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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 zi#, in
animal models, and as patient intervention studies, and they showed
restorations of the reading frame in dyswrophin 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 carly stage of clinical application; therefore, it is

'@ PLoS ONE | www.plosone.org

rational to translate pre-clinical animal model knowledge into a
paticnt-based study.

We have previously reported that the systemic administration of
an antiscnse PMO for canine X-linked muscular dystrophy in
Japan (CXMDy) achieved restoration of dystrophin and amelio-
ration-of symptoms [6]. CXMD; 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 mRNA lacks exon 7 [7]. In CXMDj, 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]. CXMD) 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, &n zifro 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 wied direct
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translation of the antisense PMO design from a DMD dog model
to the DMD patient. We tried ir zitro 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 in itro 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 mRNA 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 unificd 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 1A). RT-PCR
analysis of dystrophin mRNA 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 br int
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 CXMD; 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.
dol: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 w 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 mRNA 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 DAPL Scale bar: 100 pm. (D) The time
course of dystrophin expression in dog and human MyoD-transduced fibroblasts by qRT-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 pg of total protein was loaded
into each fane. Error bars indicate standard deviation. (E) Determination of dystrophin mRNA expression in each cell type from DMD 8772 by gRT-PCR.
MyoD-transduced fibroblasts were assayed 15 days after differentiation. Normalization and relative expression are the same as (D).

doi:10.1371/journal pone.0012239.9002

fibroblasts yiclded 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 shown). 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 ExBA, as three antisense PMO
cockrails [6]. Because there were two base mismatches between
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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 & silico splice-enhancer motifs (Figure 3A).
A preliminary assay of CXMDj cells showed that three sequences,
Ex8G, Ex8I, and Ex8K, were effective. Therefore, the antisense
combination for exon B contained an extra antisense sequence
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Figure 3. Design of antisense PMO sequence targeting exons 6 and 8. (A) Exonic splicing enhancer motifs predicted in silico based on
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doi10.1371/Journal.pone.0012239.g003

from Ex8G, Ex8I, or Ex8K in addition to: that of Ex8A. The
skipping efficacy of each combination was higher than that of
ExB8A 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
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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 CXMD; 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
CXMD; 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 hEx68. In the four-antisense PMO cocktall, 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 um. 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 mRNA 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.
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Discussion

In this study, we accomplished i zitro multi-exon skipping in a
DMD patient carrying the same deletion as CXMDjy 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 mRNA 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 until 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 wansduction 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
agsay 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,
muldple 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 CXMD;
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 dystraphin 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 CXMD; 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.
CXMD) 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 mRNA. Recent investigations have reported a
limitation in designing efficient antisenses to induce human
dystrophin skipping in a mice model assay [23]; however, we
confirmed the feasibility of direct translation of an antisense PMO
from a DMD dog model to a DMD patient, at least i wiro, for the
first time. .

The four-antisense PMO cocktail, the addidon 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 w0, and we are planning systemic treatment of
CXMDy 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 CXMD), 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 CXMDj 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].

Exon § :
(B, B B
Dog/CXMD, LY — i —
Eron s Exon 8 Exon 10
' lﬁ"mn-r [ons [on 1
Human nﬁr* _T i
" 117.1 kb '
Eerone 8 10
l | [Brons Fﬁ% b
m— 1t
DMD 8772
T

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 in zifro, 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
CXMDy 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
Scparating 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 sensc-prirners 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).
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MyoD transduction and cell sorting by FACS

The coding sequences of mouse Myodl (CCDS 21277.1) and
human MY0ODI (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 2 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 pg/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®. After 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 sequernces 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 sifico 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 uM for three
or four sequences. A final concentration of Endo-Porter was
6 uM. 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 a QuantiTect Reverse Transcription Kit (Qjagen,
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

@ PLoS ONE | www.plosone.org
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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 cells 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-MHC, diluted 1:30, Novocastra), anti-
MyoD (NCL-MyoD], 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 81 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 §1 Sequences of antisense PMO for dystrophin gene (for
dog and human if not specified).

Found at: doi:10.1371/journal.pone.0012239.5s002 (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 $3 Sequences of RT-PCR primers.

