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Hum. Mol. Genet., 18 : 621-631, 2009 2 &l I\,
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2) Amalfitano, A. et al. : Muscle. Nerve., 19 : 1549-1553, 1996
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3) Kudoh, H. et al. : Biochem. Biophys. Res. Commun., 328 : 507-516, 2005
4) Areaki, E. et al. : Biochem. Biophys. Res. Commun., 238 : 492-497, 1997



383

[R#ER] mdx; utr 7/~

[F&%#] C57BL/10

(BHEODE] avP 2=y 7R

[255E - #3%] mdx & utrophin / v 7 77 + =7 A DAEL

[fE8iDEE] utrophin i dystrophin & HRAELE L, 775 L DFE
¥, dystrophinfgs vV EEAKLOFKAEZEL T
%, mdx < ADEFEHEE T3 utrophin 3F TR L Tw»
%2 LH 5, mdx BT 3 dystrophin @ K$#E % utrophin 2%
REELTwD EEZS5NTW, 19974, K. Davies & & J.
R. Sanes K 5 ? 2 7V — 7 d3utrophin KR < 7 2 % {EEL
L7-%3, utrophin RIEE<7 2EHY A a7 4 —OREEZ
BX%dpo7. L Lmdx=7 A& utrophin KIEEI <7 2
PENIEOECmdx; utr~/ "= A 2{EH T % &, Duchenne
HGHL A 74— (DMD) BEDERICEI-E KRBT
%75 L7-. utrophin?3® % B dystrophin O#EREZ > T
W5 ZEDEERE N

U 5

mdx; utr /"3 EFERR4~ 20 TH Y, BEOHIET, KERED,
BAfitaE, BREBEESE L (). A% 6 HE» SHERRICE VT
s DAL L (LD o B . 2By o BIERICE W TEREE
BHRENDD, A~5EBETCOHEEImdx< T A EEbLRY, Ly
L, mds L BRY, 5ERMEED SR - BAESEATHD, 10BMEFICIZ
VRS IC 3T & b e i LAsE U 2. ETOF Y, ERFEAIZDMD
BEOFREX IOVRBELAZEF LT ATHD, BEARICHRONS,

U BiE

dystrophin K#Iz X 2852 2 + 0 7 4 —DRERFZE & DMD ICX§ 2 %
YrkgEy: - BETIRE - MEBEISEEDORE.




384

EEERS

sseutrophin - dystronphin & 7JL/ v I P T X

A) utrophin - dystrophin 7L/ v 7 77 b R L AEOEFER 27 2 (33, 2).
B) BIREEHOEBA O H.E. ot (x400), RENIFLE <7 2 CTREE L -GS
MOZIRGHE, BHEORLICIET 2. KEIR/IMEOBEETORFEHE

0 AS5E

[AF%] EBREYFHIFZFT (hitp://www.ciea.orjp/) »SAFETE 3,
utrophin-null =7 21X K. Davies KD 5 R EH L= b DTH %

SZEHR
1) Deconinck, A. E. et al. : Cell, 90 : 717-727, 1997

DSEFNTVRELTCOF L, REDFHE, Y=/ ¥4y I PCROE&MEIE
HINnTns3

7:_ aZEﬁAE7ﬁZGW“ﬁW“)ﬂ“'

[Rfg&] dydy

[E8X%#] C57BL/6

[(RBEORE] 2v Y=y 7 %H

(5558 - #43] ~Fu~v2ELORE

(fERDOEE] O— vy T v 7HEckh Sy o2 EEEEFICE
FT=A L VIEBETFE2EAL CERTFE2ARENL. Ao r
REHEREHY A ru7 4 — (CMDIA) OEFAL2TA



TR UR - Sy MNRERETIVER/N\VRTYI | 385

Ul 558

xuy/A@tb%f&%“xbn74—(MDmA)@%“»vﬁx
FEZVIGEE o RESEEOTA VY 74—2BHoNnTnw3), B#
(318, yﬁ(Bﬁ)@bU?*%ﬁ%LT%b,b%-%%ﬁﬁ%'X
HEEORYICIZS =Yy a2, B, y1THERENS S 3= (laminin-
211) DEEL, MEMEAHICIII Iy a2, B2, y1THEREINS
7 2=V (laminin- 221) BFEET S, 7 I =V e 2EHEHITLICKIET
SAETNTIRER 2EMMEE, BRHOENE - BISHEL, #ETHE
B (B8 1~22H) KFECTS. {ERFEAINTELHRIBED
dy/dy v 7 ATIHEL RUVTH B, 732V a2 BEOERVRD 61,
POHIA T T 4 —DETHELDLTH 5D, KETNVICIRFERIIEAL
v, RRIYERBEDAyZ/dy? < I AT FAL v VIZRE T S
SV a2 ES#EDFEE L, BE,

SEREHY A b a7 4 —DiFEIsE, Y - 5T - MEBEGEDE.
S VEHOER Y AREENROPHFI NS BETFOEEFR
FOVAY 2oy Ve AL OREEIC X AHEREDENT.

