, the splice-site strengths, the position of the ESE along

© 2011 The Authors
Pediatrics International © 2011 Japan Pediatric Society

the exon and the presence of silencer elements. are likely to play
a significant role in ESE activity.™ We calculated ESE score, but
the skipping efficiency does not accord with score like in other
articles.

In conclusion. B30 is suitable for clinical therapy, because
transfection with B30 consistently yielded only the exon
51-skipped band. 125 is not suitable, because various undesired
transcripts were detected after its transfection. Chaouch et al.
also analyzed the dystrophin expression in immortalized fibro-
blasts of a DMD patient by using engineered U7 small nuclear
RNAs harboring the antisense sequence required to restore an
in-frame dystrophin mRNA by skipping exon 51.%

Our strategy is a faster and easier method for the screening of
exon skipping in each patient, and it allows for many kinds of
PMO to be checked prior to the initiation of therapy.

We conclude that clinical trials of PMO should be performed
with prior in vitro experiments using cellular systems to check
the possible effectiveness in patients.
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It is known that gentamicin (GM) could be a possible treatment for Duchenne Muscular Dystrophy (DMD).
However, GM therapy has been hindered by several problems such as severe side effects of GM. In order to re-
solve these problems, we developed the drug delivery system (DDS) of GM using hybrid liposomes (HL) com-
posed of L-a-dimyristoylphosphatidylcholine (DMPC) and polyoxyethylene(23) lauryl ether (C;,(EO),,). The hy-
drodynamic diameters of HL including GM (GM-HL) were 60—90 nm with a narrew range of the size distribu-
tion and the sizes were kept almost constant for over 4 weeks, suggesting that GM-HL could avoid the reticuloen-
dothelial system in vivo. Furthermore, GM-HL accumulated more to the skeletal muscle cells of X chromosome-
linked muscular distrophy (mdx) mice as compared to these of normal mice. Significantly, we succeeded in in-
creasing dystrophin positive fibers in skeletal muscle cells of mdx mice using GM-HL along with the reduction of
ototoxicity. It is suggested that GM should be carried more efficiently into the muscular cells of mdx mice by HL.
These results indicate that HL could be an effective carrier in the DDS of GM therapy for DMD.

Key words Duchenne muscular dystrophy; hybrid liposome; gentamicin; drug delivery system; X chromosome-linked muscu-

lar distrophy mouse

Duchenne/Becker muscular dystrophy (DMD/BMD) is
caused by a defective expression of the dystrophin gene re-
sulting in the absence of the dystrophin protein in muscle
fibers."? Approximately 60% of DMD/BMD patients have
deletions in the dystrophin gene itself,> ™ while the remain-
ing 40% have small deletions or point mutations in the region
that encodes the gene. Furthermore, nonsense mutations lo-
cated within the gene account for approximately 5—13% of
the muscular dystrophies.®”

Aminoglycoside antibiotics such as gentamicin (GM) had
the ability to allow the ribosome to read through a prema-
ture-termination codon of the dystrophin gene, which pre-
vented normal translation of dystrophin protein.®” Barton-
Davis ef al. demonstrated the possibility of treating X chro-
mosome-linked muscular distrophy (mdx) mouse, which was
an animal model for DMD that possessed a nonsense muta-
tion in the dystrophin gene, with GM in vivo.!” They used
GM to suppress the nonsense mutations and could restore
dystrophin expression successfully in mdx mouse. However,
the GM therapy has been hindered by several problems such
as severe side effects of GM, especially nephrotoxicity and
ototoxicity, the poor delivery profile to muscle tissue, and
short half-life in blood. Recently, the phase 2b clinical trial
of PTC 124 (3-[5-(2-fluorophenyl)-[1,2,4]oxadiazol-3-yl]-
benzoic acid),'” which is a new drug to induce reading
through a premature-termination codon without clear side-ef-
fects, showed that the primary endpoint of the change in
6 min walk distance tests did not reach any statistical signifi-
cance within the 48 weeks duration of the study according to
Genzyme corporation announcement.'?’

