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physician told Prof. Okinaka that the patient was
suffering from muscular dystrophy, based on the
serum aldolase activities that Sugita measured. Prof.
Qkinaka became furious and told Sugita that it was
not acceptable to make a diagnosis simply on the
determination of something in the blood. In retro-
spect, Prof. Okinaka was correct; the patient was
probably suffering from polymyositis rather than
muscular dystrophy.

However, the incident led to one of the
monumental achievements in the history of muscular
dystrophy research due to the outstanding profes-
sional intuition of Dr. Setsuro Ebashi. When Dr.
Momoi, a close friend of Dr. Ebashi since middle
school, told him about the serum aldolase activity in
muscular dystrophy, he pointedly asked Dr. Momoi,
“Why do you determine a nonspecific enzyme such as
aldolase in muscular diseases? You should look at the
level creatine phosphokinase, which is more specific
to skeletal muscle than aldolase.” It was a stroke of
genius! At his suggestion, we set up a team, headed
by Dr. Ebashi and including Drs. Momoi, Toyokura,
and Sugita, to study creatine phosphokinase (CPK; it
was also known as creatine kinase or CK). Thus, first
paper on serum CK activity in progressive muscular
dystrophy was published by Ebashi and coworkers in
1959.8) Among various neuromuscular disorders, they
found increased serum CK levels in patients with
muscular dystrophy, and it is now regarded as the
most reliable laboratory test for muscular dystrophy.
The discovery of the importance of serum CK opened
the door for the recent myology research, in
particular pathological studies including genetics
and the exploration of treatments such as gene
therapy.

Discovery of dystrophin and its localization
at the muscle surface membrane

A pioneer application of positional cloning to
human diseases appeared in 1986, when the gene
responsible for DMD/Becker muscular dystrophy
(BMD) was isolated by Dr. A.P. Monaco et al. of Dr.
L. Kunkel’s group.®) The DMD gene is 2,500 kb long
and consists of 79 exons covering 1% of the x-
chromosome. It is transcribed to yield a 14kb ¢cDNA.
In 1987, Dr. E.P. Hoffman et al. identified a 427kD
protein encoded by the DMD gene, and this protein
was named “dystrophin”,* which is absent from the
skeletal muscle of most patients with DMD. Almost
all cases of DMD showed an out-of-frame mutation.
In contrast, most patients with BMD had an in-frame
mutation. Using polyclonal antibodies against the
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near N-terminal portion derived from the dystrophin
c¢DNA, Dr. Kiichi Arahata et al. of the muscular
dystrophy research group at National Institute of
Neuroscience, National Center of Neurology and
Psychiatry, Japan, identified a specific immunohis-
tochemical reaction with peptides on the surface
membrane of skeletal and cardiac muscle fibers that
was absent in the muscles of DMD patients.?) These
results have been confirmed by other research groups.
In symptomatic carriers of DMD, a distinct mosaic
pattern of immunohistochemical staining of the
surface membrane of the muscle fibers can be
observed. BMD exhibits a positive but faint and
patchy expression pattern of dystrophin with altered
protein contents and molecular weights. Thus, it
became clear that DMD and BMD are caused by
fragility of the muscle surface membrane due to the
lack of dystrophin.

Development of therapy for DMD

Drug treatment for DMD patients is currently
restricted almost completely to corticosteroids (ox-
androlone and prednisone), but a variety of ther-
apeutic approaches to muscular dystrophies have
been tested over the past few decades, and some of
them show great promise (recently reviewed in
Ref. 10, and current situation was summarized in
Table 1). For successful application of viral vector-
mediated gene therapy, there are still several hurdles
to be overcome.!’) Pluri- or multipotent stem cell- -
based therapies are still in their immature stages, but
currently some alternatives are progressing to clinical
trials. Among several therapeutic approaches in
preclinical or clinical stage, authors here focus on
one of the most promising therapeutic approaches:
exon skipping with antisense oligonucleotides (AOs).

Exon-skipping therapy using AOs

DMD is caused by the lack of dystrophin, most
commonly as a result of frame-shift mutations.
Deletions and duplications in the DMD gene result
in out-of-frame mRNA, such as nonsense mutations
in which a single base change alters a codon into a
premature stop codon. Theoretically, in these cases,
selective removal of the flanking exons can result in
an in-frame mRNA transcript. Such an in-frame
mRNA transcript can be translated into a quasi-
dystrophin protein (reviewed in Ref. 12). AOs, which
hybridize the sequences near the splice acceptor or
donor sites as well as within exons, can alter gene
expression wvia steric block interference with the
splicing machinery, and thereby direct the exclusion
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Table 1. Clinical trials for DMD/BMD
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. Phase
Category Interventions .
(ClinicalTrials.gov)
Myostatin blocking
Drug MYQ-029 Completed; not effective
Read-through
PTC124 Completed; not effective
Gentamicin Completed; not effective
Others
Pentoxifylline Completed; not effective
Idebenone Phase ITT
Ramipril vs. Carvedilol Phase IV
Coenzyme Q10 and prednisone Phase III
Coenzyme Q10 and lisinopril Phase II/1II
Debio-025 (cyclosporine analogue) Phase ITb
Exon skipping (systemic delivery)
Gene therapy PROO051 (2'-O-MePS AO)(exon 51 skipping) Phase III
PRO044 (2'-0-MePS AO)(exon 44 skipping) Phase I/11
AVI-4658 (PMO)(exon 51 skipping) Phase IIb
AAYV vector
rAAV2.5-CMV-Mini-Dystrophin Phase I*
Satellite cells (myoblasts) Pending

Cell therapy

Mesoangioblasts
Induced pluripotent stem (iPS) cells

In preparation
Experimental

Shown are representative ongoing or just finished clinical trials for DMD. Some have finished with disappointing results.
For more information, please refer to the homepage presented by the U.S. National Institute of Health,

‘ClinicalTrials.gov’.

*Unwanted immune responses to dystrophin have been reported at the 2010 meeting of the American Academy of

Neurology (http:/quest.mda.org/news/caution-immune-response-seen-dmd-gene-therapy).

of one or more exons in the final transcript, resulting
in: restoration of the reading frame of dystrophin
mRNA and the expression of a shorter, truncated but
functional dystrophin.

One of the pioneering researchers who tried to
restore the reading frame of the mutated DMD
transcripts was Dr. Masafumi Matsuo at Kobe
University.'® His group tried to skip exon 19 of the
DMD gene in exon 20-deleted DMD patients, based
on the idea of DMD Kobe, where exon 19 has been
skipped due to a 52-bp deletion within the exon.
Later, proof-of-concept studies by many groups
followed in vitro and in vivo (reviewed in Ref. 14).

Chemistries of AOs

For maximal effects in exon-skipping therapy,
the chemistry of AOs seems to be one of most critical
factors. AOs used for exon skipping are usually 20-25
bases long and chemically synthesized. Various
chemistries for AOs have been proposed to overcome

the unstable nature of single-strand DNA or RNA
molecules. Several modifications of AOs include
bicyclic locked nucleic acid (LNA), peptide nucleic
acid (PNA), ethylene-bridged nucleic acid (ENA), 2'-
O-methyl phosphorothioate AO (2-0O-MePS AO),
and phosphorodiamidate morpholino oligomer
(PMO). Among them, 2-O-MePS AO and PMO
are the most frequently utilized because of their
suitable properties (Fig. 1).

2'-0-MePS AO. The structure of 2'-0-MePS
AQ is similar to that of RNA, but it is methylated
at the 2'-OH position of the ribose ring. 2'-O-MeP$S
AQ is widely used because it is relatively easy to
synthesize and cheap to produce. 2’-O-MePS AO is
stable, has a high affinity to mRNA, and is also
resistant to nucleases, however the low solubility of
2-0-MePS AO in water prevents its use at higher
dosages.

PMO. PMO has a morpholine ring instead of a
deoxyribose ring in DNA, and these artificial rings
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Fig. 1. Comparison of chemistry used in clinical trials. 2-O-

MePS AQ: 2'-O-methyl phosphorothioate antisense oligonucleo-
tides. PMO: phosphorodiamidate morpholino oligomers. PMO
(AVI BioPharma, http://www.avibio.com/) has a different back-
bone (morpholino backbone) from RNA or DNA, enabling
highly sequence-specific, stronger base pairing to the target RNA
than RNA or DNA. Red highlights the differences in the
chemistry from RNA or DNA.

are linked to each other through phosphorodiami-
date, enabling highly sequence-specific, stronger base
pairing to the target RNA than RNA or DNA.
Importantly, PMO does not stimulate or activate
Toll-like receptors and therefore does not activate
innate immune responses. In addition, PMO is
believed to be not recognized by cellular proteins
and to be resistant to nuclease-mediated degradation.
PMO has high solubility in water.

