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Development of Molecular Therapies for Muscular Dystrophy using cellular and
animal models

Principal Investigator: Yoshitsugu Aoki, MD, PhD
Director, Department of Molecular Therapy, National Institute of Neuroscience
National Center of Neurology and Psychiatry

Project period: FY2020-FY2022

Human genetic therapies have come of age in curing rare neuromuscular diseases. The
nationwide research group aims to better understand and improve the treatment of fatal and
currently untreatable muscular dystrophies, including Duchenne muscular dystrophy (DMD). We
are dedicated to elucidating the molecular pathogenesis of muscular dystrophies, especially
Duchenne muscular dystrophy, and the development of advanced gene- and stem cell-based
therapeutics for the diseases. For this purpose, we integrate molecular, pharmacologic, proteomic,
and genomic methodologies using various types of unique animal models, including dystrophic
dogs, mice, rats, and common marmosets. We are combating these diseases through research
aimed at implementing promising novel therapeutic strategies, including oligonucleotide-based
exon-skipping therapy and induced pluripotent stem cell (iPSC)-based cell therapy, into clinical
practice. One of the significant achievements of our research ‘group-is the approval of our
antisense oligonucleotide-based exon 53-skipping drug, viltolarsen (NS-065/NCNP-01), for
muscular dystrophy in Japan, following a successful investigator-initiated trial of NS-065/NCNP-01
(Sci Transl Med. 2018;10).

RESEARCH & RELATED Senior/Key Person Profile
Principal Investigator
National Center for Neurology and Psychiatry
Yoshitsugu Aoki, Director
Co-Investigators
National Center for Neurclogy and Psychiatry
Masayuki Sekiguchi, Section Chief
Satoru Noguchi, Section Chief
Rieko Muramatsu, Director
Kazuhiko Seki, Director
Daisuke Kawauchi, Section Chief
Shin'ichiro Hayashi, Section Chief
Madoka Mori, Section Chief
Kyoto University
Akitsu Hotta, Lecturer
Tokyo Metropolitan Health and Longevity Medical Center
Akiyoshi Uezumi, Associate Director




Osaka University
Soichiro Fukada, Associate Professor
Tokyo University
Kanjiro Miyata, Associate Professor
IMSUT, Tokyo University
Takashi Okada, Professor
Tokyo University of Agriculture and Technology
Masaki Inada, Associate Professor
Nihon University
Yusuke Echigoya, Lecturer
Ehime University Graduate School of Medicine
Motoi Kanagawa, Professor
Sapporo Medical University
Takashi Yamada, Associate Professor
National Hospital Organization Matsumoto Medical Center
Akinori Nakamura, Director
National Center for Global Health and Medicine
Hideo Shindo, Associate Professor
RIKEN
Shuntaro Chiba, PhD
Central Institute for Experimental Animals
Masahiko Yasuda, PhD
Japan Muscular Dystrophy Association
Hisanobu Kaiya, President
Tohoku University
Naoki Suzuki, Assistant Professor
Alberta University
Toshifumi Yokota, Professor

STATEMENT OF WORK
Specific Aim 1

Development of new therapeutic interventions using animal models of neuromuscular diseases

a. Development of genetic therapies for muscular dystrophies
Investigators: Aoki, Miyata, Echigoya, Hotta, Okada, Nakamura, Chiba, Yokota

b. Development of stem cell-based therapies for muscular dystrophies

Investigators: Hayashi, Fukada, Uezumi

c. Discovery of new pathological mechanisms in neuromuscular diseases

Investigators: Noguchi, Muramatsu, Seki, Kawauchi, Kanagawa, Yamada, Shindo, Mori, Suzuki N

Specific Aim 2
Quality Control of Experimental Animals

Investigator: Yasuda
Specific Aim 3

Ethical and social studies to develop new treatments for muscular dystrophies

Investigator: Kaiya
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NI A I —ZEEICHER L. HITRO
Wit E = EME T TRE L 2. mEDOHICIE
ZREDIFEB RO 517z, /> T. HHLT
BT O OBBERY 2 FHI R E /L TE /=,

EZR
ARWFFEIC L o THESL SN2 AT A3, &
BOATRLS, KU THWSNTNWAEEL
IRERETIIVICEMAGETH D, HiyrAbhoy
4 =72 EDHEBIITFNE TR T 2 PR MR R
BT AMHES AFLACOEEELEZDET
B W RIE BT AR s R TR B oD R4

T—H—E U THRET 23T THD

et
WolfizERE L, BEMHEK
F LB LT,

RLER S A

SBRORE

iR BRI & OFMEO /=011, BT
Tz, EDE DR ERH WD Y AT INBE
Thbd. Fiz. ﬁk%ﬂ"ﬁfiéa) FREmOFm & O
MR ZEMERT 57201213, BRI NSEW A
REERX (O y 7)) ’?5\ KEHTFTTOEHY (tail
suspension) 73 EVHHEM L TIIH WS NT

DT, 2@&%@&27??%?%@@%

ﬁT Blak Dz, Hiz#ESEL., 251

L TWE ﬁ“ﬂf%m%tﬂme¢%ﬁ
Do

MFEHER
1. Koizumi M, Nogami N, Owari K,
Kawanobe A, Nakatani T, Seki K (2021):
Motility  profile  of  captive-bred
marmosets revealed by a long-term in-
cage monitoring system. Front. Syst.
Neurosci.  10.3389/fnsys.2021.645308,
15 April 2021. &EHE
Yaron A, Kowalski D, Yaguchi H Takei
T, Seki K (2020): Forelimb force

direction and magnitude independently

2.