% dy®/dy* DIV & B

A) BAER E dydy™ (i 33EM). REMEEAS, BUX T4 —ERSES, %
LYK, B) MISEHOBIRIIE O HE Rtaff, BIEGE (%), mLMEE (&), <
y 077 —VEQKERAIRE (KF), 7=y a2 BROBEC X G5 - B
wIlT, ARICHREDORS & BEREED '



I E

Ous

[(EE&H] AvvVi3E. Engvall 0% B U BEE - D - > 27 vl
i - BafE - BEZICRENICREETZ I a2 B2 405
SZUTHDE, 73=2V-2,M-F3=2vEBIN22 b H3
2, BIEOMAETIEI I =211, $3=v-221, S53=v
213, 53 =v-212, 93V -222% Ic YT s LELN S, M
DEZHETRT 5 LT, BGHSIHUS “

U AFEGiE
[AF3E] dy/dy <7 RGEEEYFHRBIER (http://www.ciea.or.jp/)
Jacksonff%iFT (MGI : 1856026) %5 AFHEE. dy/dy <
U A GEIEM - RERNE L v Y — R ENEE TR R
B CHREZEWEHER L T3 (EMTA) (http:/www.
nenp.go.jp/nin/guide/r_dna2/index.html).

SEHR
1) Tomé, F. M. et al. : C. R. Acad. Sci. IIl., 317 : 351-357, 1994
DAY Y RBICE BEREF A b0 7 4 —DIR LD TOHE
2) Miyagoe, Y. et al. : FEBS. Lett., 415 : 33-39, 1997
=7 =V a2 BEHKIE 7 ZAOEH &7 ARRE OENT

[®#4] C57BL/6JJcl.129/SvI-pomgntl (POMGnTI : protein
O-linked mannose betal, 2-N-acetylglucosaminyltransferase
K= X (Pomgnt]™Isk)]
[E2%R#] C57BL/6JJcl (RLAZEIZ L 3)
[(RBEORE] avY =y 7 2H
[5578 - ##3] heterozygotexheterozygote, & EfE{kix, £ 3EEE
CHELPTORDT, ZORKMLTEL ZENBETHS
[fEROER] ESHlaCOMAMIZIC X ) pomgnt BEFHTY V18
ZECEIZ, 244 Y VitERET2 S UESICERL



S=RIRTOR - S NEREFILER/\V RT v ! 387

R

POMGnT1 EEFOEETHERKEH A bu 7+ — LIEEHE, HOERE
R EE (NEERGE) 2R L 358 - IR - B9% (MEB : muscle-eye-
brain disease) 23FET 5. MUEF LT A EEEIZNE {, STREE
bh, B2RHLET2 LERZITYEMT 208 (F9REVY) 28Tk
g, FE@EEIZT CIENTE 3, ME CKED LA CHFRMEDERIZ £
BMCch 5. RERCIIEEHHOMABECHERNE 0EfTOEN, A - K
EEDIEE R EBHEREINTEY, MEBREEDREHFE EEL CEROIE
DAV, MEB B L ARICHPHREREROEY (KKBEEOELNE) 1
b, AMTIZERMEOEMNMENED 515, GFAPREZIT) &, BE~S
Y A TZOEEMECEET LR LTEY, glal limitans (') 7HE5RE)
DEENREDLN TV IEDPEHEINS,

O Bis
MEBRE L UOBEEL 7 a-DCOEHEEE 2 RE L T2 RKEHI A b
7 4 —DIREE X AREZE.
g =
(EER] BHEE L R L CHFENNS {, EBREERETIRIICTS 2L
MWL, ABICEENKETHS, ZNUBERIEEL TS
U AZETEE

[AF%] ETE - MRERTIZ L vy —HEIHARNE D TR ERERNTE
ZB (http://www.ncnp.go.jp/nin/guide/r_dna2/index.html)
[AF%&H] EMTA

SE3h

1) Miyagoe-Suzuki, Y. et al. : Mech. Dev., 126 : 107-116, 2009
DEFAZDOE 5 5 POMGnT1 KB~ 7 AN EABREE D DDOPBITL 75X