Other chemicals to improve efficiencies of
delivery to whole-body musculature. Delivery of
AOs to normal tissues in vivo is generally difficult
because healthy tissues do not take up PMO or 2'-O-
MePS AO. Although the mechanisms are not fully
understood, PMO can easily enter the nuclei of
skeletal muscle of DMD patients. This might be
because the dystrophin-deficient muscle membrane is
inherently leaky due to absence of the dystrophin-
glycoprotein complex.

However, systemic administration of 2'-O-MePS
AQ or PMO failed to restore dystrophin expression in
the heart, although it is again unclear why cardiac
cells do not take up 2-0-MePS AO or PMO. To
improve the efficacy of its introduction into cardio-
myocytes, a PMO covalently conjugated with a
designed cell-penetrating peptide (PPMO) was in-
jected into dystrophin-deficient mdz mice. Systemic
delivery of the novel PPMO restored dystrophin to
almost normal levels in both cardiac and skeletal
muscles in mdz mice.!® Later, the same group
reported that a PMO modified with an octaguanidi-
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nium dendrimer, Vivo-Morpholino, also restored
dystrophin expression in cardiac and skeletal
muscles.'® So far, no study has clearly demonstrated
toxicity after systemic delivery or immune response
to PPMO or Vivo-Morpholino.

AOQs designs

To obtain efficient exon skipping while lowering
the dose of AOs for clinical trials, the design of the
AOs (base sequence) is important. In eukaryotic
organisms, the gene is transcribed in the nucleus and
introns are spliced out into mRNA, and then the
mRNA is exported from the nucleus to the cyto-
plasm. Therefore, AOs must either enter the nucleus,
where they bind to their target pre-mRNA sequences
and get in the way of molecules that are otherwise
involved in the splicing process, or they must alter
the secondary structure folding of the pre-mRNA.
AOQs targeting exon-intron boundary sequences can
often effectively induce exon skipping. On the other
hand, when web-based software, such as ESEfinder
(http://rulai.cshl.edwtools/ESE), is used to design
AO sequences to target an ESE, exon skipping is not
always induced. Recently, Wee et al. have developed
bioinformatic tools to optimize AOs sequences based
on the pre-mRNA secondary structure.!”) Never-
theless, no single design tool is sufficient for designing
the AOs, and often empirical analysis is required.

Proof of principle of exon skipping therapy
in animal models

Cultured skeletal muscle cells from DMD pa-
tients are often used to evaluate the exon-skipping
efficiency of newly-designed AQs.'® However, to
assess the therapeutic benefits, preclinical studies
must be performed using animal models. In this
section, studies using mdz mice and dystrophic dogs
are described and discussed. /

Exon skipping in mdz mice. The mdz mouse
is a naturally occurring animal model that has a
nonsense mutation in exon 23 of the DMD gene,
resulting in a premature stop codon and complete
absence of dystrophin.'® Mdz mice show high levels
of serum CK, active muscle degeneration/regener-
ation cycles, and loss of myofibers and fibrosis in the
diaphragm, but still show mild, non-progressive
muscle weakness of the limbs and only 20% reduction
in life span. In this point, mdz might not be an ideal
animal model for DMD, but due to the low cost of
maintenance and short gestation times, many pre-
clinical studies have been carried out using mdz
mice.
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Lu et al. reported the local administration of
the AOs with the non-ionic polymer F127, which
promotes intracellular uptake of 2'-0O-MePS AO, to
the skeletal muscles of 2-week-old mdz mice. The
result showed that dystrophin together with 3
dystroglycan, sarcoglycans, and nNOS was restored
in 20% of the muscle fibers.?®) Furthermore, systemic
administration of anti-sequences of the same 2'-O-
MePS AO with F127 revealed that dystrophin was
expressed in the skeletal muscle of the whole body. 2'-
O-MePS AO produced no toxicity, but its expression
did not reach a therapeutic level.?)) Likewise, Wells
et al. reported that local administration of 2-O-
MeAO wusing electroporation restored dystrophin
expression to up to 20% of the normal level.??
Systemic induction of dystrophin expression by
PMO administration reached up to 20% in whole
body skeletal muscle.?) ,

Dystrophic dogs as models for DMD.
Muscular dystrophy in dogs was originally identified
in golden retrievers and designated “golden retriever
muscular dystrophy” (GRMD). GRMD shows pro-
gressive skeletal muscle weakness and atrophy as well
as abnormal electrocardiographic findings and my-
ocardial fibrosis like those seen in DMD. Because the
phenotype and genetic background are closer to
human DMD than those of the mouse model, the
dystrophic dog is a useful model to examine patho-
genesis and therapeutic strategies. However, the dogs
are too large to be maintained conveniently; thus, we
have established a colony of medium-sized beagle-
based dystrophic dogs (canine X-linked muscular
dystrophy in Japan: CXMDyj) at the National Center
of. Neurology and Psychiatry, Tokyo, by using
artificial insemination of frozen GRMD semen.?¥
Still, we have found that CXMDj requires extra
daily care, and therefore, is expensive.

Clinical features of CXMDj. The level of
serum CK in neonatal CXMDj is very high, and 25~
33% of the pups die of respiratory failure during the
neonatal period, mainly due to severe degeneration
and thus dysfunction of the diaphragm. Around the
age of 2-3 months, atrophy and weakness of limb
muscles appear; then, gait disturbance, joint con-
tracture, macroglossia, and dysphasia appear in rapid
progression until the dogs are 10 months of age;
subsequently, the progression is retarded.??

Cardiac involvement of dystrophic dogs.
Dystrophic dogs and DMD have similar cardiac
involvement, including distinct deep Q-waves on
the electrocardiogram and fibrosis of the left ven-
tricular wall. The distinct deep Q-waves are generally
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ascribed to fibrosis in the posterobasal region of the
left ventricular wall in DMD, but one report suggests
that the deep Q-waves precede the development of
fibrosis in CXMD;.%) Importantly, Purkinje fibers in
dystrophic dogs showed remarkable vacuolar degen-
eration despite the absence of detectable fibrotic
lesions in the ventricular myocardium. In the
degenerated Purkinje fibers, Dp71, a C-terminal
truncated isoform of dystrophin, was up-regulated
at the sarcolemma. In addition, the calcium-depend-
ent protease p-calpain was found at the cell periphery
near the sarcolemma or in the vacuoles. Utrophin,
a homologue of dystrophin, was also highly up-
regulated in the Purkinje fibers in the early stage.
Together, the selective degeneration of Purkinje
fibers may be associated with distinct deep Q-waves
on electrocardiograms and the fatal arrhythmia seen
in dystrophinopathy.2)

Multi-exon skipping in dystrophic dogs. 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 and a premature stop
codon in exon 8. Thus, dystrophin is not produced in
the affected dog. Recently, Yokota et al. reported
systemic administration of three PMOs targeting
exons 6 and 8 to convert an out-of-frame mutation
to an in-frame mutation in CXMD;.29 The result
showed that dystrophin was restored in the entire
body skeletal muscle. The authors reported that the
motor ability of treated dystrophic dogs was im-
proved and that they showed no side effects. To the
best of our knowledge, this is the first report that
multi exon-skipping is feasible and effective in
improving performance of dystrophic animals in vivo.

As reported in mdz mice, a combination of
PMOs failed to restore the expression of dystrophin
in cardiac muscle, even at a high dose in CXMDj. To
resolve this problem, modified PMOs (PPMO or
Vivo-Morpholino) were tested (Yokota et al., un-
published observation).

