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(3) in vivo TOsiRNA/SYCOL R 5-98k12 2
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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 discases that could be treated by AON-mediated exon
skipping. Previously reported studies were conducted in zito, in
animal models, and as patient intervention studies, and they showed
restorations of the reading frame in dyswophin. 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
phosphorothicate (2'0OMe) 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

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
Japan (CXMDy) achieved restoration of dystrophin and amelio-
ration of symptoms [6]. CXMDj 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)y 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, én zitro assays on patient cells are indispensable.

To date, antisense sequences used for exon skipping in DMD
animal models have not been directly applied to 2 DMD patient
having the same type of exon deletion. We identified an exon 7-
deleted patient (referred to as DMD 8772) and tried direct

August 2010 | Volume 5 | Issue 8 | e12239
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translation of the antisense PMO design from.a DMD dog model

to the DMD patient. We tried in zitro miulti-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 vitro 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 d‘ystmphln
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 eytometry, 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
10 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 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 breakpomt
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

). PLoS ONE | www.plosone.org

Dog PMO Treated DMD Celis

Chromosome X 32821980 ChmmoeomeX32771587

TTVT’I"‘TAO!‘I‘.TWHL*‘ gm ATGTG’!’»”GAGWATCYAC

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 o a splicing variant of exon 9 were
observed. (C) Breakpoint analysis of DMD 8772 revealed a 504 kb
deletion from intron 6 to intron 7, and the insertion of 13 bases of

unknown origin.
dok: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—pmuve 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 cxpr‘wmon analyses of dystrophin mRNA
by qRT-PCR and dystrophin protein by Western blot. The results
showcdagradualumscmdystrophmcxprmon 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 nuclel were counter-stained with DAPL Scale bar: 100 um. (D) The time
course of dystrophin expression in dog and human MyoD-transduced fibroblasts by qRT-PCR and immunobilotting 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 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 cellsand ~ dog and human Ex6B, hEx6B was newly designed on the identical
fibroblasts often failed to produce PCR products, and the skipped in-  region of Ex6B, modifying the mismatches of the human sequence.
frame products were undetectable even if PCR products were  In the systemic study, we skipped exon 6 with a combination of
generated (data mnot shown). Therefore, we used MyoD- Ex6A and Ex6B, and thus we tried same strategy for exon 8. We
transduced fibroblasts in the subsequent assays. newly designed several antisense PMOs targeting exon 8 that were

positioned on the identical sequence in dog and human con-

Antisense PMO sequence design sidering the predicted i silico splice-enhancer motifs (Figure 3A).

In a previous systemic dog study, we used threec antisense A preliminary assay of CXMD)j cells showed that three sequences,
sequences, Ex6A, Ex6B, and ExBA, as three antisense PMO Ex8G, Ex8l, and Ex8K, were effective. Therefore, the antisense
cockrails [6]. Because there were two base mismatches between ~ combination for exon 8 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
human sequence (small coloured boxes) and positions of antisense PMOs (green and blue rectangular areas). The horizontal axis represents base
positions in each exon from 5’ to 3/, and the vertical axis represents relative predicted values of the motifs. PESE: putative exonic splicing enhancer.
ESE: exonic splicing enhancer. Base mismatches between dog and human (black bar) are indicated in the exon (grey box). RT-PCR of dystrophin
mRNA of MyoD-transduced CXMD, fibroblasts treated with (B) a mixture of Ex6A and Ex68 and (C) only ExBA or mixtures containing Ex8A.

doi:10.1371/journal.pone.0012239.g003

from Ex8G, Ex8], 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 (Figare 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 threc-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 CXMDy 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 discemned no difference among the
four PMO cocktails. This tendency was also consistent between
CXMDy and DMD 8772 (Figure 4B). [Inmunostaining analysis
showed partial recovery of dystrophin in the four-antdsense PMO
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Figure 4. Multi exon skipping and recovery of in in
CXMD; and DMD 8772-derived cells. (A) Schematic diagram of the
three- and four-antisense PMO cocktails. For DMD 8772, Ex68B 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 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 cockuail than with the three-PMO cocktail. Differences
between the four-PMO cocktails were also undetectable.