Therefore, to overcome these inadequacies of GM therapy
for DMD, we encapsulated GM in hybrid liposomes (HL) for
the delivery system. HL can be prepared by.just the sonica-
tion of vesicular and micellar molecules in a buffer solu-
tion.'* HL are free from any contamination with organic

# To whom correspondence should be addressed.

e-mail: ueoka@@life.sojo-u.ac.jp; kimusige@kumamoto-u.ac.jp

solvents and-remain stable for longer periods. The physical
properties of these liposomes such as size, membrane fuidity,
phase transition temperature, and hydrophobicity can be con-
trolled by changing the constituents and compositional ratios.
In the course of our study for HL, the following interesting re-
sults have been obtained. (a) Stereochemical control of the
enantioselective hydrolysis of amino acid esters could be es-
tablished by temperature regulation and changing the compo-
sition of the HL."™'™ (b) Inhibitory effects of HL including
antitumor drugs,'” sugar surfactants,'® or polyunsaturated
fatty acids'” have been observed on the growth of tumor cells
in vitro and in vivo. (c) High inhibitory effects of HL on the
growth of tumor cells along with the induction of apoptosis in
vitro' and in vivo'” have been obtained without using
drugs.”® Successful clinical chemotherapy with drug-free HL
to patients with lymphoma has been reported after passing the
committee of bioethics.”” (d) A good correlation between
membrane fluidity of HL and antitumor effects on the growth
of tumor cells.has been observed.” These studies indicate
that HL had no cytotoxicity and could be effective carriers for
improving solubilization and stabilization of hydrophilic?®
and hydrophobic agents in the drug delivery system (DDS).

In this study, we reported the therapeutic effects of HL in-
cluding GM (GM-HL) on the mdx mice in vivo. The reduc-
tion of side effects of GM-HL is also discussed on the basis
of the results from auditory brainstem response (ABR) tests
and biodistribution analysis of HL.

MATERIALS AND METHODS

Preparation of HL, GM-HL and NBD-HL. HL were pre-
pared by sonication of a mixture containing 95mol% L-0-
dimyristoylphosphatidylcholine (DMPC) (NOE, Tokyo, Japan)
and 5mol% polyoxyethylene(23) lauryl ether (C,(EO)y)
(Sigma-Aldrich, St. Louis, MO, U.S.A.) using a bath type soni-
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cator (VS-N300, VELVO-CLEAR, Tokyo, Japan) in phosphate
buffered saline (PBS(—)) at 45 °C with 300 W, and filtered with
a 0.20 um cellulose acetate filter (ADVANTEC, Tokyo, Japan).
HL including GM (GM-HL) or 1-palmitoyl-2-[12-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)amino]}dodecanoyl]-sn-glycero-3-phos-
phocholine (NBDPC) (NBD-HL) were prepared with GM
(Schering-Plough, Kenilworth, NJ, U.S.A.) or NBDPC (Avanti
Polar Lipids, Alabaster, AL, US.A.) by the same method of
HL, respectively. :

Dynamic Light Scattering Measurement Apparent
mean hydrodynamic diameters (d,,) of HL, GM-HL and
NBD-HL were measured using a light scattering spectrome-
ter (ELS-8000, Otsuka Electronics, Osaka, Japan) with a
He—Ne laser light source (633 nm). The diameter was calcu-
lated by Stokes—Einstein equation (Eq. (1)),

= (xDI37zND) [¢))]

where « is Boltzmann constant, T is the absolute tempera-
ture, 17 is the viscosity of the solvent and D is the diffusion
coefficient.

Electron Microscopy Electron micrographs of GM-HL
were obtained by means of a negative-staining method. Sam-
ple solutions of GM-HL were mixed with a 4% aqueous so-
Iution of ammonium molybdate. The sample was then ap-
plied to a carbon grid and dried overnight in a vacuum desic-
cator at room temperature. The electron micrographs were
taken on an electron microscope (JEM-100SX, JEOL, Tokyo,
Japan).

Therapeutic Experiment of GM-HL /n Vivo All ani-
mal experiments were approved by the committee of the
Center for Animal Resources and Development, Kumamoto
University, Japan. Eight-week-old mdx mice, which have a
stop codon TAA in exon23 of the dystrophin gene, were in-
traperitonealy injected with either GM-HL, GM alone or HL.
The given dosages of GM were 1X (34mg/kg/d), 5X
(170 mg/kg/d), and 10X (340 mg/kg/d). The number of mice
for GM-HL 1X, GM-HL 5X, GM-HL 10X, GM 1X, GM
10X, HL 1X, HL 5X, and control (non-treated) were 3, 2, 1,
3, 7,3, 2, and 5, respectively. After 2 weeks of the injection
(3 times/d), the skeletal muscles were isolated, and the blood
samples were collected from the treated mice. The efficiency
of dystrophin positive fibers was calculated by the average
number of dystrophin positive fibers in 3 randomly chosen
photographs of dystrophin immunostaining skeletal muscle
tissues per mouse. The creatine kinase (CK) and creatinine
levels of each mouse were measured by a laboratory exami-
nation agency (SRL, Tokyo, Japan).