Viral vector-mediated exon skipping

The duration of the effects of AOs in wvivo is
limited; therefore, patients have to be injected with
AOs weekly or monthly to maintain the therapeutic
levels of dystrophin. An alternative strategy is to
deliver AOs wia adeno-associated virus (AAV)
vector-mediated gene transfer. Based on an AAV
vector-mediated approach, Goyenvalle et al. linked
U7 small nuclear RNA to antisense sequences to
achieve sustained dystrophin expression derived from
skipped mRNA for more than 13 weeks in the limbs
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Fig. 2. Example of exon skipping therapy for DMD patients with deletion of exon 50. A. Normal dystrophin transcript and mRNA.
B. Deletion of exon 50 disrupts the open reading frame, leading to a premature stop codon, unstable mRNA, and a truncated unstable
protein. C. Targeted skipping of exon 51 using antisense oligonucleotides, such as AVI-4658 or PRO051 (blue line), restores the
reading frame and produces a truncated but functional dystrophin that lacks exons 50 and 51.

of the mdz mouse.?”) Lentiviral vectors were also used
to modify muscle stem cells expressing modified small
nuclear RNAs that change splicing patterns of pre-
mRNAs and correct the reading frame.?)29)

Test of AOs efficacy using patient cells

To apply exon skipping therapy to individuals,
not only the deletion pattern in the genome but also
the mRNA/cDNA level must be analyzed to
determine the precise splicing pattern and to design
therapeutic AOs. Subsequently, designed AOs must
be tested in wvitro on cells derived from the patient
before clinical trials. Skin fibroblasts are easy to
obtain, but the levels of DMD transcripts are low,
and therefore the results tend to be variable. On the
other hand, preparation of myoblasts through biopsy
from dystrophic patients is invasive. Therefore,
transformation of fibroblasts to myoblasts in vitro
by forced MyoD expression is often used to test the
efficacy of AQs.3031)

Multiple exon skipping: theory and reality

We and other research groups tried to find the
most effective target of exon skipping strategy among
DMD patients. Theoretically, exon 51-skipping
therapy is effective for up to 15% of DMD patients
having a deletion, but large numbers of DMD
patients will not benefit from it. We recently reported
that three unrelated patients with a deletion of exons

45-55 showed very mild skeletal muscle involvement
and were ambulant until his seventies in a patient.??
Béroud et al. also described 15 asymptomatic or very
mild patients with an exon 45-55 deletion.?®) In fact,
the Leiden Muscular Dystrophy database indicates
that the exon 45-55 deletion produced a BMD
phenotype in more than 95% of the cases. Collec-
tively, these observations indicate that approxi-
mately 60% of DMD patients having a deletion
within the hot spot may be treatable with multi-exon
skipping of exons 45-55. We recently tried exon 45—
55 skipping by injection of a mixture of 10 PMOs
in the anterior tibial muscle of mdz52 mice®” and
confirmed that multi-exon skipping is feasible, at
least in mice (Aoki et al., unpublished observation).
However, the efficacy of multi-exon skipping was
lower than that of single-exon skipping, possibly
because many partially spliced products, many of
which are again out-of-frame, are produced.

Phase 1/1I clinical trials of exon skipping
for DMD

Based on the success of AOs-mediated exon
skipping in animal models, clinical trials have been
performed or are in progress for the skipping of exon
51 of the DMD gene (Fig. 2 and Table 1).

2'-0-MePS AO. Skipping of the exon 51 of the
DMD gene with 2'-0-MePS AO, PROO051, has been
already tested on DMD patients by a Dutch group.3%)

—294 —



754 H. SUGITA and S. TAKEDA

Four DMD patients received a dose of 0.8mg of
PROO051 injected into the tibialis anterior muscle. A
biopsy performed 28 days later revealed restoration
of sarcolemmal dystrophin in 64% to 97% of
myofibers of each patient. Further, PRO051 did not
evoke any clinically apparent adverse events.

PMO. Recently, a UK group reported that
local injection of morpholino oligomer AVI-4658
successfully restored the expression of dystrophin in
treated muscles of all seven DMD patients.’® No
adverse events related to AVI-4658 were observed.
Based on these observations, systemic injection of
AVI-4658 (Phase I and Ila) is now ongoing in the
UK. At present, a Good Manufacturing Practice
grade of PMO 1is produced exclusively by AVI
Biopharma Inc. (http://www.avibio.com/).

Conclusions

Since the identification of dystrophin in 1987,
various therapeutic approaches to DMD treatment
have been evaluated, and now exon skipping, which
is one of the most promising strategies, is in clinical
trials. Because individual DMD patients have differ-

ent mutations, exon skipping therapy requires a-

precise evaluation of mutations in the genome and
the cDNA, and splicing patterns must be confirmed
in each patient’s muscle. In this point, exon skipping
is a quite new, personalized therapeutic strategy. As
clinicians and researchers involved in the study of
muscular dystrophies, one of us for more than 50
years, we are pleased with recent progress in the field
and hope that DMD patients benefit from this new
therapy in the near future.
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Profile

Hideo Sugita was born in 1930. He was graduated from Faculty of Medicine,
University of Tokyo in 1954. In 1959, Prof. S. Ebashi and coworkers, including Sugita
discovered the increase in serum creatine kinase (CK) in muscular dystrophy. Even now,
an elevated level of serum CK is the most useful marker in the diagnosis of muscular
dystrophy. Since then, he had been concentrated his efforts to elucidate the pathogenesis
of muscular dystrophy. In 1988, his research group at the National Institute of
Neuroscience, National Center of Neurology and Psychiatry (NCNP) clarified that
dystrophin, the gene product of Duchenne muscular dystrophy (DMD) was located along
the surface membrane of the skeletal and cardiac muscles and absent in DMD muscles.
He was promoted to Director General of the Institute in 1989 and devoted himself to the
progress of neuroscience research, health and welfare of the patients suffering from mental, neurological and
developmental disorders. He was awarded Uehara Prize in 1986 and The Takeda Prize for Medical Science in 1996,
He was installed as the President of NCNP in 1994 and retired in 1998. Since 2009, he is the President of Japan
Foundation for Neuroscience and Mental Health.
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Abstract

Background: Antisense oligonucleotide-induced exon skipping is a promising approach for treatment of Duchenne
muscular dystrophy (DMD). We have systemically administered an antisense phosphorodiamidate morpholino oligomer
(PMO) targeting dystrophin exons 6 and 8 to a dog with canine X-linked muscular dystraphy in Japan (CXMD) lacking exon
7 and achieved recovery of dystrophin in skeletal muscle. To date, however, antisense chemical compounds used in DMD
animal models have not been directly applied to a DMD patient having the same type of exon deletion. We recently
identified a DMD patient with an exon 7 deletion and tried direct translation of the antisense PMO used in dog models to
the DMD patient’s cells.

Methodology/Principal Findings: We converted fibroblasts of CXMD, and the DMD patient to myotubes by FACS-aided
MyoD transduction. Antisense PMOs targeting identical regions of dog and human dystrophin exons 6 and 8 were
designed. These antisense PMOs were mixed and administered as a cocktail to either dog or human cells in vitro. In the
CXMD; and human DMD cells, we observed a similar efficacy of skipping of exons 6 and 8 and a similar extent of dystrophin
protein recovery. The accompanying skipping of exon 9, which did not alter the reading frame, was different between celis
of these two species.

Conclusion/Significance: Antisense PMOs, the effectiveness of which has been demonstrated in a dog model, achieved
multi-exon skipping of dystrophin gene on the FACS-aided MyoD-transduced fibroblasts from an exon 7-deleted DMD
patient, suggesting the feasibility of systemic multi-exon skipping in humans.
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rational to translate pre-clinical animal model knowledge into a
patient-based study.

We have previously reported that the systemic administration of
an antisense PMO for canine X-linked muscular dystrophy in

Introduction

Antisense oligonucleotides (AON) have been reported to modu-
late splicing of pre-mRNA transcribed from mutated genes and

to restore a normal reading frame in several diseases. Duchenne
muscular dystrophy (DMD), a degenerative muscle disorder caused
mainly by nonsense or frame-shift mutations of the dystrophin gene,
is one of the diseases that could be treated by AON-mediated exon
skipping. Previously reported studies were conducted i vitro, in
animal models, and as patient intervention studies, and they showed
restorations of the reading frame in dystrophin mRNA and
recoveries of dystrophin protein expression [1,2,3]. Among the
several AON chemistries that have been introduced thus far, a
phosphorodiamidate morpholino oligomer (PMO) and 2’-O-methyl
phosphorothioate (2’OMe) oligomer are promising candidates
owing to their stabilities and efficacies, and they are now undergoing
phase I-II clinical trials in the United Kingdom and the Nether-
lands, respectively [4,5]. The AON-mediated exon skipping is
already in a late early stage of clinical application; therefore, it is

@ PLoS ONE | www.plosone.org

Japan (CXMDj) achieved restoration of dystrophin and amelio-
ration of symptoms [6]. CXMDy harbors a splice site mutation
within the splice acceptor site of intron 6 of the dystrophin gene.
The mutation disrupts the splicing of exon 7, and thus the
dystrophin mRINA lacks exon 7 [7]. In CXMDy, multiple skipping
of exons 6 and 8 restores the reading frame, and the multi-exon
skipping approach is expected to expand the number of DMD
cases potentially treatable by exon skipping [8]. CXMDy is an
ideal model of multi-exon skipping, and we hope to translate the
results to human patients. However, in the road to ongoing clinical
trials, iz vitro assays on patient cells are indispensable.

To date, antisense sequences used for exon skipping in DMD
animal models have not been directly applied to a DMD patient
having the same type of exon deletion. We identified an exon 7-
deleted patient (referred to as DMD 8772) and tried direct
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translation of the antisense PMO design from a DMD dog model
to the DMD patient. We tried i vitro multi-exon skipping with the
same antisense PMO that was used in CXMDj in the patient’s
cells before attempting delivery of the PMO into the patient.