'@ PLOS ONE | www.plosone.org
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Discussion

In this study, we accomplished in zifro multi-exon skipping in a
DMD patient carrying the same deletion as CXMDy 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 seclection has been
reported [21]. Our method actively selects MyoD-positive cells
and enables pure clusters of MyoD-positive cells to form myotubes
efficientty. 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
seéms 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 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 sklppmg due to identical
antisense PMOs between cells of different spccxes 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 [253]; however, we
confirmed the feasibility of direct translation of an antisense PMO
from a2 DMD dog model to a DMD patient, at least & wir, 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 vive, and we arc 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 § was
always skipped in CXMD)j, 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].

:
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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

4B, PLOS ONE | www.plosane.org

Dog PMO Treated DMD Cells

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
wanslation of an antisense PMO from 2 DMD dog model to a
DMD patient was feasible i 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
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 464 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 Myed! (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 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 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 sequences Ex6A, Ex6B, and Ex8A were
described in Yokota et al. {6]. In addition, extra sequences hEx6B,
Ex8G, Ex8I, 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 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 cONA
synthesis using a QuantiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany). Quantitative real-time PCR was performed
using ExTaq IT SYBR (Takara, Kyoto, Japan) and a MyiQ Single-
Color Real-Time PCR detection system (Bio-Rad, Hercules, CA).
Primer sequences are shown in Table $2. 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
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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 | 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-MHCH, diluted 1:30, Novocasira), anti-
MyoD (NCL-MyoD1, 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 Immuncstain 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 35°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

Figare 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 S1 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 N[B
PDF)
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A —DENBEZEFOEZIHRBED Y 3y
B fedvatuz4y @Y ORIEBESHE
(dystrophin-glycoprotein complex : DGC) D
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XY 2 b a7 4 — (Duchenne muscular
dystrophy : DMD) ZDMDBETFOERIZLY
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type progressive muscular dystrophy : BMD)
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I. Anti-sense oligonucleotides (AOs)
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ATHICAER ST BB EWTH 5 AOs
ABWTTbRALI VY « A%y THEBRET
i, pre mRNAZ*S>mRNANDRA TS5 4 7
BT, BETFEREZFD, HIVIIEOEED
Iy BEANEBRCAF Yy TSERT, 7Y F
T T V—AEREA Y - TV LBERIIERT
BIeELMTAH BEINHIVAIT T4 VI,
EERIVAMAT7L VDY N EHEE Y —HR
(T EWRBH, actinfl& F X 4 % cysteine-
rich FA4 ¥, CHRAL VR EOEELRTTHE
BIIRFEING.
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New Therapentic Strategies to Duchenne Muscular Dystrophy

Shin’'ichi TAKEDA

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  FHEWHEHE Vol.27 No.6 (2010)

myogenic cells by MyoD ¢DNA 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 (Acki 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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Nakatani M, Kokubo M, Ohsawa Y, Sunada Y, Tsuchida K.
Follistatin-derived peptide expression in muscle decreases adipose
tissue mass and prevents hepatic steatosis. Am J Physiol Endocrinol
Metab 300: ES543-E553, 2011. First published January 4, 2011;
doi: 10.1152/ajpendo.00430.2010.—Myostatin, a member of the trans-
forming growth factor (TGF)-B superfamily, plays a potent inhibitory
role in regulating skeletal muscle mass. Inhibition of myostatin by
gene disruption, transgenic (Tg) expression of myostatin propeptide,
or injection of propeptide or myostatin antibodies causes a widespread
increase in skeletal muscle mass. Several peptides, in addition to
myostatin propeptide and myostatin antibodies, can bind directly to
and neutralize the activity of myostatin. These include follistatin and
follistatin-related gene. Overexpression of follistatin or follistatin-
related gene in mice increased the muscle mass as in myostatin
knockout mice. Follistatin binds to myostatin but also binds to and
inhibits other members of the TGF-B superfamily, notably activins.
Therefore, follistatin regulates both myostatin and activins in vivo.
We previously reported the development and characterization of
several follistatin-derived peptides, including FS I-I (Nakatani M,
Takehara Y, Sugino H, Matsumoto M, Hashimoto O, Hasegawa Y,
Murakami T, Uezumi A, Takeda S, Noji S, Sunada Y, Tsuchida K.
FASEB J 22: 477-487, 2008). FS I-I retained myostatin-inhibitory
activity without affecting the bioactivity of activins. Here, we found
that inhibition of myostatin increases skeletal muscle mass and de-
creases fat accumulation in FS I-I Tg mice. FS I-I Tg mice also
showed decreased fat accumulation even on a control diet. Interest-
ingly, the adipocytes in FS I-I Tg mice were much smaller than those
of wild-type mice. Furthermore, FS I-I Tg mice were resistant to
high-fat diet-induced obesity and hepatic steatosis and had lower
hepatic fatty acid levels and altered fatty acid composition compared
with control mice. FS I-I Tg mice have improved glucose tolerance
when placed on a high-fat diet. These data indicate that inhibiting
myostatin with a follistatin-derived peptide provides a novel thera-
peutic option to decrease adipocyte size, prevent obesity and hepatic
steatosis, and improve glucose tolerance,