Immunochemical Staining of Dystrophin and Histolog-
ical Analysis Skeletal muscles from gastrocnemius of
treated mdx mice were frozen in isopentane pre-cooled in
liquid nitrogen and 10-um-thick sections were cut with a
cryostat. The expression of dystrophin was analyzed with
mouse monoclonal anti-dystrophin antibody (DYS2; 1:25,
Novacastra Laboratories, Newcastle, U.K.) and biotinylated
anti-mouse immunoglobulin G (IgG) reagent (VECTOR
M.O.M. Immunodetection Kit, Vector Laboratories,
Burlingame, CA, U.S.A.) as the secondary antibody. The im-
munoreactivity was visualized using 3,3’-diaminobenzidine
as the chromogen substrate. The average number of dys-
trophin positive fibers was counted on 3 photographs that
were randomly taken per mouse.

713

Confocal Laser Microscopy The accumulation of fluo-
rescence-labeled HL (NBD-HL)** to the skeletal muscle was
observed using confocal laser microscopy (CLM). NBD-HL
were intraperitonealy injected into normal (B10, 8-week-old)
and mdx mice. After the injection, the skeletal muscles (gas-
trocnemius) were isolated from the mice each time (1, 2, 6 h).
The dissected muscles were embedded in an OCT compound
and rapidly frozen. The cryosections of each muscle were
made and stained with TO-PRO-3 dye (Invitrogen, Carlsbad,
CA, US.A.) solution including an antifade reagent (0.5%
1,4-di-azobicyclo-(2,2,2)-octane) for detecting the cell nu-
cleus. The sections were observed using CLM (TCS-SP,
Leica Microsystems, Wetzlar, Germany) with 488nm Ar
laser line for NBDPC detection (emission; 500—600 nm)
and 633 nm He—Ne laser line for TO-PRO-3 detection (emis-
sion; 640—703 nm). The biodistribution of NBD-HL to the
organs of mdx mice was also observed using CLM. NBD-HL
were intravenously injected into the mdx mice. After 1 h of
the injection, the organs (brain, lung, liver, heart, kidney,
spleen and skeletal muscle) were isolated from the mice. The
dissected organs were embedded in an OCT compound and
their cryosections were stained with TO-PRO-3 and observed
using CLM as described above.

Aunditory Brainstem Response (ABR) Female (8-week-
old, n=1) and male (8-week-old, n=7) mdx mice were
treated with GM-HL 10X and GM 10X for 14d, respec-
tively. After 2 weeks of the intraperitoneal (i.p.) injection (3
times/d), the hearing ability was determined by the auditory
brainstem response (ABR).> ABR was obtained from mice
anesthetized with a mixture of nitrous oxide/oxygen (1:1)
gas and 3% halothane. Responses were differentially
recorded between subcutaneous stainless steel electrodes at
the vertex (active) and mastoid (reference), and the lower
back served as ground. Testing was performed in a sound-
attenuated box. The ABR, response to the sound of clicks,
were recorded using a signal processor (Neuropack /t, Nihon
Kohden, Tokyo, Japan).

Statistical Analysis Statistical analysis was performed
by Student’s f-test. A confidence level p<<0.05 was consid-
ered significant.

RESULTS

Morphology ef HL, GM-HL and NBD-HL Morpholo-
gies of HL, GM-HL and NBD-HL were examined on the
basis of dynamic light scattering measurements and electron
microscopy. The hydrodynamic diameters (d),,) of HL, GM-
HL and NBD-HL were almost the same sizes of 60—9%0nm
with a narrow range of size distribution (Fig. 1A). The diam-
eters remained stable for more than 4 weeks. An electron mi-
crograph of GM-HL showed the presence of spherical vesi-
cles with a diameter of 60—90 nm as shown in Fig. 1B.