Which cells should be used for #n zitro dystrophin exon skipping
is controversial. Myoblasts are usually employed simply because
they express enough dystrophin as mRNA and protein, but
collecting them requires an invasive muscle biopsy. In cases where
myoblasts were not available, it had been reported that the
dystrophin mRNA was detected in lymphocytes and fibroblasts by
nested RT-PCR. Some studies actually demonstrated the success
of exon skipping in mRINA of lymphoblastoid cells and fibroblasts
[9,10], but the restoration of dystrophin protein could not be
analyzed in these cells because their transcripts were illegitimate
and too low to be translated into gene products [11]. As another
alternative, fibroblasts are converted to myotubes by MyoD
transduction [4,12,13]. Transduced cells express dystrophin
mRNA and protein, but achievement of sufficient protein
expression is challenging [14,15,16]. In this study, we addressed
this issue by introducing a retroviral vector co-expressing MyoD
and green fluorescent protein (GFP) and flow cytometry, and then
quantified the dystrophin expression of the cells to evaluate the
feasibility of exon skipping.

We first report multiple skipping of dystrophin exons 6 and 8 in
the DMD patient’s cells and translation of the unified antisense
PMO design from a DMD dog model to a human based on the
MyoD-transduction method utilizing flow cytometry.

Results

Mutation analysis of DMD 8772

DMD 8772, a 22-year-old man, manifested severe muscle
weakness, wheelchair dependency, and mild cardiac dysfunction.
No evidence of dystrophin protein had been observed on a previous
muscle biopsy, and the patient had been diagnosed with a frame-
shift deletion of dystrophin exon 7 by multiplex ligation-dependent
probe amplification (MLPA) analysis. The deletion of exon 7 leads
to a premature translation termination at exon 8. The deletion of
exon 9 is known as a common splice variant maintaining the
reading frame in dogs and humans [17,18] (Figure 14). RT-PCR
analysis of dystrophin mRINA using the patient’s lymphocytes
showed an exon 7 deletion, and direct sequence analysis of the RT-
PCR products revealed a conjunction of exons 6 and 8 (Figure 1B).
To determine the intron length, we performed a deletion breakpoint
analysis. The genomic PCR roughly narrowed the breakpoint
window to 2.5 kb between introns 6 and 7, then primer walking
sequence analysis revealed the 50.4 kb deletion (Vega v35
chromosome X 32771568 to 32821979) [13] and the breakpoint
accompanying an insertion of 13 bases of unknown origin

(Figure 1C).

Myogenic conversion of fibroblasts by MyoD
transduction and selection of appropriate cell lineage for
exon skipping

We prepared lymphoblastoid cells, fibroblasts, and MyoD-
transduced fibroblasts from DMD 8772 and assessed the feasibility
of exon skipping in these cells. To establish MyoD-transduced
fibroblasts, primary fibroblasts were transfected by a retrovirus
encoding murine or human MyoD and GFP with the vesicular
stomatitis virus (VSV-G) envelope through standard procedures
(Figure 2A) [19,20]. To compare exon skipping between corres-
ponding cells of CXMDj and DMD 8772, fibroblasts from both
were converted. In addition, normal dog and human fibroblasts
were also transduced for evaluation. After virus transfection, we
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Figure 1. Mutation analysis of DMD 8772. (A) Splice-site mutation
of a splice acceptor site in intron 6 (asterisk) excludes exon 7 from dog
dystrophin mRNA. Frame-shift deletion of dystrophin exon 7 in DMD
8772 was diagnosed by MLPA analysis. Skipping of exon 9 is a frequent
splice variant. Both ends of the schematic box of the exon represent a
phase of the codon (see detail, Yokota et al. 2009). (B) RT-PCR and
sequence analysis of dystrophin mRNA using normal and DMD 8772
lymphocytes. Double bands due to a splicing variant of exon 9 were
observed. (C) Breakpoint analysis of DMD 8772 revealed a 50.4 kb
deletion from intron 6 to intron 7, and the insertion of 13 bases of
unknown origin.

doi:10.1371/journal.pone.0012239.g001

sorted GFP-positive cells by flow cytometry. The ratio of GFP-
positive to -negative cells was dependent on cell lineage, and affected
cells generally showed lower transfection efficiencies (Figure 2B).
The GFP-positive cells were isolated in serum-deprived medium for
myogenic differentiation and cultured for 10 to 16 days. We
confirmed that the cultured cells had the morphological features of
myotubes of multiple nuclei and longitudinal growth. Immunostain-
ing analysis showed nuclear localization of MyoD and expressions of
the muscle-specific proteins desmin, myosin heavy chain, and
dystrophin (Figure 2C). Using normal dog and human fibroblasts,
we performed time-course expression analyses of dystrophin mRNA
by qRT-PCR and dystrophin protein by Western blot. The results
showed a gradual increase in dystrophin expression. In dog cells,
dystrophin became detectable on the protein level seven days after
differentiation, whereas human cells required two weeks or more
(Figure 2D). We compared the dystrophin mRINA expression of the
lymphoblastoid cells, fibroblasts, and MyoD-transduced fibroblasts
from DMD 8772. The MyoD-transduced fibroblasts showed
remarkable expression compared with the other cells (Figure 2E).
We tried exon skipping in lymphoblastoid cells, fibroblasts and
MyoD-transduced fibroblasts, but only the MyoD-transduced
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Figure 2. Myogenic conversion of fibroblasts and dystrophin expression. (A) Schematic diagram of the retroviral expression vector. (B)
Histograms showing GFP fluorescence intensity compared with cell numbers of normal human and DMD 8772 MyoD-GFP-transduced fibroblasts.
Both cells were analyzed five days after retroviral transfection. (C) Immunostaining of MyoD-transduced of dog and human fibroblasts after 10 and 15
days of myogenic differentiation, respectively. MyHC, myosin heavy chain. The nuclei were counter-stained with DAPI. Scale bar: 100 um. (D) The time
course of dystrophin expression in dog and human MyoD-transduced fibroblasts by gRT-PCR and immunoblotting analysis. The mRNA levels were
normalized to GAPDH and expressed relative to the amount of the lowest one in each group. For immunoblotting, 5 ug of total protein was loaded
into each lane. Error bars indicate standard deviation. (E} Determination of dystrophin mRNA expression in each cell type from DMD 8772 by qRT-PCR.
MyoD-transduced fibroblasts were assayed 15 days after differentiation. Normalization and relative expression are the same as (D).
doi:10.1371/journal.pone.0012239.g002

fibroblasts yielded reproducible results. The lymphoblastoid cells and
fibroblasts often failed to produce PCR products, and the skipped in-
frame products were undetectable even if PCR products were
generated (data not showm). Therefore, we used MyoD-
transduced fibroblasts in the subsequent assays.

Antisense PMO sequence design -

In a previous systemic dog study, we used three antisense
sequences, Ex6A, Ex6B, and Ex8A, as three antisense PMO
cocktails [6]. Because there were two base mismatches between

@ PLoS ONE | www.plosone.org

dog and human Ex6B, hEx6B was newly designed on the identical
region of Ex6B, modifying the mismatches of the human sequence.
In the systemic study, we skipped exon 6 with a combination of
Ex6A and Ex6B, and thus we tried same strategy for exon 8. We
newly designed several antisense PMOs targeting exon 8 that were
positioned on the identical sequence in dog and human con-
sidering the predicted i sifico splice-enhancer motifs (Figure 3A).
A preliminary assay of CXMDy cells showed that three sequences,
Ex8G, Ex8I, and Ex8K, were effective. Therefore, the antisense
combination for exon 8 contained an extra antisense sequence
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doi:10.1371/journal.pone.0012239.9003

from Ex8G, Ex8I, or Ex8K in addition to that of Ex8A. The
skipping efficacy of each combination was higher than that of
Ex8A alone, and those of Ex8G, Ex8I, and Ex8K were
comparable (Figure 3C).