myostatin; adipocyte; fatty liver; glucose tolerance

THE TRANSFORMING GROWTH FACTOR (TGF)-B superfamily is one
of the largest families of secreted growth and differentiation
factors and plays important roles in regulating tissue develop-
ment and homeostasis (37). Myostatin, a member of the TGF-
superfamily, acts as a negative regulator of muscle growth (19,
22). Mutations in the myostatin gene in cattle, sheep, dogs, and
humans cause an increase in skeletal muscle mass, indicating
conservation of its function in mammals (5, 8, 23, 26, 32, 33).
Myostatin is expressed predominantly in skeletal muscle and at
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significantly lower levels in adipose tissue (22). Inhibition of
myostatin causes an increase in skeletal muscle mass and
ameliorates several models of muscular dystrophies. Therefore,
myostatin inhibitors are a promising therapeutic target to treat
muscular atrophy and muscular dystrophy (19, 29, 37).

The loss of myostatin by gene disruption prevents an age-
related increase in adipose tissue mass and partially attenuates
the obese and diabetic phenotypes (14, 24). The serum leptin
concentration and adipose tissue leptin mRNA expression were
lower in myostatin null mice than in wild-type mice (24).
Inhibition of myostatin by transgenic (Tg) expression of myo-
statin propeptide was also reported to prevent diet-induced
obesity (41, 42). Even when fed a high-fat diet (HFD), these
mice exhibited normal insulin sensitivity, unlike wild-type
mice (42). Furthermore, AACVR2B, a soluble extracellular
form of the activin type IIB receptor, effectively decreased the
adipose tissue mass (1). These results suggest that inhibition of
myostatin signaling could be useful to prevent and/or treat
obesity and diabetes.

There are several strategies to block the functions of myo-
statin, including myostatin propeptide, follistatin, follistatin-
related gene (FLRG), follistatin domain-containing growth and
differentiation factor-associated serum protein-1 (GASP-1),
the potent myostatin inhibitor AACVR2B, neutralizing anti-
bodies, and small chemical compounds that block receptor
serine Kinases (2, 15, 37, 38).

Follistatin was shown to bind to myostatin and inhibit its
activity. However, follistatin inhibits other members of the
TGF-B superfamily, including GDF11 and activin (11, 37, 38).
Although GDF11 and myostatin show a high degree of se-
quence similarity at the amino acid level, GDF11 is unlikely to
regulate skeletal muscle mass, because GDF11 controls skel-
eton and kidney development rather than regulating muscle
mass (21). Like myostatin, activin regulates skeletal muscle
mass (12). However, unlike myostatin, activin has many pleio-
tropic roles including ovarian and neuronal functions (30, 36).
In our previous study, we reported the development and char-
acterization of a myostatin inhibitor derived from follistatin,
designated FS I-1. FS I-I is unable to neutralize activin but still
binds to and inhibits myostatin (27). Tg expression of FS I-1
using a skeletal muscle-specific promoter caused a widespread
increase in skeletal muscle mass and ameliorated muscular
dystrophy. In addition, muscle strength was recovered when
the FS I-1 Tg mice were crossed with mdx mice (27). In this
study, we explored whether FS I-1 Tg mice are resistant to
diet-induced obesity and hepatic steatosis. We found that FS 1-1
Tg mice exhibited reduced fat accumulation even when fed a
normal diet (NFD). Adipocytes were also much smaller than
those of wild-type littermates. Furthermore, the FS I-I Tg mice
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were resistant to HFD-induced obesity and hepatic steatosis.
The liver of HFD-fed FS I-I Tg mice showed significantly
different fatty acid composition compared with that seen in the
control mice. Our studies suggest that follistatin-derived myo-
statin inhibitors offer a therapeutic option for obesity, diabetes,
and hepatic steatosis.