Accumulation of HL to Muscle Cells in Vive The ac-
cumulation of NBD-HL to the skeletal muscle cells of nor-
mal (B10) and mdx mice in vivo was observed using CLM.
The results are shown in Fig. 2. The green fluorescence of
NBD-HL was detected in the cytoplasm and cytoplasmic
membranes of myofibers of normal and mdx mice. Interest-
ingly, the NBD-HL accumulated more in the cytoplasmic
membranes of mdx mice (Fig. 2B) after 1 h of the i.p. injec-
tion as compared with those of normal mice (Fig. 2A). Then,
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Fig. 1. Morphology of HL, GM-HL and NBD-HL

(A) Time courses of hydrodynamic diameters (d,,) change for HL, GM-HL and
NBD-HL prepared by sonication method. The 4, of HL, GM-HL and NBD-HL were
measured using a light scattering spectrometer at 25°C. HL and GM-HL: [DMPC]=
30 mm, [Cx(EO).,]=1.58 my, [GM]=10 mg(potency)/ml. NBD-HL: [DMPC]=10mm,
[C,2(EO}A5]=0.549 mym, [NBDPC]=0.439mm. (B, inset) An electron micrograph of
GM-HL by a negative staining method. [DMPC]=10mu. [C,.(EO);,]=0.526 mm,
[GM]=3.33 mg(potency)/ml. Scale bar: 50 nm.

(A} Normal mouse (B15) (B Mds mouse

{C3 0 h {pre-injeciion

Fig. 2. Fluorescence Micrographs of Skeletal Muscle Cells for Normal
and Mdx Mice after the i.p. Injection of NBD-HL

After the i.p. injection of NBD-HL into normal (B10) and mdx mice, the skeletal
muscles were isolated from the mice, the cryosections of each muscle were stained with
TO-PRO-3, and the stained sections were observed using CLM. Green: NBD-HL, Red:
TO-PRO-3. (A) Normal and (B) mdx mice after 1h of the injection of NBD-HL. Mdx
mice after (C) Oh (pre-injection), (D) 2h and (E) 6h of the injection of NBD-HL.
Dose: [DMPC]=67.98 mg/kg, [C,,(EO),:]=6.59 mg/kg, [NBDPC]=3.76mg/kg. Scale
bar: (A) (B) 10 um, (C) (D) (E) 100 um,

we investigated the retention time of NBD-HL in the myo-
fibers of mdx mice. The higher fluorescence intensity of
NBD-HL was observed in the myofibers of mdx mice after
2 h of the i.p. injection (Fig. 2D) compared with that of pre-
injection (Fig. 2C). Furthermore, the fluorescence intensity
of NBD-HL was consecutively observed after 6h of the in-
jection (Fig. 2E).

Therapeutie Effects of GM-HL on Mdx Mice in Vive
The therapeutic effects of GM-HL on mdx mice were investi-
gated in vivo. Generally, the CK level indicates the degree of
muscle necrosis and the average CK level of mdx mice {con-
trol) in this experiment was 4239+501.1 (IU/1) as shown in
Fig. 3. On the other hand, after 2 weeks of the i.p. injection,
the average CK levels of GM-HL 1X, 5X, and 10X injected
mdx mice decreased to 685140 (IU/I), 759+ 122 (IU/) and
610 (IU/), respectively. The average CK levels of GM 1¢
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Fig. 3. CK Level in Blood of Mdx Mice after the Treatment with GM-HL,
GM and HL

After 2 weeks of injection (3 times/d), the blood was collected from the treated mdx
mice and the creatine kinase (CK) level of each mouse was measured. Data represent
the mean=S.E. (n=1-6). Control means a CK level of the untreated mdx mice. Dose:
GM-HL 1: [DMPC]=694.0mg/kg/d, [C,(EO),,]=64.39 mg/ke/d, [GM]=34mg/
kg/d, GM-HL 5x: [DMPC]=3470mg/kg/d, [C,(EO)]=322.0mg/ke/d, [GM]=170
mg/kg/d, GM-HL 103<: [DMPC1=6940 mg/kg/d, [C,,(EO),;]=643.9mg/kg/d, [GM]=
340mg/ke/d, GM 1X: [GM]=34mg/kg/d GM 10> [GM]=340mg/ke/d, HL 1X:
[DMPC]=694.0 mg/kg/d. [C,(EO),»}=64.39 mg/kg/d, HL 5/ [DMPC]=3470 mg/kg/
d, [C):(EO)3]=322.0mg/kg/d. * Significant difference (p<0.05) compared with con-
trol.
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Fig. 4. Expression of Dystrophin in Skeletal Muscle Tissues of Mdx Mice