Comparison of multiple skipping of exons 6 and 8
between CXMD; and DMD 8772 cells

The multi-exon skipping of exons 6 and 8 employed three- and
four-antisense PMO cocktails. In the three-antisense PMO cocktail
for dogs, Ex6A, Ex6B, and Ex8A were included, and Ex6B was
replaced with hEx6B for the human. The four-antisense PMO
cocktail included one of Ex8G, Ex8I, or Ex8K in addition to the
three-antisense PMO cocktail (Figure 4A). When we transfected

@ PLoS ONE | www.plosone.org

the three- or four-antisense PMO cocktails into the MyoD-transduced
fibroblasts, we did not observe the skipped products (231 bp) of
exons 6-8 on RT-PCR analyses of CXMDj but did observe the
skipped products (99 bp) of exons 6-9. A sequence analysis also
confirmed the concatenation of exons 5 and 10. In DMD 8772, we
observed skipped products (221 bp and 92 bp, respectively) of both
exons 6-8 and exons 6-9. Sequence analysis also showed that the
skipped products were concatenations of exons 5 to 9 and exons 5 to
10. The four-PMO cocktails produced more in-frame products than
the three-PMO cocktail, but we discerned no difference among the
four PMO cocktails. This tendency was also consistent between
CXMDj and DMD 8772 (Figure 4B). Immunostaining analysis
showed partial recovery of dystrophin in the four-antisense PMO
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Figure 4. Multi exon skipping and recovery of dystrophin in
CXMD, and DMD 8772-derived cells. (A) Schematic diagram of the
three- and four-antisense PMO cocktails. For DMD 8772, Ex6B was
replaced with hEx6B. In the four-antisense PMO cocktail, one additional
sequence (Ex8G, Ex8l, or Ex8K) was added to the three-antisense PMO
cocktail. (B) RT-PCR of dystrophin mRNA isolated from MyoD-
transduced fibroblasts after treatment with the three- and four-
antisense PMO cocktails. In-frame exon skipping products were 99 bp
in dog and 221 bp and 92 bp in human. (C) Representative immuno-
staining and immunoblotting analysis of MyoD-transduced fibroblasts
treated with antisense PMO cocktails. The nuclei were counterstained
with DAPI. Scale bar: 100 pm. Expected molecular weights of truncated
human dystrophin with exons 6-8 and exons 6-9 skipped are 18.3 kDa
and 23.1 kDa, respectively, smaller than the full-length dystrophin.
doi:10.1371/journal.pone.0012239.g004

cocktail-treated cells without obvious differences between them
(Figure 4C). Western blots of dystrophin showed products that
were slightly smaller than the full-length dystrophin. In RT-PCR of
DMD 8772, skipped mRINA of both exons 6-8 and 6-9 were
detected; however, distinguishing the truncated dystrophins trans-
lated from these mRNA variants was impossible. Similar to the RT-
PCR results, the dystrophin expression level was higher with a four-
PMO cocktail than with the three-PMO cocktail. Differences
between the four-PMO cocktails were also undetectable.

@ PL0S ONE | www.plosone.org
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Discussion

In this study, we accomplished  vitro multi-exon skipping in a
DMD patient carrying the same deletion as CXMDj by using the
identical antisense PMO. We also addressed the efficient MyoD
transduction of fibroblasts with FACS, and discuss the difference
of the spliced exon associated with it with the frequency of
alternative splicing.

FACS-aided MyoD transduction provided sufficient
dystrophin expression

We evaluated the appropriateness of lymphoblastoid cells,
fibroblasts, and MyoD-transduced fibroblasts as an alternative to
myoblasts for exon-skipping assays. Lymphoblastoid cells and
primary fibroblasts dystrophin mRINA required reamplification by
nested RT-PCR [9,10], and the results were not reproducible,
suggesting that low dystrophin expression may hamper reliable
quantitative assessments. Only MyoD-transduced fibroblasts showed
reproducible results due to their stable dystrophin expression. We
employed flow cytometry for selection of MyoD-positive cells; it
seems to offer several advantages against conventional drug-
resistance selection. First, the transfection ratio in drug-resistance
selection remains unknown untl a selective drug is added. In
contrast, with MyoD-transduced fibroblasts, we were able to
roughly determine the ratio by fluorescence microscopy and adjust
the culture scale to meet the size of the assay. Second, a low rate of
myotubes formation after drug-resistance selection has been
reported [21]. Our method actively selects MyoD-positive cells
and enables pure clusters of MyoD-positive cells to form myotubes
efficiently. MyoD transduction with GFP has been reported in
several studies [22,23] but not in dystrophin exon-skipping studies.
We demonstrated that it is a suitable approach for the exon-skipping
assay here as well. Several studies have reported difficulties inducing
dystrophin in human cells with MyoD transduction [14,15,16]. In
our experience, the typical morphological features of myotubes,
multiple nuclei and longitudinal cell growth, do not necessarily
indicate sufficient dystrophin expression. Seeding MyoD-positive
cells at high density (>5.0x10* cells/cm?) and incubating for longer
periods (>2 weeks) were- critical to induce sufficient dystrophin
expression. Detachment of differentiated myotubes from culture
wells was also problematic; supporting them with a coating matrix
seems to promise better results.

Direct translation of antisense PMO from dog to human
was feasible ’

We previously reported systemic multi-exon skipping in CXMDy
with a 3-antisense PMO cocktail and amelioration of dystrophic
pathology [6]. The effectiveness of the 3-antisense PMO cocktail
was confirmed in MyoD-transduced fibroblasts derived from DMD
8772 as well. When the dog and human sequences were compared,
97% of dystrophin exon 6 and 95% of dystrophin exon 8 matched
on the sequence level. This similarity enabled use of the unified
antisense design methodology targeting the same sequence. We
demonstrated that the identical antisense PMO sequence designed
for dog and achieved multi-skipping of exons 6 and 8 in human
cells. The skipping efficacies of the PMOs were indistinguishable
between CXMDj and DMD 8772; the superior efficacy of the four-
PMO cocktail against that of the three-PMO cocktail and the
equivalent efficacies of each four-PMO cocktail were comparable.
CXMDy shows more similarity in the pathogenic phenotype to
human DMD than to mdx mice {24]. These findings imply that not
only the similarity in the sequence but also the similarity in the
pathogenic phenotype contributed to the comparable results.
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No study has yet compared the exon skipping due to identical
antisense PMOs between cells of different species carrying same
exon deletion in mRINA. Recent investigations have reported a
limitation in designing efficient antisenses to induce human
dystrophin skipping in a mice model assay [25]; however, we
confirmed the feasibility of direct translation of an antisense PMO
from a DMD dog model to a DMD patient, at least in uitro, for the
first time.

The four-antisense PMO cocktail, the addition of a fourth
antisense sequence to the three-antisense PMO cocktail, increased
the efficiency of skipping as previously reported [26,27]. The
effectiveness of the four-antisense PMO cocktails, however, must
be evaluated in ziwo, and we are planning systemic treatment of
CXMDj with them. Our results underscore the usefulness of
CXMDj as a DMD model for translational research and advance
the prospect that systemic treatment of the DMD patient by multi-
exon skipping is possible.

Mode of exon 9 skipping might be affected by frequency
of alternative splicing

With the antisense PMO targeting exons 6 and 8, exon 9 was
always skipped in CXMDy, although it was only partially skipped
in DMD 8772. Two possibilities were considered to explain the
difference: (1) the effects of the shortened introns 6 and 7 due to
the deletion around exon 7 in DMD 8772 (Figure 5), and (2) the
different frequencies of alternative splicing of exon 9. For the
former case, we tried exon 8 skipping using a combination of
Ex8A and Ex8G in normal and affected human MyoD-transduced
fibroblasts, and found that the skipping of exon 8 and exons 8/9
happened simultaneously (Figure S1). Therefore, it is unlikely
that the intron length affects the difference. In the latter case, the
untreated MyoD-transduced fibroblasts from CXMDy clearly
showed one normal and one alternative transcript; on the other
hand, the untreated sample from DMD 8772 showed only a
normal transcript, suggesting that the frequency of alternative
splicing of exon 9 is an underlying factor in the difference. It was
reported that an antisense oligonucleotide targeting exon 8
facilitates the skipping of exon 9 as well as exon 8 by effecting
the concatenation of exons 8 and 9 in human and dog cells [28].
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Exon 6 Exon 8 Exon 10
| i [Exon 7 IlExon 9 ‘Exon "
Dog/CXMD, [T 1
’ 103.6 kb '
Exon 5
Exon 6 Exon 8 Exon 10
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Figure 5. Location of dystrophin exons 5 to 11 in the genome.
Distances from dystrophin exon 6 to exon 8 are indicated based on the
GenBank reference sequences of Canis familiaris chromosome X
genomic contig, whole genome shotgun sequence (NW_879562.1)
and Homo sapiens 211000035840903 genomic scaffold, whole genome
shotgun sequence (CH471074.1).
doi:10.1371/journal.pone.0012239.g005
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These findings were observed in myoblasts but not in MyoD-
tansduced fibroblasts [29,30,31]. As is well known, the mode of
alternative splicing differs among various tissues [32,33], and our
MyoD-transduced fibroblasts might have characteristics that are
incompatible with the alternative splicing of exon 9.

In summary, MyoD transduction of fibroblasts with the help of
FACS may be practical for exon skipping assays, and the direct
translation of an antisense PMO from a DMD dog model to a
DMD patient was feasible i zitro, suggesting that the animal
model-based antisense PMO for multiple skipping could be
effective for humans as well.