2) Liu, J. et al. : Mech Dev., 123 : 228-240, 2006

DL PO TANVARI T —DBE 27 Y VIZEAZNTWS Pomgntl /v 777
Few R bEHRENTED, The Mouse Transgenics Core of the Consortium
for Functional Glycomics 2>5 AFH#ETH 3 (https://www.functionalgly
comics.org/static/consortium/resources/resourcecoref.shtml)



388

=58 =mmEs

[%#i#] B6C3Fe a/a-Large™d/]

[&&%%] B6C3Fe-a/a

[R#FED4E] mutant stock

(%3 - #3%] homozygous for Large™ixB6C3Fe-a/a hybrid (femalex
male), %X, ZEREEATOTHHELD, ~Fuf
OB EHLRITHART, ERERET ‘

(EROER] BRFE. large BETDLI YV E~TDOREILEE 7L —
L7 b

N

Ul il

myd =7 A%, EEOEREHVA v 4 -4 71D (CMDID) @
ETNRIRATHY, ETEOHY A a7 4 —, BORE, KNEE, /I
B, EETOMBMHEOEEREE L EREOEZ B L T 2 hiksRs
DEFEZE I F, muscle-eye-brainf§ (MEB¥#E) REILEISLRKMEGHT X b
o7+ — (FCMD) B¥LFfkic, B KT a-dystroglycan (a —
DG) DOREHEMETIREI NG, HER - ~TonofEv7 2 L) b/
L, FTEELI AV bRBOo NS (H). large 2 BREFEHEI
% &, POMGnT1 % Fukutin 23K#83 2 Sl T o-DG OREHEEHTH3E]
BL, VATEHCA 07 4 —OREARPYET I LBHMONTE
D, IBEANOIGAPHFINS,

Ul B
a-DG OFEHEEMBEEIC X 2 RRKEH O A L 07 4 —OEENE - 05
. '



FERYIR - SY MRERETIVER/\V KT

°§5myd”\7/f7'1 o s o o '

A~C) myd L REQHER vy 2 (5#). C) mydd&EN{, RE2ESL LT
2L, MEZEZADIIRIFIACYIBALNS, D) 13 BB myd 7 XD ERGD
HE s, BFE0E L AR, MR, GREOANTRE, PLEEESHACNhD

— 52 —

389



o
o

390 [E5%F &

i

B

Q&R

GEER] largeDa—F¥ 25 v 82 BiI3 B2 5 { a-DC OEMEATICE
532 LBbid, ZOEEIZEHS TR, filc, a-DG
DHEEHEMHOBREL2ELITERDET LY 7RALLT,
POMGNTI1-null mice (MEBJR®DEFIL) ®, FCMD BE DL E
ZEALCYAY, EHENTEY, o-DCOESEBEioRE
WKEBHY A 07 4 —OFRERH, BEEORRKICHNS

U AZF5i%

[AF%] JacksonffZEAT (http://jaxmice.jax.org/strain/000226.html ;
MGI : 1856965), &2 WIZHAF ¥ —1L R « YN—#k (http//
www.crj.co.jp/) %6 AFHEE. R4 v 2Z0FHlIRAx L

SE

1) Grewal, P. K. et al. : Nat. Genet., 28 : 151-154, 2001
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Duchenne muscular dystrophy (DMD) is a lethal muscle disorder caused by muta-
tions of the DMD gene, which encodes a 427-kDa spectrin-like cytoskeletal protein,
dystrophin. Exon skipping induced by antisense oligonucleotides is a novel method to
restore the reading frame of the mutated DMD gene and rescue dystrophin expres-
sion. We recently demonstrated that systemic delivery of antisense phosphorodiamidate
morpholino oligonucleotides (PMOs) targeting exons 6 and 8 of the canine DMD gene
efficiently recovered functional dystrophin at the sarcolemma of dystrophic dogs, and
improved performance of the affected dogs without serious side effects. As a strategy
to target hot spots of mutation in the DMD gene, we also tried exon 51-skipping using
PMOs in mdz52 mice to convert an out-of-frame mutation into an in-frame mutation with
restoration of dystrophin expression in various muscles and improvement of pathology
and function. Progress in adeno-associated virus vector serotype 9 (AAV-9)-mediated
DMD gene therapy has enabled the delivery of the therapeutic gene to the whole muscu-
lature, including cardiac muscle, while evoking minimal immunological reactions in mice,
dogs, and non-human primates. Furthermore, DMD-derived patient-specific induced
pluripotent stem (iPS) cells could be a potential source for cell therapy, although there
are at present hurdles to be overcome. In the future, this technology could be used
in combination with exon skipping or AAV-mediated gene therapy to achieve clinical
benefits.