after the Treatment with GM-HL, GM and HL

After 2 weeks injection (3 times/d), skeletal muscles were isolated from the treated
mice and the expression of dystrophin was analyzed with mouse monoclonal anti-dys-
trophin antibody and biotinylated anti-mouse IgG reagent. The immunoreactivity was
visualized using 3,3'-diamincbenzidine and the average number of dystrophin positive
fibers was counted on 3 photographs that were randomly taken per mouse. Dystraphin
immunostaining of skeletal muscle tissues was isolated from (A) HL 1X treated mdx
mice, (B) GM-HL 10X treated mdx mice and (C) untreated normal mice (Wild type).
(D) Rate of dystrophin positive fiber in skeletal muscle tissues of GM-HL, GM and HL
treated mdx mice. # Significant difference (»<<0.05) compared with HL 5X. Dose: GM-
HL [x: [DMPCI=694.0mgkeg/d, [C(EO),]=64.39mg/kg/d, [GM]=34mgke/d,
GM-HL 5: [DMPC]=3470 mg/kg/d, [C,,(EO),:}=322.0 mg/kg/d. [GM]=170 mg/kg/
d. GM-HL 10%: [DMPC}=6940 mgkg/d, [C, EO),:]=643.9me/kg/d, [GM] =340 mg/
kg/d, GM 1x: [GM]=34mg/kg/d, GM [0X: [GM]=340mg/kg/d, HL 1X: [DMPC]=
694.0mekeld, [CHEQ)s]=6439mgkg/d, HL 5X: [DMPC]=3470mgke/d,
[C,A(ED),:]=322.0mg/ke/d. .
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After 2 weeks of 1.p. injection of (A) GM-HL 10X and (B) GM 10 in to the mdx mice (3 times/d), the ABR was cbtained from anesthetized mice in a sound-attenuated box.
The responses were differentially recorded between subcutaneous stainless steel electrodes at the vertex (active) and mastoid (reference), and the Jower back served as ground using
a signal processor. Dose: GM-HL 10X: [DMPC]=6940 mg/kg/d, [C,(EO),;]=643.9 mg/ke/d [GM]=340mg/kg/d, GM 10X: [GM]=340mg/kg/d.

{A) Liver (B) Skeletal musele

{C) Brain (D) Kidney

Fig. 6. Biodistribution of NBD-HL in Mdx Mice after i.v. Injection in Fivo

After 1h of i.v. injection of NBD-HL into mdx mice, the organs were isolated from the mice. The dissected organs of (A) liver, (B) skeletal muscle, (C) brain and (D) kidney

were stained with TO-PRO-3 and the sections were observed using CLM. Green:

[NBDPC]=3.76 mg/kg. Scale bar: 100 um.

and 10X were 1521422 (IU/1) and 1237293 (IU/), re-
spectively. The average CK levels of HL 1X and 5X were
2114430 (IU/1) and 2145955 (IU/1), respectively. The CK
levels of GM-HL injected mdx mice showed a decreasing
tendency in comparison with those of HL and GM. alone.
The total CK levels of GM-HL (1X and 5X), GM (1X and
10X) and HL 1X significantly decreased in comparison with
that of control (»p<<0.05). Furthermore, the dystrophin im-
munostaining of skeletal muscle tissues of mdx mice indi-
cated that the dystrophin positive fibers were well observed
in GM-HL 10X injected mice (Fig. 4B) as compared with
HL 1X injected mice (Fig. 4A). The rate of dystrophin posi-
tive fibers of GM-HL 1X, GM-HL 5X, GM-HL 10X, GM
1X, GM 10X, HL 1X, and HL 5X were 3.87%0.676%,
5.58x1.31%, 7.73%£4.01%, 3.13%0.718%, 4.62x2.17%,
2.440.835%, and 1.74+0.450%, respectively as shown in
Fig. 4D. The efficiency of dystrophin positive fibers in the
GM-HL 10X injected group was the highest followed by the
GM-HL 5X injected group. The rates of dystrophin positive
fibers for GM-HL (1X and 5X) were significantly higher
than that for HL 5X (p<<0.05).