Materials and Methods

Ethics Statement

The patient samples were collected and used with the approval
of the Ethics Committee of the National Center of Neurology and
Psychiatry, approval ID: 20-4-6. Written informed consent was
obtained from the donor. The dog study was approved by the
Ethics Committee for the Treatment of Middle-sized Laboratory
Animals of the National Center of Neurology and Psychiatry,
approval ID: 20-05.

Cell culture

Dog primary myoblasts and fibroblasts were obtained from
muscle specimens of normal and affected neonatal dogs of the
CXMDj colony using a standard pre-plating technique. Primary
fibroblasts of the DMD patient (DMD 8772) were obtained from
skin explants and peripheral blood lymphocytes using Lymphocyte
Separating Medium (PAN Biotech GmbH, Aidenbach, Germany).
Lymphoblastoid cell lines were established by transformation with
Epstein-Barr virus. The normal human fibroblast cell line TIG-
119 was obtained from the Health Science Research Resource
Bank (Osaka, Japan). Fibroblasts were cultured in 20% or 10%
growth medium containing DMEM/F-12 1:1 (Invitrogen, San
Diego, CA, USA), 20% or 10% fetal bovine serum, and 1%
penicillin/streptomycin. For differentiation to myotubes, FACS-
sorted MyoD-transduced fibroblasts were cultured in 2% differ-
entiation medium containing DMEM/F-12 1:1, 2% horse serum,
ITS Liquid Media Supplement (Sigma-Aldrich, St. Louis, MO,
USA), and 1% penicillin/streptomycin.

Genomic mutation analysis

The dystrophin exon 7-deletion of DMD 8772 had been
identified previously by MLPA. For breakpoint detection,
lymphocyte genomic DNA was used as a template. Seven pairs
of intron-spanning primers, positioned in the intron 6/7, were
designed to yield 150-600 bp PCR products. A failure of PCR
indicated deletions spanning the primer annealing sites. Four of
seven primer pairs showed no amplification, suggesting that the
deletion was more than 3.5 kb and less than 64.4 kb. Additionally,
two intron 6 sense-primers and eight intron 7 antisense-primers
were designed. Each primer pair was placed by flanking the
breakpoint and expected to yield PCR products within the range
of 4-64 kb. Primer sequences are available on request. PCR was
performed using Phusion Hot Start High-Fidelity DNA Polymer-
ase (Finnzymes, Keilaranta, Finland), and the cycling program was
set to yield 16 kb products with a program of 35 cycles of 98°C for
10 sec, 60°C for 30 sec, and 72°C for 450 sec. Failure of PCR
indicated products of more than 16 kb in size or the deletion of
annealing sites. The breakpoint region was thus narrowed down to
2.5 kb, then primer walk sequencing was performed (Operon
Biotechnologies, Tokyo, Japan).

August 2010 | Volume 5 | Issue 8 | €12239

- 304 —



MyoD transduction and cell sorting by FACS

The coding sequences of mouse Myod! (CCDS 21277.1) and
human MYODI (CCDS 7826.1) were derived from the Consensus
CDS database [34]. The sequences were synthesized and cloned
into a pUC57 vector (GenScript, Piscataway, NJ, USA). We
subcloned it into a pRetroX-IRES-ZsGreenl expression vector
(Clontech, Mountain View, CA, USA). The expression vector, a
pVSV-G envelope vector, and a gap-pol expression vector were
co-transfected into a 293T packaging cell line using the standard
calcium phosphate method. After 48-72 h incubation, the viral
supernatant was collected and stored at —80°C. For retroviral
transduction, the fibroblasts were harvested at 70-80% confluence
in a T225 flask, and 2.5 ml thawed retroviral stock was added to
35 ml of growth medium. We added polybrene (Sigma-Aldrich) to
a final concentration of 8 ug/ml. After 48-72 h incubation at
32°C, the culture medium was replaced with fresh growth
medium, the cells were incubated at 37°C 1-3 d more, until the
GFP-positive cells exceeded approximately 60%. Cell sorting was
performed on a FACS VantageSE or FACSAria flow cytometry
system (BD Bioscience, Franklin Lakes, NJ, USA). The recovered
GFP-positive cells were seeded in Matrigel (BD Bioscience)-coated
well plates at density of 5x10* cell/ cm®. Afier confirmation of cell
attachment, the culture medium was changed to 2% differentia-
tion medium. We cultured MyoD-transduced fibroblasts for 10 to
16 d to differentiate to myotubes.

Antisense PMO design and transfection to cultured cells
The antisense PMO sequences Ex6A, Ex6B, and Ex8A were
described in Yokota et al. [6]. In addition, extra sequences hEx6B,
Ex8G, Ex8l, and Ex8K were designed and synthesized (Gene
Tools, LLC, Philomath, OR, USA). We used the Human Splicing
Finder for in silico prediction of the splice-enhancer motifs [35].
All sequences are shown in Table S1. We transfected the
antisense PMOs into myotubes differentiated from MyoD-
transduced fibroblasts with a transfection agent, Endo-Porter
(Gene Tools). In the 2% differentiation medium, the final
concentration of the antisense PMO was 10 pM for a single
sequence, 20 UM for two sequences, and a total of 30 pM for three
or four sequences. A final concentration of Endo-Porter was
6 uUM. After 48-72 h incubation with the PMO, the medium was
changed to a fresh culture medium free of PMOs. The cells were
recovered for analysis after 2448 h in the PMO-deprived
medium to allow sufficient time to translate dystrophin protein.

Quantitative RT-PCR analysis

Total RNA was extracted from MyoD-transduced fibroblasts
obtained from normal subjects using Trizol (Invitrogen) at the time
points specified. Total RNA (100-200 ng) was employed for cDNA
synthesis using 2 QuantiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany). Quantitative real-time PCR was performed
using ExTaq II SYBR (Takara, Kyoto, Japan) and a MyiQ Single-
Color Real-Time PCR detection system (Bio-Rad, Hercules, CA).
Primer sequences are shown in Table S2. Expression of
dystrophin mRNA was normalized to GAPDH mRNA, and the
time course of the increment was calculated by the delta-delta-Ct
method.

RT-PCR and sequence analysis

As well as quantitative RT-PCR analysis, total RNA extraction
and cDNA synthesis were performed. For myoblasts and MyoD-
transduced fibroblasts, 35 cycles of denaturing at 98°C for 10 sec,
annealing at 63°C for 30 sec, and extension at 72°C for 1 min
were performed with ExTaq DNA polymerase (Takara). For

“G)). PLoS ONE | www.plosone.org

Dog PMO Treated DMD Cells

fibroblasts and lymphoblasts, nested PCR was performed. Primer
sequences are shown in Table 83. PCR products were
electrophoresed on 1.2% SeaKem LE agarose gel (Lonza, Basel,
Switzerland). The bands of interests were excised using a Wizard
SV Gel and PCR Clean-Up system (Promega, Fitchburg, WI,
USA), then sequenced directly or cloned into a vector using a
TOPO-TA Cloning Kit (Invitrogen) with standard cloning
techniques. Sequencing was performed by Fasmac Corporation
(Kanagawa, Japan).

Immunostaining analysis

Cells were fixed in 3% paraformaldehyde, permeabilized in
10% Triton-X, then blocked by 10% goat serum in PBS for 1 h at
room temperature. The célls were incubated with the primary
antibody for 1 h at room temperature using anti-dystrophin (NCL-
Dysl, diluted 1:30, Novocastra, Newcastle upon Tyne, UK), anti-
myosin heavy chain (NCL-MHCH, diluted 1:30, Novocastra), anti-
MyoD (NCL-MyoDl1, diluted 1:30, Novocastra), or anti-desmin
(NCL-DES-DERI], diluted 1:30, Novocastra). Incubation with the
secondary antibody was performed for 30 min at room temper-
ature using anti-rabbit or anti-mouse IgG (Alexa Fluor 546 highly
cross-adsorbed, diluted 1:300, Invitrogen). Antibodies were diluted
in Can Get Signal Immunostain A solution (Toyobo, Osaka,
Japan). To visualize nuclei and enhance fluorescence signals, cells
were mounted with Pro Long Gold Antifade reagent (Invitrogen).

Immunoblotting analysis

Protein was extracted from cultured cells using RIPA buffer
(Thermo Fisher Scientific, Rockford, IL, USA) containing
Complete Mini (Roche Applied Science, Indianapolis, IN, USA)
as a protease inhibitor. Protein concentrations were determined
using a BCA protein assay kit (Thermo Fisher Scientific) and
equalized. After being mixed with an equal volume of EzApply
sample buffer (ATTO Corporation, Tokyo, Japan), cell lysates
containing equal amounts of total protein were denatured at 95°C
for 5 min, electrophoresed in NuPAGE Novex Tris-Acetate Gel
3-8% (Invitrogen) at 150 V for 75 min, and transferred onto an
Immobilon-P membrane (Millipore Corp., Billerica, MA, USA).
Membranes were blocked for 1 h with 5% ECL Blocking agent
(GE Healthcare, Buckinghamshire, UK) and probed with anti-
dystrophin antibody (NCL-Dysl, diluted 1:50, Novocastra),
followed by incubation with peroxidase-conjugated goat-anti-
mouse IgG (Bio-Rad). An ECL Plus Western blotting system (GE
Healthcare) was used to detect protein bands.