MATERIALS AND METHODS

Animals. The establishment of skeletal muscle-specific FS I-1 Tg
mice is described in our previous paper (27). In brief, EcoRI-Smal
fragment covering the whole coding sequence of FS I-I was subcloned
into the MDAF?2 vector containing the myosin light-chain promoter
SV40 processing sites and MLC1/3 enhancer. Clal fragment with 3.9
kb was microinjected to produce FS I-I transgenic mice (27). The
transgene was expressed in skeletal muscles but not in cardiac muscle
or adipose tissues. FS I-I Tg male mice and wild-type littermates were
obtained from the offspring of FS I-I Tg mice mated with C57BL/6
mice. The genotypes were determined by PCR as previously described
(27). The FS I-I Tg and littermate male mice were weaned at 4 wk of
age and given free access to either a normal-fat (NFD; 5% kcal fat;
CE-2; CLEA, Shizuoka, Japan) or a high-fat diet (HFD; 32% kcal fat,
High Fat Diet 32, CLEA) from 4 to 13 wk. Food intake did not differ
between the two genotypes on the HFD. Body weight was recorded
every week. All mice were housed in cages with a constant temper-
ature (22°C) and a 12:12-h light-dark cycle. All experiments were
performed at the Laboratory Animal Center with approval from the
Animal Research Committee at Fujita Health University.

Analysis of adipose tissue, skeletal muscle, and liver. Adipose
tissues (retroperitoneal, epididymal, and inguinal fat pads), skeletal
muscles [tibialis anterior (TA), extensor digitorum longus (EDL),
quadriceps femoris (Qf), and soleus], and liver samples were obtained
from mice at 13 or 20 wk of age. Adipose tissue and muscles were
also obtained from NFD- and HFD-fed mice at week 13. The wet
tissue weights were measured.

Histological analyses of adipose tissues and liver. The adipose
tissues and livers either from FS I-1 Tg mice or littermates were fixed
in 4% paraformaldehyde (PFA), dehydrated in ethanol, embedded in
paraffin, and sectioned at a thickness of 6 pm. The sections were then
deparaffinized, rehydrated, and stained with hematoxylin and eosin
(H&E). The area of adipocytes was determined in images stained with
H&E. The area of 200 adipocytes per mouse was determined in five
wild-type and five FSI-I Tg mice (1,000 adipocytes for each geno-
type), and the average cell area was determined. Morphometric
analyses to measure adipocyte area and size were performed using
WinROOF software (Mitani, Fukui, Japan).

Electron microscope analysis. Adipose tissue samples were fixed
for 4 h with 2% PFA and 2.5% glutaraldehyde in phosphate-buffered
saline (PBS) at room temperature. The specimens were then postfixed
at room temperature for 1 h with 2% osmium tetroxide in Millonig’s
buffer containing 0.54% glucose and dehydrated through an ethanol
gradient. For scanning electron microscopy, the dehydrated specimens
were then immersed in r-butyl alcohol, dried using a freeze-drying
device, coated with gold using an ion sputtering device (JEE-420T,
JEOL), and examined under a scanning electron microscope (H7650;
Hitachi, Tokyo, Japan). For transmission electron microscopy, spec-
imens were immersed in QY-1 (Nisshin EM, Tokyo, Japan), embed-
ded in epoxy resin (Epon812; Polyscience, Wako Pure Chemical
Industries, Osaka, Japan), and cut into ultrathin sections. The sections
were stained with urany] acetate and lead citrate, followed by trans-
mission electron microscopy at an accelerating voltage of 80 kV
(JEM-1010TEM, JEOL). One hundred fifty mitochondria of epidid-
ymal adpipocytes each from three wild-type and FS 1-1 Tg mice were
analyzed using WinROOF software.

Quantitative real-time PCR. The relative expressions of uncoupling
protein-3 (UCP3), acetyl-CoA carboxylase-1 (ACC1), stearoyl-CoA
desaturase-1 (SCD1), glucokinase (Gck), and phosphofructokinase

FOLLISTATIN AND ADIPOSE TISSUE MASS

(PFK) were determined by quantitative (qQ)PCR using a TAKARA
Thermal Cycler Dice Real-Time System (Takara Bio, Shiga, Japan).
Briefly, nRNA was isolated from liver and adipose tissues from FS I-I
Tg mice and wild-type littermates by use of TRIzol (Invitrogen,
Tokyo, Japan) with standard techniques. The isolated RNA was
cleaned by DNasel and purified using RNeasy Tissue kits (Qiagen,
Tokyo, Japan). Reverse transcription was carried out with 500 ng of
RNA using QuantiTect reverse transcription kits (Qiagen) according
to the manufacturer’s instructions.