Keywords: Duchenne muscular dystrophy; exon skipping; AAV vector; iPS cells.

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is the most common form of childhood mus-
cular dystrophy. DMD is an X-linked recessive disorder with an incidence of 1 in

*Invited review article.
8 Corresponding author.
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3500 live male births (Emery, 1991). DMD causes progressive degeneration and
regeneration of skeletal and cardiac muscles due to mutations in the dystrophin
gene, which encodes a 427-kDa subsarcolemmal cytoskeletal protein (Hoffman et al.,
1987). DMD is associated with severe, progressive muscle weakness and typically
leads to death between the ages of 20 and 35 years. Due to recent advances in
respiratory care, much attention is now focused on treating the cardiac conditions
suffered by DMD patients. Although various new therapeutic strategies, including
new drug design, gene therapy and cell therapy, have been proposed, no effective
treatment has yet been established (Table 1).

Impact of Exon-Skipping Therapy

Exon-skipping therapy is detailed in our previous reviews (Nakamura and Takeda,
2009; Miyagoe-Suzuki and Takeda, 2010). Here, we present an overview of the
most specific impact of our approach. Dystrophin is essentially missing at the sar-
colemma in DMD, although some dystrophin-positive fibers, called revertant fibers,
are present. The number of revertant fibers increases with age due to the cycle of
degeneration and regeneration (Wilton et al., 1997). It is currently thought that
the molecular mechanism underlying the revertant fibers is the skipping of the exon

Table 1. Clinical trials for DMD/BMD.*

Category Drug/Genetic Phase (ClinicalTrials.gov)
Drug Myostatin blocker
interventions - -~ MYO-029 . Completed; not effective
Read-through
PTCl124 X Completed; not effective
(Phase IIb)
Gentamicin Completed; not effective
Others ‘ ;
Pentoxifylline Completed; not effective
Idebenone Phase III
Ramipril vs. Carvedilol Phase VI
CoQ10 and prednisone Phase III
Coenzyme Q10 and lisinopril Phase II/TII
Debio-025 (cyclosporine analogue) Phase IIb

Gene therapy Exon skipping (systemic delivery)
PROO051 (21-O-MePS AO)(exon 51 skipping) Phase III
PRO044 (2-O-MePS AQO)(exon 44 skipping) Phase I/1I

AVI-4658 (PMO)(exon 51 skipping) Phase IIb
AAV vector '
rAAV2.5-CMV-Mini-Dystrophin Phase I
Cell therapy Satellite cells (myoblasts) Pending
Mesoangioblasts In preparation
Mesenchymal stem cells Ongoing
Induced pluripotent stem (iPS) cells Experimental

*Detailed information can be retrieved by using a registry of the clinical trials conducted in the
United States and around the world (http://www.clinicaltrials.gov).
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around the original mutation, which gives rise to the correction of the reading frame
and expression of dystrophin. Consequently, exon skipping has attracted attention
as a strategy for restoration of dystrophin expression in DMD. To induce skipping
of specific exons during mRNA splicing, antisense oligonucleotides (AOs) against
exonic and intronic splicing regulatory sequences have been generated. This use of
these AOs has been shown to correct the open reading frame of the DMD gene and
thus to restore truncated yet functional dystrophin expression in vitro (Takeshima
et al., 1995). In order to overcome the unstable disposition of single-stranded DNA
or RNA, the AOs were designed using various chemical modifications of natural
nucleic acid structure (Fig. 1).

Intravenous infusion of an antisense phosphorothioate oligonucleotide created an
in-frame dystrophin mRNA via exon skipping in a 10-year-old DMD patient possess-
ing an out-of-frame exon 20 deletion of the dystrophin gene (Takeshima et al., 2006).
Also, the adverse-event profile and local dystrophin-restoring effects of a single intra-
muscular injection of an antisense 2’-O-methyl phosphorothioate oligonucleotide
(20MeAO), PRO051, in patients with DMD were explored (Table 1). Four patients
received a dose of 0.8 mg of PROO051 in the tibialis anterior (TA) muscle. Each
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Fig. 1. Nucleic acid variations used for exon skipping. (redrawn from Nakamura and
Takeda, 2009, with modifications). A, DNA; B, RNA; C, peptide nucleic acid; D, ethylene-bridged
nucleic acid; E, 2'-O-methyl phosphorothioate oligonucleotide; F, phosphorodiamidate morpholino
oligomer (PMO); G, peptide-linked PMO (PPMO).