Supporting Information

Figure S1 RT-PCR of dystrophin mRNA isolated from the
normal and affected human MyoD-transduced fibroblasts after the
single exon 8 skipping.

Found at: doi:10.1371/journal.pone.0012239.5001 (0.30 MB
PDF)

Table 81 Sequences of antisense PMO for dystrophin gene (for
dog and human if not specified).

Found at: doi:10.1371/journal.pone.0012239.5002 (0.07 MB
PDF)

Table 82 Sequences of QRT-PCR primers.
Found at: doi:10.1371/journal.pone.0012239.5003 (0.07 MB
PDF)

Table 83 Sequences of RT-PCR primers.
Found at: doi:10.1371/journal.pone.0012239.5004 (0.07 MB
PDF)
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Efficient gene transfer into neurons in monkey brain

by adeno-associated virus 8

Yoshito Masamizu®, Takashi Okada®, Hidetoshi Ishibashi?, Shin'ichi Takeda®,

Shigeki Yuasa® and Kiyoshi Nakahara®

Although the adeno-associated virus (AAV) vecior is a
promising tool for gene transfer into neurons, especially
for therapeutic purposes, neurotropism in primate brains
is not fully elucidated for specific AAV serotypes. Here,
we injected AAV serotype 8 (AAVS) vector carrying the
enhanced green fluorescent protein (EGFP) gene under a
ubiquitous promoter into the cerebral coriex, striatum and
substantia nigra of common marmosets. Robust neuronal
EGFP expression was observed at all injected sites. Cell
typing with immunohistochemistry confirmed efficient
AAV8-mediated gene transfer into the pyramidal neurons in
the cortex, calbindin-positive medium spiny neurons in the
striatum and dopaminergic neurons in the substantia nigra.
The results indicate a preferential tropism of AAVS for

Introduction

Adeno-associated virus (AAV) vectors are promising as a
means to deliver genes into a wide range of tissues # oivo.
They are eligible as gene therapy vectors, as qualified by
their nonpathogenicity and long-term gene expression,
and are particularly suitable for gene transfer into neurons
of the central nervous system (CNS) because of their
ability to infect nondividing cells [1,2]. In addition to
their therapeutic applications, AAV-mediated gene trans-
fer into the CNS is becoming increasingly valuable in
basic neurophysiological research, particularly with the
advent of genetic methods for experimental manipulation
of neuronal activities, such as optogenetics [3,4].
Extensive exploration of the neurotropism of AAV vectors
in primate brains is thus prerequisite for application to
the gene therapy of neurological disorders and to
neurophysiological research.

One remarkable feature of AAV vectors is their wide
variety of serotypes originating from the variation in the
amino acid sequence of the capsid proteins. Infection
efficiency and cell tropism of the AAV vectors are mainly
determined by their serotypes, which can directly affect
epitopes recognized by the host immune system and
preference for the receprors used for cell entry [1]. This
feature also offers researchers opportunities for selecting
an appropriate AAV serotype according to their purposes
and target cells. Although AAV serotype 2 (AAV2) has
been the most commonly used in both clinical applica-
tions and basic research among at least 100 identified
serotypes [1], recent studies have revealed the potential
and advantages of other serotypes [1,5-8]. Among these,
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adeno-associated virus serotype 8 (AAVS8) has attracted
interest for its higher efficiency than AAVZ in transferring
genes into CNS neurons [9]. However, neuronal tropism
of AAV8 has mainly been investigated in rodent brains,
and tropism of AAVS for neuronal cell types in primate
brains is not yet fully elucidated.

Here, we investigated tropism and gene transfer effi-
ciency of AAV8 vector in the brain of a new world
monkey, the common marmoset. More specifically, we
explored the ability of AAVS to deliver genes into projection
neurons in the striatum and dopaminergic neurons in the
substantia nigra. These neurons constitute functional
circuits within the extrapyramidal system, playing pivotal
roles not only in normal functions such as action selection,
but also in the pathophysiology of various neurological
disorders such as Parkinson’s disease [10-13]. This study
reveals strong neuronal tropism of AAVS, as identified by
several markers for neuronal subtypes in the pyramidal
and extrapyramidal systems of the primate brain.

Methods

Monkeys

Two laboratory-bred adult male common marmosets
(Callithrix jacchus) were used. The animals were 59
months (weight, 325g) and 62 months (weight, 358 g)
of age at the start of the experiment. Animal experiments
were conducted in accordance with the NIH guidelines
for the care and use of laboratory animals, and with the
guidelines approved by the ethics committee for primate
research of the Nartional Center of Neurology and
Psychiatry, Japan.
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Virus preparation

AAV8-enhanced green fluorescent protein (EGFP) virus
production and purification was performed as described
carlier [14,15]. The vector plasmid (pAAV-EGFP) con-
tained EGFP cDNA and the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) under
the control of the CAG promoter, a modified chicken
B-actin promoter with a cytomegalovirus immediate early
enhancer. The pAAV-EGFP vector was cotransfected with
an AAVS chimeric helper plasmid encoding the AAVZ rep
gene and the AAVS cap gene, and an adenoviral helper
plasmid pAdeno [16], into HEK293 cells by calcium
phosphate coprecipitation with the use of active gassing
[15]. Cell suspensions were collected 72h after trans-
fection, and centrifuged at 300 X g for 10 min. Cell pellets
were resuspended in 30ml of Tris-buffered saline
[100mM Tris-HCl (pH 8.0), 150mM NaCl]. AAVS-
EGFP virus was harvested by five cycles of freeze-
thawing of the resuspended pellet. The crude viral lysate
was initially concentrated by a brief two-tier CsCl
gradient centrifugation for 3 h [17], and further purified
by dual ion-exchange chromatography [14]. The final
number of AAVS-EGFP virus particles was determined
by quantitative polymerase chain reaction of DNase I-
treated stocks with plasmid standards, and was 3.0 X 10"
vector genomes (vg)/ml.

Virus injections

All surgical procedures and AAV8-EGFP virus injections
were performed under aseptic conditions. Animals were
initially anesthetized with 0.1 ml ketamine (50 mg/ml,
intramuscularly). Animals were then intubated and
placed in a stereotaxic apparatus with anesthesia main-
tained using inhaled isoflurane (1.5-2.5% in oxygen).
Pulse oxygen (SpO;), heart rate, body temperature, end-
tidal CO, (EtCO,), O (EtO,), isoflurane (EcISO), and
fraction of inspired CO, (FICO,), O, (FiO;), and isoflur-
ane (FiISO) were continuously monitored to judge the
animal’s condition. After injection of 0.07 ml cefovecin
(80 mg/ml, intramuscularly) as an antibiotic, 2 stereotaxic
small craniotomy (2-3 mm in diameter) was then made
over the area of interest, and the underlying dura was slit
to allow penctration by the virus-containing 10-pl
Hamilton syringe connected to a 33 G (45°angle) needle.
Virus solution (3 pl) was injected at a rate of 0.25 pl/min
to each site. Injection sites were determined using the
Stereotaxic Arlas of the Marmoset Brain with Immuno-
histochemical Architecture and MRI Images (by Yuasa S,
Nakamura K and Kohsaka S, in press). As injection sites,
we aimed at the primary motor cortex: anterior (A)
12.0 mm from the interaural line, lateral (L) 6.8 mm from
the midline, and ventral (V) 2.5mm from the brain
surface [18], the striatum: A 12.0mm, L 3.0mm, and
V 6.0mm [19], and the substantia nigra: A 5.5mm,
L 2.5mm, and V 11.7mm [20]. After each injection,
the needle was kept in place for an additional 15min
(motor cortex) or Smin (striatum and substantia nigra),

and then slowly withdrawn (2 mm/min). We then waited
4 weeks after the virus injection for EGFP expression to

appear.