Found at: doi:10.1371/journal.pone.0012239.s004 (0.07 MB
PDF)
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1 —DOREABEFOLEIEGHARED Y V37
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(dystrophin-glycoprotein complex : DGC) O
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X B Y 2 b7 4 — (Duchenne muscular
dystrophy : DMD) I DMD#EFOERICLD
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BIETREL, YAMa74 YOREBIERES
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type progressive muscular dystrophy : BMD)
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BTHIRETER BERBHEEELEDT,
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I. Anti-sense oligonucleotides (AOs)
[ 3 s AV DY & Wi
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1%, pre mRNAZ 5 mRNANDRA TS5 4 3 7
BET, BEFERLES. 25V E0EED
IOV VEANBRICAFy 78T, 7O - %
T I V—LEREAY - TV AERIIERT
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EERZVAYO 74 D8 U7 EHEEY TR
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New Therapentic Strategies to Duchenne Muscular Dystrophy

Shin'ichi TAXEDA

Translational Medical Center, National Center of Neurology and Psychiatry
Department of Molecular Therapy, National Institute of Neuroscience,
National Center of Neurology and Psychiatry

Duchenne muscular dystrophy (DMD) is a le-
thal muscle disorder caused by the mutations of
the DMD gene, which encodes a 427-kDa spec-
trin-like cytoskeletal protein, dystrophin. Exon
skipping by antisense oligonucleotides is a novel
method to restore the reading frame of the mu-
tated DMD gene, and rescue dystrophin expres-
sion. We recently demonstrated that systemic de-
livery of Morpholino antisense oligonucleotides
targeting exon 6 and 8 of the canine DMD gene,
efficiently recovered functional dystrophin at the
sarcolamma of dystrophic dogs, and improved
performance of affected dogs without serious
side effects (Yokota et al., Ann Neurol, 2009). We,
then, experienced an exon 7-deleted DMD pa-
tient in Japan and got cultured fibroblasts from
biopsy specimen. We converted these cells into

790  MhEEMRAE Vol.27 No.6 (2010)

myogenic cells by MyoD ¢cDNA transfection and
examined skipping efficiency of exon 6 and 8 of
the DMD gene. We observed effective skipping of
these exons and recovery of dystrophin expres-
sion on the cells (Saito et al., PLoS One, 2010) We
also optimized antisense Morpholinos targeting
exon 51 of the mouse DMD gene, to prepare clini-
cal trials for the DMD patients with frequent
mutations of the DMD gene. A combination of
two Morpholinos showed an excellent restora-
tion of sarcolemmal dystrophin in injected mus-
cle or after systemic delivery, and amelioration of
dystrophic pathology, and improvement of con-
tractile force (Aoki et al., Mol Ther, 2010). Clini-
cal trials of exon 51 skipping are under way in
DMD patients at this moment. '
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Abstract

Activins, which are members of the TGF-B superfamily, were initially isolated
from gonads and served as modulators of follicle-stimulating hormone secre-
tion. Activins regulate various biological functions, including induction of the
dorsal mesoderm, craniofacial development, and differentiation of numerous
cell types. Activin receptors are highly expressed in neuronal cells, and
activin mRNA expression is upregulated by neuronal activity. Activins also
exhibit neuroprotective action during excitotoxic brain injury. However, very
little is known about the functional roles of activins in the brain. We recently
generated various types of transgenic mice, demonstrating that activins regu-
late spine formation, behavioral activity, anxiety, adult neurogenesis, late-
phase long-term potentiation, and maintenance of long-term memory. The
present chapter describes recent progress in the study of the role of activin in
the brain. © 2011 Elsevier Inc.
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. INTRODUCTION

v _
In 1986, during inhibin purification, activin, a regulating factor for
secretion of follicle-stimulating hormone from pituitary cells was discovered
(Ling et al., 1986; Vale et al., 1986). For more than 20 years after its
discovery, numerous studies have shown that activins serve as multifunc-
tional growth and differentiation factors in many cell types (Mather et al.,
1997; Ying et al., 1997).

Activins are dimeric glycoproteins, which are formed by two of four
different B subunits of inhibin in mammals (BA, BB, BC, and BE; Tsuchida,
2004). BA and BB transcripts exist in almost all tissues. In contrast, BC and BE
subunits are predominantly expressed in the liver. Homodimers of inhibin A
or BB subunits, activin A and activin B, respectively, exist in various tissues
(Nakamura et al., 1992), and heterodimeric activin AB has also been isolated
from porcine follicular fluid (Ling et al., 1986; Nakamura et al., 1992).