Suppression of the Ototoxicity of GM by Using GM-
HL The ototoxicity of GM-HL on the mdx mice was evalu-
ated by ABR tests in vivo. As shown in Fig. 5, the ABR of
the mdx mice after the injection of GM-HL 10X was ob-
served to 30dB, though that after the injection of GM 10X
was observed only to 70 dB. The ABR of GM-HL 10X in-

NBD-HL, Red: TO-PRO-3. Dose: [DMPC]=67.98mg/kg, [C(EO),;}=6.59 merke,

jected mdx mice was normal as observed in the wave of
60 dB, while that of GM 10X injected mice was abnormal as
observed in the wave of 60 dB and as being almost flat. Fur-
thermore, the biodistribution of NBD-HL in mdx mice after
the intravenous (i.v.) injection was examined using CLM. In
the organs of brain, liver, kidney, intestine, skeletal muscle
and spleen, the accumulation of NBD-HL was observed in
the liver (Fig. 6A) and skeletal muscle (Fig. 6B) of mdx mice
after 1h of the injection. No accumulation of NBD-HL was
detected in other organs including the brain (Fig. 6C) and
kidney (Fig. 6D).

DISCUSSION

Pharmacological approaches for DMD with promising
candidates for using drugs such as aminoglycoside antibi-
otics, calcium blokers, steroids, efc. are under investigation.
Some of them have been effective for animal models. How-
ever, they are not enough to improve the muscle weakness
for patients. One of these reasons is that the effective dose as
a medicine is not injected to patients because of the severe
side effects. For the reduction of the side effects, several
DDS utilizing nanopolymers®® and viral vectors®? efc. were
reported for the treatment of DMD. However, there were very
few reports to achieve the more selective delivery to dys-
trophic muscles comparing with normal muscles.

In this study, we investigated the effects of DDS using HL
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composed of DMPC and C,,(EOQ),; as a carrier of GM for
DMD therapy in vivo. It is very important to clarify the char-
acteristics such as the size, shape and stability of liposomes
in DDS. So, we prepared HL including GM and examined
the morphology of GM-HL on the basis of dynamic light
scattering measurements and electron microscopy. The hy-
drodynamic diameters of HL, GM-HL and NBD-HL were
60—90 nm, which remained stable for over 4 weeks (Fig. 1).
It is worthy to note that GM-HL having 60—90 nm in diame-
ter could avoid the reticuloendothelial system in vivo.?®
Next, we observed the accumulation of NBD-HL in skeletal
muscles of mdx and normal mice /n vivo using CLM and
demonstrated that HL could accumulate more to myofibers of
mdx mice as compared with those of normal mice (Figs.
2A,B) and retained in the cells at least 6h after the injection
(Fig. 2E). Significantly, the increasing dystrophin positive
fibers in skeletal muscle cells (Fig. 4) and decreasing CK lev-
els (Fig. 3) in the blood of mdx mice were observed after the
treatment with GM-HL. It is suggested that GM should be
carried more efficiently into the muscular cells of mdx mice
by HL. These results indicate that GM-HL could be more ef-
fective for DMD therapy than GM alone. Furthermore, we
evaluated the ototoxicity of GM-HL on the mdx mice by
ABR tests and the results indicated that GM-HL 10X sup-
pressed the ototoxicity in mdx mice (Fig. 5). In addition, the
serum creatinine concentrations of GM-HL injected mdx
mice were normal (data not shown), suggesting that GM-HL
could suppress nephrotoxicity. Three of 4 GM 10X injected
mice lost 1—2 g of weight, while the GM-HL 10X injected
mice gained weight (data not shown). It is attractive that HL-
GM have not only more therapeutic effects but also less side
effects as compared with GM alone. Finally, we examined
the biodistribution of HL in mdx mice via i.v. injections in
vivo in order to investigate the possibility of clinical applica-
tions in the future. The accumulation of NBD-HL was ob-
served in the liver and skeletal muscle in comparison with
other organs after 1 h of the i.v. injection (Figs. 6A, B). Espe-
cially, the accumulation was hardly observed in brain (Fig.
6C) and kidney (Fig. 6D). In the previous paper, we indicated
the same biodistribution of NBD-HL except skeletal muscle
in the normal mice.?® These results suggest that HL could be
metabolized in liver, and the toxicities of GM to kidney and
auditory nerve systems could be suppressed by using HL as
the drug carrier.