immunohistochemistry

The procedures were as reported earlier {21], with slight
modifications. Briefly, 4 weeks after AAV8-EGFP virus
injection, the animals were deeply anesthetized by an
intraperitoneal injection of sodium pentobarbital, and
then perfused through the ascending aorca with 4%
paraformaldehyde dissolved in 0.1 M phosphate-buffered
saline (PBS, pH 7.4). The brains were sampled, and then
postfixed at 4°C for 3 days with the same fixative. The
fixed brains were embedded in 3% agar in PBS, and then
sliced coronally into 100 um sections with a Microslicer
(DTK-3000, DOSAKA EM, Kyoto, Japan). Immunohisto-
chemical stainings were performed on free-floating
sections. After 1h of preincubation with 10% normal
goat serum at 4°C, sections were incubated with primary
antibodies in PBS containing 2% Triton X-100 at 4°C
overnight. Antibodies against the following neuronal or
glial marker proteins were used: neuron-specific nuclear
protein (NeuN; mouse IgG, 1:500; Cat. No. MAB377,
Millipore, Billerica, Massachusetts, USA), nonphosphory-
lated neurofilament protein (NNF; mouse IgG, 1:1000;
Cat. No. SMI-32R, Sternberger Monoclonals, Balcimore,
Maryland, USA) [22], calbindin D-28k (rabbic IgG,
1:1000; Cat. No. CB38a, Swant, Bellinzona, Switzer-
land), tyrosine hydroxylase (TH; mouse IgG, 1:1000;
Cat. No. T2928, Sigma-Aldrich, St. Louis, Missouri,
USA), glial fibrillary acidic protein (GFAP; rabbit IgG,
1:200; Cat. No. Z0334, Dako, Glostrup, Denmark), and
oligodendrocyte transcription factor 2 (Olig2; rabbic IgG,
1:2000; Cat. No. AB9610, Millipore). Sections were
then rinsed eight times with PBS, and incubated with
secondary antibodies in PBS at 4°C for 5h. Appropriate
secondary antibody [Alexa goat anti-mouse 594 IgG
(1:500; Cat. No. A1100S, Molecular Probes, Eugene,
Oregon, USA), or Alexa goat anti-rabbit 594 IgG (1:500;
Cat. No. A11012, Molecular Probes)] directed against the
species in which the primary antibody was raised, was
used in each case. Sections were then rinsed five times
with PBS. The stained sections were mounted on glass
slides with Fluoromount-G (Beckman Coulter, Fullerton,
California, USA) and examined with a confocal laser-
scanning microscope (LSMS5 Pascal, Zeiss, Oberkochen,
Germany). EGFP expression was directly observed
through confocal fluorescence images.

Results

Neuronal tropism of AAVS in the marmoset brain in vivo
We injected recombinant AAVS vector carrying the EGFP
gene under the control of CAG promoter (AAV8-EGFP)
into the brains of two common marmosets. Stereotaxic
virus injections were carried out aiming at the motor
cortex, the striatum and the substantia nigra. Four weeks
after the injections, intense EGFP fluorescence was
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directly observed in numerous cell bodies and fibers
around all injected sites, indicating efficient EGFP gene
transfer by the infection of AAV8-EGFP (Figs 1 and 2). As
the CAG promoter has strong and ubiquitous activity,
the types of EGFP-expressing (EGFP ) cells would reflect
endogenous tropism of AAVS in the primate brain. Thus,
we examined the tropism of AAVS-EGFP by immuno-
staining for neuronal or glial marker proteins. Confocal
microscopic observations revealed that almost all of the
EGFP™ cells in the striatum were colocalized with
NeuN (Fig. la—c). In contrast, the EGFP* cells were
rarely colocalized with GFAP, or with Olig2, marker
proteins for astrocytes and oligodendrocytes, respectively
(Fig. 1d—i). These results indicated tropism of AAVS for
neurons, but not for glia, in the primate brain.

Identification of AAV8-infected neuronal cell types

We further characterized the EGFP* neurons by
immunostaining for several markers of neuronal subtypes.
In the motor cortex, most of the EGFP™ cells were
pyramidal neurons, as revealed by the coexpression of
NNE a cytoskeletal protein found in a subset of
pyramidal neurons (Fig. 2a-d). Overlaps of EGFP
fluorescence and NNF expression were evident in the
apical dendrites (Fig. 2d). In the striatum, the EGFP*
cells exhibited morphology characteristic of medium
spiny neurons, the principal cell type in this region.
Indeed, immunostaining confirmed that the majority of

Fig. 1

Gene transfer by AAVS in monkey brain Masamizu ef al, 449

the EGFP*. cells coexpressed calbindin, a specific
marker for the medium spiny neuron [23] (Fig. Ze-h).
We also found colocalization of EGFP fluorescence and
TH immunoreactivity, a specific marker for dopaminergic
neurons, in the substantia nigra (Fig. 2i-1).

Quantification of AAVS infection efficiency in the
identified neuronal cell types

Finally, to quantify the neuronal tropism of AAVS, we
counted colocalizations of EGFP fluorescence and
immunohistochemical staining of neuronal or glial marker
proteins in the three injected regions (z=2, Table 1).
The majority of the EGFP* cells were colocalized with
neuronal marker proteins, and the estimated percentages
of colocalization were extremely high: 91% of the EGFP *
cells colocalized with NNF in the motor cortex, 70%
with calbindin in the striatum, and 99% with TH in the
substantia nigra pars compacta. In the striatum, we also
counted colocalizations of EGFP signal with NeuN, and
the estimated percentage of colocalization reached 98%.
In contrast, we hardly detected colocalization of the
EGFP ™ cells with GFAP or with Olig2 in the three brain
regions examined (3% or below).

Discussion

In this study, we injected AAVS-EGFP into three brain
regions, the motor cortex, the striatum and the sub-
stantia nigra of two common marmosets. Almost all of the

Adeno-associated virus serotype 8 preferentially transfers the enhanced green fluorescent protein (EGFP) gene into neurons in the primate striatum
in vivo. Confocal images show EGFP-positive (EGFP™) cells in the striatum (3, d, g; green). EGFP* celis are colocalized with neuron-specific
nuclear protein (NeuN, b; red) as shown by the merged image (c; yellow). EGFP™* cells are rarely colocalized with glial fibrillary acidic protein (GFAP,
e; red) or oligodendrocyte transcription factor 2 (Olig2, h; red) as shown by the merged images {f and i). Bars: 20 pm.
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Fig. 2

{a) Motor cortex

(&} Striatum

(i) Substantia nigra

Identification of cell types of adeno-associated virus 8-infected neurons in the motor cortex, the striatum and the substantia nigra. Confocal images
with a low-power field show native enhanced green fluorescent protein (EGFP) fluorescence at the three injection sites (a, &, i; green), approximately
corresponding to the red boxes on the insets of coronal marmoset brain maps. High-power confocal images show EGFP™* cells (green) in the motor
cortex (b), the striatum () and the substantia nigra (). EGFP™ cells are colocalized with non-phosphorylated neurofilament protein (NNF, ¢; red),
calbindin (g; red), and tyrosine hydroxylase (TH, k; red) as shown by the merged images (d, h, I; yellow). Bars represent 500 pm in (), (e), (), and

20um in (d), (), ().

Table1 Quantification of infection efficiency in identified neuronal
cell types after AAVB-EGFP virus injection

Neuron Astrocyte Oligodendrocyte

{neuronal marker*/ (GFAP*/ (Olig2*/
Injection site EGFP*cells) EGFP*cells)  EGFP *cells)
Motor cortex 81% {169/185) 1% (2/189) 0% (0/197)
Striatum ©8% (190/193)a 0% (0/195) 1% (2/207)
70% (142/202)b

Substantia nigra 99% (190/192) 0% (0/193) 3% (5/190)

pars compacta

NNF in the motor cortex, NeuN (a) and calbindin (b} in the striatum, and TH in the
substantia nigra were used as the neuronal marker.

AAV, adenc-associated virus; EGFP, enhanced green fluorescence protein;
GFAP, glial fibrillary acidic protein; NeuN, neuron-specific nuclear protein; NNF,
nonphosphorylated neurofilament protein; Olig2, oligodendrocyte transcription
factor 2; TH, tyrosine hydroxylase.

EGFP ™ cells in each injected site were colocalized with
neuron-specific markers. In contrast, we rarely found
colocalization of EGFP fluorescence with specific marker

proteins for glial cells. As we used a ubiquitous promoter
(CAG promoter) in this study, the present results
indicate endogenous AAV8 tropism for neurons, but not
for glia, in marmoset brains iz vivo. The neuronal tropism
of AAVS revealed in the present study is consistent with
an earlier study in cynomolgus monkeys [24]. It has been
shown that AAV8 could transfect astroglia in primary
culture prepared from newborn rats, but rarely # vivo in
rat hippocampus [25]. Therefore, the degree of neuro-
tropism of AAV8 may depend on the infection conditions
(2n vivo vs. in vitro).

In the present study, we examined EGFP expression 4
weeks after injection of AAV8-EGFP. Eslamboli ez 2/. {20]
showed long-term (at least 1 year) transgene expression
through AAVS in the marmoset substantia nigra. Thus,
it is likely that AAVS also enables stable transgene
expression in primate brains for long periods.
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