Activins directly bind to serine/threonine kinase activin type Il receptors
(ActRII and ActRIIB), which are located on the cell membrane (Pangas
and Woodruff, 2000; Fig. 9.1). Once the ligand is bound, type II receptors
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Figure 9.1 Activin-signaling cascade in the postsynaptic region. Activin A binds
directly to activin type II receptor (ActRIl or ActRIIB). Following binding, ActRlIs
phosphorylate activin type I receptors (ActRIB or ALK4). ActRIB phosphorylates the
transcriptional factor Smad2/3, and phosphorylated Smad2/3 binds to Smad4. Smad
complexes translocate to the nucleus and regulate transcriptional activities. In addition,
activins activate ERK signaling and lead to NMDA receptor phosphorylation in neurons.
Follistatin specifically binds to activins. The activin-bound follistatin does not have access
to ActRIls. Therefore, follistatins are endogenous inhibitors of activin signals. ActRIIs
form large protein complexes, including NMDAR, ARIP1, and PSD95.
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recruit and phosphorylate activin type I receptors (ActRlIs), termed activin
receptor-like kinase 4 (ALK4 also known as ActRIB) for activin A or ALK7
for activin B. Activated ActRIs then phosphorylate transcriptional factors
Smad2/3, and phosphorylated Smad2/3 binds to Smad4. Subsequently,
Smad complexes are translocated to the nucleus to regulate transcriptional
activities. Follistatins, which are also secreted factors, bind to activins with
high affinity. The activin-bound follistatin does not have access to activin
receptors (Fig. 9.1). Therefore, follistatins are specific inhibitors for the
activin-signaling cascade.

Inhibin A KO mice die within 24 h after birth, and Follistatin KO mice
exhibit growth retardation and die within hours after birth, which is due to
respiratory failure (Matzuk et al., 1995a,b), demonstrating that activin
signals are important for normal embryonic and postnatal development.
Activin signals are also involved in the pathogenesis of a variety of diseases,
including metabolic diseases, musculoskeletal disorders, cancers, and mental
disorders. According to recent studies, activin signaling could be a
promising target for these disorders (Tsuchida et al., 2009).

Recently, we generated several types of transgenic mice, which demon-
strated that activins regulate spine formation, behavioral activity, anxiety,
adult neurogenesis, late-phase long-term potentiation (LTP), and mainte-
nance of long-term memory (LTM). This chapter provides an overview of
recent progress in the study of the role of activin in the brain.

Il. EXPRESSION PATTERN OF ACTIVIN AND ACTIVIN
RECEPTOR IN THE BRAIN

In 1995, Andreasson and Worley isolated the neural activity-depen-
dent gene mhtbm BA mRNA and showed that its regu]atlon was dcpcndent

about NMDA receptor. ‘Andrc‘asson and Worley, 1995). At the same time
using the djEereﬁﬁal display method inhibin BA mRNA was identiﬁed as a
1996). In contrast, however, inhibin o mRNA levels were not aﬂ'ected
by neuronal activity (Inokuchi et al., 1996). In addition, activin receptor
ActRII mRNA is expressed in the adult brain and is specifically abundant
in the hippocampus and amygdala (Cameron et al., 1994). Immunohisto-
chemical analysis also revealed ActRII expression in neurons of the
cerebral cortex, hippocampus, medial amygdala, and thalamus (Funaba

et al., 1997).
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Il. Acnvm Rscspron AND ITS REGULATORY
PROTEINS

The brain is composed of neurons that communicate with one
another by transmitting chemicals (neurotransmitters) (Fig. 9.2A). To
accomplish this, neurons develop two distinct processes—axons and den-
drites (Fig. 9.2A). Information flows from one neuron to another across a
synapse, which is a small gap between the neurons. Chemicals (neurotrans-
mitters) are released from the axonal terminal (presynapse), which then bind
to cell-surface receptors located on the dendrites (postsynapse; Fig. 9.2A).
Spines are small, membranous protrusions on the dendrite. The majority of
spines have a bulbous head (the spine head) and a thin neck that connects
the head of the spine to the dendrite shaft (Fig. 9.2A). In the spine head,
crucial proteins accumulate to respond to presynaptic reglonal signals,