We used Primer 3 software to design the primers for UCP3 (forward:
5’-CCGGTGGATGTGGTAAAGAC-3, reverse: 5'-AAGCTCCCA-
GACGCAGAAAG-3); ACCl (forward: 5'-CCCATCCAAACA-
GAGGGAAC-3, reverse: 5-CTGACAAGGTGGCGTGAAG-3); SCDI
(forward: 5'-CAAGCTGGAGTACGTCTGGA-3’, reverse: 5'-CA-
GAGCGCTGGTCATGTAGT-3"); Gek (forward: 5'-TGGGCTTCAC-
CITCTCCTTC-3, rverse: 5'-CGATGTTGTTCCCTTCTGCT-3"); and
PFK (forward: 5"-GAAGCCAATCACCTCAGAAGAC-3, reverse: 5'-
TTCCACACCCATCCTGCT-3'). Each well of the 96-well reaction plate
contained a total volume of 25 pl. cDNA (0.5 pl) solution was combined
with each of forward and reverse primers (10 pM), distilled water, and
SYBR Premix Ex Taq (Takara Bio). All reactions were performed in
triplicate. The relative amounts of RNAs were calculated using the
comparative Cr method. We used hepatic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and adipose tissue 36B4 as controls. Signifi-
cant differences between the wild-type and FS I-I Tg mice were analyzed
by Student’s 1-test.

Western blotting. Adipose tissues (epididymal and inguinal fat
pads), skeletal muscle (Qf), and liver were dissected from wild-type
and FSI-I Tg mice. Samples were homogenized in a buffer containing
50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM NaF, 1% Nonidet
P-40, 5 mM B-glycerophosphate, 1 mM phenylmethylsulfonyl fluo-
ride, 4 pg/ml leupeptin, and 1 pg/ml aprotinin and centrifuged at
15,000 rpm for 10 min at 4°C, and the lipid-free lysates were
collected. Aliquots of the lysates containing 30 pg of protein or serum
containing 60 pg of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene difluoride membranes. The membrane was blocked in 5%
skim milk for 1 h at room temperatire. The membranes were then
probed with anti-cytochrome c, phosphorylated Smad 3, or Smad 3
(Cell Signaling Technology, Beverly, MA) at 4°C overnight (1:1,000
dilution), followed by incubation with horseradish peroxidase-conju-
gated secondary antibodies and chemiluminescence reactions by ECL
plus (GE Healthcare, Tokyo, Japan). As a loading control, antibodies
to tubulin or actin (Cell Signaling Technology, Beverly, MA) were
used. Detection of FS I-1 or follistatin by Western blotting was
performed using rabbit polyclonal antibodies (ABPII) raised against
follistatin domain I of follistatin (31). Images of the developed
immunoblots were captured using a cooled CCD camera system
(Light-Capture; ATTO, Tokyo, Japan).

Measurement of serum parameters and triglycerides. Wild-type
and FS I-I Tg mice (n = 4-6 per group) fed the NFD or HFD from
weeks 4 to 13 of age were fasted overnight at week 13 for 16 h before
blood sampling. The triglyceride, nonesterified fatty acid (NEFA),
cholesterol, fasting glucose, insulin, leptin, and adiponectin concen-
trations were measured in serum samples prepared from whole blood
collected from the retroorbital venous plexus of anesthetized mice.
Plasma, total cholesterol, and NEFA were measured using enzymatic
assays (triglyceride E, cholesterol E, and NEFA tests, respectively;
Wako Pure Chemical Industries, Osaka, Japan). Plasma leptin, adi-
ponectin, and insulin levels were measured using enzyme-linked
immunoassays from Morinaga (Kanagawa, Japan), R&D systems
(Gunma, Japan), and Otsuka (Tokyo, Japan), respectively. Triglycer-
ides from liver and skeletal muscle were extracted with chioroform-
methanol (2:1, vol/vol), centrifuged twice to remove debris, dried, and
resuspended in 2-propanol containing 10% Triton X-100 (17). Tri-
glyceride contents were enzymatically measured using a triglyceride
E test. Mouse preadipocyte 3T3-L1 cells and human hepatocyte Hep
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G2 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum. Cells (I X
10%)/12-well plates of differentiating 3T3-L1 cells were stimulated
with either 80 ng/ml FS I-I or 40 ng/ml myostatin (R&D systems) for
3 days. Hep G2 cells treated with 3 mg/ml glucose, 10 pg/ml insulin,
and either 80 ng/ml FS I-I or 40 ng/ml myostatin for 3 days. Cellular
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triglycerides were extracted and measured as described above. All
assays were performed according to the manufacturer’s protocol.