The first advantage of using HL as DDS is that this system
could reduce toxicity. The second one is that the dosage
could be stable for more than 4 weeks. The third one is that it
could allow an escape from the reticuloendothelial system.
The results obtained in this study suggest that the DDS with
HL could be applied in the novel therapy using GM for pa-
tients with DMD.
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#Ex, 43.6%) THY (K5, A1 FIF4vTRINLD
SEMEREAHEEE L, F70, ERFEMOFMEROIESD
ERNA T RILDWVWTIR, EREBROREICEDL 570,
o B 12FREE (Mackin et al, 2006; Kobak et al, 2010)
ENTBY, F1F54 TR, H—LAFHETS> L
&S OB EFMmOLEEIC OV TSI L .
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TEHIE  NIH BERERES 5 — 4 <~ X (ClinicalTrials.
gov: http://clinicaltrials.gov), BRZEEHF [ HEBEFFA v 1 7
5+ ARBEEACZEERLERR (5 v 5 s{bifEd
EREE AR <), XWRESE  major depressive disorder, 4F
#ATE  adult (18~65%%) or senior (66 BELI L), E£IE :
industry, BEKSEE : 2004~2010 £, BEZHE : phase II or
phase II.

5) REMFFMOAE
EERFEFEET BN E LEREARE, BUEORET O
DITEFIEMEE SN 25, Zelkicow TREES 5

IR TE VAR OE S (BRE - (LA, 2009). o

i, WEREOZSWEETRERD HERT 57210 TR,
IR D BAFE s T O FTE P BLEIRGER O ERIRIIS A~ O IEHIR
o, REWFMOHEGLTO X 5 I LHiTIcfT
HTEEHNAFSA Vv TRYEE LT
< JRERIC B B —RROVERE
LM T T A NE L TEEREEER
s I OIREBICBVTEEITRNEHFESER

HEETo 7 > A VE LTEERFEERE, BBRED
EFBRFCEELERTHD, FIAE, SSRI OJH{LEE
ERED CRICEHT S, I ORERCBLVTERHTNE
BEERI, HEEKRTLHBELLIERTHD, £HE,
fErxORENITHhN TV A DECHEL LB
(Laughren, 2006; Barbui et al, 2009; Bridge et al, 2007; Stone
et al, 2009) O o EZR SO FICBEEL cER (BER
FEMEEES) (Fava et al, 1997; Garner et al, 1993; Schatzberg
etal 1997) ZCDWTHA F 54 v CIREKMICETL
7.

6) MNEEMEWSRE UIEBRERREICDNT

NREFENGE E UBEREBROR L X3, BRHAGK
BOTHREEIN TV, Lal, /NNEEETREAEL
LT, MO 2EOBRSBROERDY R ¥EVI LNl
% (Laughren, 2006; Stone et al, 2009) &N TWB T &
5%, NEDIDRIKBVTHY XY « X2 T 4 v NS
VRAETDICEMT EMERDD, HAKFSAvTR, 7
S & RGBS BRRICRMETH S T &2 L.
ElRic, BRABTOZLEEOLERICOVLTHEAL
o, Fi, BWIPEMAEE TRV &P, M

x5 7o RWBEHER (bEFE) cFEFMEEICER
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EEF AL BB
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MADRS: Montgomery-Asherg Depression Rating Scale, HAM-
D: Hamilton Depression Rating Scale, IDS-C30: 30-Item
Inventory of Depressive Symptomatology-Clinician-Rated ,
QIDS-SR: Quick Inventory of Depressive Symptomatology-Self
Rated, E#RIE : NIH EBRRHBEEH 7 — ¥ ~— 2 (Clinical
Trials.gov: http:/clinicaltrials.gov), BZEEME | &HERFF1 v ¢

I EEERERR <), XRESE | major depressive disorder,
F#E ¢ adult (18~658%) or senior (66 LI L), E&IE !
industry, BEfAEE : 2004~2010 4, BEF#E : phase II or
phase IIL.
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