- which are linked by scaffold proteins.
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Figure 9.2 Activins regulate spine morphology. (A) Illustration of neuron, synapse,
and spine structures. (B) Cultured hippocampal neurons were treated with vehicle
(upper) and activins (lower), followed by staining with phalloidin to identify F-actin
(red, blue arrows) and antisynaptophysin antibody (green, white arrows) to identify
presynaptic regions. Scale bar, 1 pm.
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Activin type II receptor, ActRII, binds to a scaffold protein called activin
receptor interacting protein. 1 (ARIP1)/synaptic scaffolding molecule
(S-SCAM)/membrane-associated guanylate kinase, WW and PDZ domain
containing 2 (MAGI2), which is localized at the postsynaptic site (Fig. 9.1). In
addition, ARIP1 binds to guanylate kinase domain-associated protein (GKAP),
Fyn kinase (Kurisaki ef al., 2008), and Smad3 (Shoji ef al., 2000). Postsynaptic
density 95 (PSD95) is a well-characterized scaffold protein in the postsynaptic
region, which binds to various protein types, including channel/receptor
proteins (e.g., K channel, NMDA receptor, and Erb4), adhesion proteins (e.g.,
neuroligin), signaling proteins (e.g., synaptic RasGAP (SynGap) and neuironal
nitric oxide synthase (nNOS)), and other neuronal function regulators (e.g.,
Stargazin and GKAP; Hata and Takai, 1999; Sheng and Sala, 2001; Talmage,
2008). GKAP binds to numerous proteins via Shank (Tu et al., 1999) and
Vesl-1L/Homer-1C (Kato et al:, 1998). Therefore, ActRII is.a component of
the huge PSD-95 protein complex located in the postsynaptic site.

Glutamate is the major excitatory neurotransmitter in the mammalian
central nerve system (CNS). It acts via two classes of receptors—ligand-
gated ion channels (ionotropic receptors) and G-protein-coupled metabo-
tropic receptors. The ionotropic glutamate receptors are subdivided into
three groups (AMPA, NMDA, and kainate receptors) based on pharmaco-
logical properties. NMDA receptors are highly expressed in the hippocam-
pus, and dysregulated activation and/or inhibition of NMDA receptors
influences many CNS disorders, including stroke, Parkinson’s disease,
Alzheimer’s disease, epilepsy, drug dependence, depression, anxiety, and
schizophrenia (Muir, 2006; Parsons et al., 1999; Sawa and Snyder, 2002
Skolnick, 1999). Activation of NMDA receptors results in influx of Ca®*
Ca*" influx through NMDA receptors is thought to play critical roles for
memory acquisition and LTP (see Section IV.D for details).

Activin treatment induces phosphorylation of NMDA receptors in
primary hippocampal cultures, which is dependent on Fyn tyrosine kinase
and ARIP1. In addition, activins increase Ca’' influx through these
NMDA receptor complexes (Kurisaki et al., 2008). These results indicate
that activins influence neuronal activity and are involved in a multitude of
CNS disorders. According to our recent work, activins also play a role in
anxiety, memory, and LTP (see below).

. IV. FUNCTIONS OF ACTIVINS IN THE CNS

A. Activin regulates spine formation

Individual spines, which are comprised of cytoskeletal actin, undergo actin-
dependent shape changes that are regulated by neurotransmitter stimulation.
This phenomenon could contribute to plasticity of brain circuits (Fischer
et al., 1998, 2000; Fukazawa et al., 2003; Honkura et al., 2008; Matus, 2005).
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In typical hippocampal cultures, the majority of spine contact takes place at
only one presynaptic site. Activin treatment enhances the number of presyn-
aptic contacts per individual spine, which elevates the average length of the
spine neck through F-actin organization (Fig. 9.2B; Shoji-Kasai et al., 2007).

In addition to the canonical Smad pathway, activin receptors activate
other Smad-independent pathways (p38 MAPK, ERK1/2, and JNK) in a
cell type-specific manner (Bao ef al., 2005; de Guise et al., 2006; ten Dijke
et al., 2000; Werner and Alzheimer, 2006). The influence of activins on
spinal morphology is independent of protein and RNA synthesis (Shoji-
Kasai et al., 2007). However, it is interesting to note that these phenomena
are completely blocked by treatment with MEK inhibitor. Following
treatment with activins, ERK1/2 phosphorylation is markedly increased
in hippocampal cultures, but not in astroglial-enriched cultures. However,
activins do not result in a significant increase in JNK and p38 MAPK
phosphorylation. These results suggested that ERK pathways primarily
affect activin-dependent spine changes in hippocampal neurons.