Glucose tolerance test. Glucose tolerance tests were performed in
six to eight mice per group at 13 wk of age after being fed the NFD
or HFD for 9 wk. The mice were fasted overnight and then received
an intraperitoneal injection of 10% dextrose (1 g/kg body wt). Blood
was collected from the tail at 0, 15, 30, 60, and 120 min after dextrose
injection, and blood glucose was measured using an Accu-Check
glucose monitor (Roche Diagnostic, Indianapolis, IN).

Insulin tolerance test. Insulin tolerance tests were performed in five
mice per group at 13 wk of age after being fed the HFD for 9 wk. The
mice were starved for 16 h and received an intraperitoneal injection of
human insulin (0.75 U/kg body wt; Sigma-Aldrich Japan). Blood
glucose was measured at 0, 30, 60, and 90 min after injection using an
Accu-Check glucose monitor (24).

Measurement of hepatic fatty acid content. Approximately 100 mg
of liver tissue was obtained from wild-type and FS I-I Tg mice fed the
NFD or HFD for 9 wk (n = 6 per group). Lipids were extracted using
the Bligh-Dyer chloroform-methanol method (4). The extracted lipids
were dissolved in 1 ml of chloroform and subjected to methanolysis-
gas chromatographic analysis (3). Methyl stearate was used to gen-
erate a standard curve for quantitation. The determinations were
repeated at least twice, and essentially the same results were obtained.

Metabolic rate analysis. Oxygen consumption was measured with
an indirect calorimetric metabolism measuring system (model MK-
5000RQ, Muromachikikai) (17). Each mouse was kept in a sealed
chamber with an air flow of 0.6 I/min for 2 h during the light cycle.
Air was sampled every 3 min, and the consumed oxygen concentra-
tion (Vo,) was calculated (24). Five mice each for wild-type and FS
I-I Tg mice fed NMD were analyzed.

Statistical analysis. Results are presented as means * SD. Statis-
tical significance was assessed by Student’s r-tests. Differences be-
tween groups were considered statistically significant at P < 0.05. P
values are presented in figure and table legends.

RESULTS

Decreased fat accumulation in FS I-1 tg mice. We previously
reported (27) that FS I-I Tg mice show a marked increase in
skeletal muscle mass compared with wild-type mice when fed
a NFD. Intriguingly, even with a NFD, FS I-I Tg mice showed
age-dependent decreased fat accumulation. Although there was
no difference in individual fat pad weights between wild-type
and FS I-I Tg mice at 13 wk of age (data not shown), there was
a significant difference at 20 wk of age. For example, at 20 wk
of age, the weight of the epididymal fat pad was 60% lower in
FS I-I Tg mice than in wild-type mice (Fig. 1A). Furthermore,
the weights of the inguinal and retroperitoneal fat pads of FS
I-I Tg mice were 33 and 67% lower, respectively, in FS I-I Tg
mice than in wild-type mice. Therefore, we quantified the
adipocyte size histologically using H&E staining (Fig. 1B)

Fig. 1. A: adipose tissue weights (g) of 20-wk-old male wild-type and
transgenic (Tg) mice with a myostatin inhibitor derived from follistatin
[follistatin (FS)-derived peptide (FS I-I)] fed a control diet. Epididymal,
inguinal, and retroperitoneal fat pads from 5 mice each from wild-type and
FSI-I Tg mice were dissected and weighed. *P < 0.005 and **P < 0.03,
Student’s -test. B: histological analysis of adipose tissues. Epididymal fat pads
from 20-wk-old wild-type and FS I-1 Tg mice were sectioned and stained with
H&E. Scale bar, 100 pm. C: scanning electron microscopy of epididymal fat
pads. 20-wk-old wild-type (lefr) and FS I-1 Tg mice (right) were analyzed.
Scale bar, 120 pm. D: distribution of epididymal adipocyte area in 20-wk-old
wild-type and FS I-I Tg mice: 200 adipocytes were counted per mouse (5 mice
per group). The percentage of adipocytes with indicated areas per total adipocytes
was calculated and plotted. The mean adipocyte area was smaller in FS I-I Tg mice
(7174 = 579.1 wm?) than in wild-type mice (436.8 = 309.1 um?).
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