B. Activin influences depression and anxiety-related behavior -

Mood disorders, such as bipolar disorder and depression, represent one of
the most common mental illnesses, affecting as many as 17% individuals in
the United States (Kessler ef al., 1994). Because depression is a leading cause
of suicide, it is considered a serious disorder in today’s society.

Previous results have shown that activin A infusion into the rat hippo-
campus produced an antidepressant-like effect in the forced swimming test,
which is typically used to assess the effects of antidepressant drugs (Dow
et al., 2005).

We have generated activin and follistatin transgenic mice under the control
of the ®CaMKII promoter, whose activity is thought to influence postnatal
development in the forebrain. Several behavioral analyses were performed on
these mice—namely, open field test, light and dark choice test, elevated plus
maze test, and novel-area accessing test (Ageta et al., 2008). The open field
test is used to measure locomotor activity, and light and dark choice test,
elevated plus maze test, and novel-area accessing test are used to measure
anxiety levels. Results demonstrated that follistatin overexpression mice
(FSM) exhibit decreased general locomotor activity and enhanced anxiety.
In contrast, activin overexpression mice (ACM) exhibit more aggressive
behavior than wild-type littermates, as well as reduced anxiety-related behav-
ior. These results showed that activin levels in the forebrain affect locomotor
activity and anxiety-related behavior (Fig. 9.3 and Table 9.1).

Other studies have generated dominant-negative ActRIB transgenic
mice under control of the aCaMKII promoter, which demonstrated that
activin signals are negative regulators of anxiety (Zheng et al., 2009). For
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Figure 9.3 Activins influence anxiety-related behavior: (A) Open field test. (B) Light
and dark test. Right panels show typical traces for each genotype.

example, these mice visited a greater number of inner fields in the open field
test, which represents risk-taking behavior, and the mice also spent more
time on lit, elevated places in the light-dark exploration test. These beha-
viors correlate with the level of anxiety in an animal, and results from this
study were consistent with results from our laboratory. However, the
conflicting results between the two studies could be due to transgene
differences; Zheng et al. utilized the dominant-negative receptor ActRIB
as a transgene. By contrast, we have utilized secreted factors (activins and
follistatins) to determine the role of activin in the brain. GDF11, another
member of the TGF-P superfamily, is expressed in the adult brain and it also
binds to activin receptor II and IB. (Nakashima et al., 1999). Therefore,
differences in results could be due to regulation of GDF11, as well as
activins. It is possible that the dominant-negative receptor ActRIB
dimerizes with receptors of the TGF-P family members other than activins.

Alternatively, the dominant-negative ActRIB lacks a cytoplasmic kinase
domain, thereby blocking the activin-Smad signaling cascade (see above,
Fig. 9.1). Recent studies have shown that Smurfl, an E3 ubiquitin ligase,
associates with the cytoplasmic domain of the TGF-f type I receptor and
induces internalization and degradation of TGF- receptors (Di Guglielmo
et al., 2003; Ebisawa et al., 2001; ten Dijke and Hill, 2004). ActRIB also binds
to and is ubiquitinated by the Smad7-Smurfl complex via the ActRIB cyto-
plasmic domain (Yamaguchi et al., 2006). Furthermore, activin-dependent
spine changes are independent of Smad activation in hippocampal cultures
(Shoji-Kasai ef al., 2007) (see above, Fig. 9.2). In vivo, if activin receptors are
regulated by this kind of ubiquitination and proteasomal degradation,



-UTEIQa10] ‘WY “Pa1sa1 10U ‘I N “Ioraeyaq ur adueyd jueogrudis jou —

<

-oorwr oraSsueny uneIsoy oyroads-uTeIqaIoy ‘NS ‘ot ouaSsuen uranoe ogads

¢aoru 2d£3-prim yamm pazedurod pajemn3azdn | ‘eonu adf-ppm yam pareduiod pazeinSarusmop |

— v il .

h H ~ - WOV
ﬁ ﬂ ; - WS
© Bugear * dopowdso .  paads -

SR s Sl e SR i

£ amn.wv—mw aumO,m H

WOV Pue WSS jo sisAjeue |eiolaeyaq jo- Alewwns 1°6 ajqeL