controlled by spinal modules in the
macaque. PNAS 117(44): 27655 -
27666, 15 October 2020,
https://do1.org/10.1073/pnas. 191925311
T Bl

3. OyaT, Takei T, Seki K (2020): Distinct
sensorimotor feedback loops for
dynamic and static control of primate
precision grip. Communications Biology
3 (156), https://doi.org/10.1038/842003-
020-0861-0, April 2020. EHHE
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ARIEISNENIES O 5 5 R BERNEE O —D
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INTWD, KMEBICELST > M EEREDD
B 7 % DD RELA B ERIEIL, LREOPRT
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BIFRORNBIKGFT 2R TS, TIT
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&Iz IEERES IV ERHL. FNs g
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HiE
RELA B BARIE TIINEE A R & B E -0 8
THIEBHENTNSD, INSOEBEICBITSHt
WORNT T FIVERET 272017, £TE T2
kB EXRE>1000 BRENSEGHEETERET 2 &
EHIZ, HBLTRET2EETHEMTT 5, —
75’( FEIN=RAMGEERT EZ~< 07 AMNIZHE
Y BHIET, BBAEERSL, BRI N/ZIEE
THSE U TE < MIREEEGE S 7 F IV E RN, RKIIZ
Eh-TOATHBL TS 7 FINERDADZ
ETEBROEETEMNEZD, DDOETIVEM TH
Wl Re/s BB T2 RET 5,

EE S

b~ ERERIAKD RNAseq & 0>10 DF M EE R
TFFEE SN, %< DREEE T4 ZFTA/Cllorf95
BWEFEORE LY NV EERBETLHOTH
D7z, INGDEETF OB AMEZE T AIRFHINIC
REIED
ZFTA-MAML2, ZFTA-MAML3, ZFTA-NCOA2 & Z 11
SETOEGTREICLOMEENFEINZ. &
C/mZNSDIEED RNAseq 275 2 &2k, &
BAZIGBE LD 2 &M S NS0T
NEAEEN, & MROEETFREA SR T S &
T, GLR B FHRBEEMNEREETFE L THES

FIZEXORE L2 & 2 A, ZFTA-RELA,

N7z, GLI2 BIZT D shRNA IZ &k 5 n FHRIFEE
PRI AR, Z@bRICIDEREREIZNTN
HIEEMEOWIEZREL/-Z &5, GLI2 8
RELA B > b L ERBOMBEEICHIENTH D
ZEMHSMNETR ST,

2
BT A8 A TR/ GLI2 FHERNT—HRmIC
BIEFR NS < B BAEIMEWS, K0 RHER ODzn

A H D NTEN A/ DDS 2R TS I & TiRE
WZoT2Z EalREicis s EBbns,

TEE

HEHEEOBWRELAMT > b E ERBEBICBWTEHE
OIBEZEMN ST GLI2 Z2RIE L7,

SRR

Zheng T, Ghasemi DR, Okonechnikov K, Korshunov A,
Sill M, Maass KK, Benites Goncalves da Silva P,
Ryzhova M, Gojo ], Stichel D, Arabzade A, Kupp R,
Benzel ], Taya S, Adachi T, Shiraishi R, Gerber NU,
Sturm D, Ecker J, Sievers P, Selt F, Chapman R,
Haberler C, Figarella-Branger D, Reifenberger G,
Fleischhack G, Rutkowski S, Donson AM, Ramaswamy V,
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Brandner S, Driever PH, Kros JM, Snuder]l M, Milde T,
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author.
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Stark R, Sekhar Reddy Chilamakuri C, Hoffmann N,
Wickham~Rahrmann K, Widdess M, Arabzade A, Zhao
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WHPANOT 0 —ORBFTEE L TEBRHSH
& AW =BHEEENIFIN TS, Biich
T, BEEE L M c A LT

EIZFGT D720 TR —HRI3KIEREBIZA D,

LS L TEEBETDHIENTES, Ll
TR, RSN TR L =il 0 % < 1384
BIZHAEDHMREELTOEEDET., TOFL
ROMIPHEEE /2> TS, —F, BEEED
AT WE R AR, RO RS
L7 REZMFF L - E ERIIE#RT 5 2 &0
U<, BHIZHEREORSMOIE 2R L2
A OMERNABREDRE L 2> T, T
TAVIZE T B DML O R EHR B &
O bl z AT 2 Z &2 HWE Lz,
MR O R b 2 Hefr T 23 403, Notch U
77> B (PLoS One, 2017) %> p38 [ A (Stem Cell
Rep, 2015). BHERBALEET elF20 DFHEA (Cell
Stem Cell, 2016) 72 E%&H W= DTN H 5
N, BHREEZOBHENE TH 2D DIFFRER
HEINTHiRWn, B3, LF /A CBZEET
dZARMETSIZUES 7S A MR WER
FIEITRLO, BB ORS MM Z & < RkEF
LIEFEERUMBERTRTHS ZEE2HZICA
HLUTWS, INSOERBFEZRALNITSE T
KD s RIE O RS EHER BERE 2 R R =
N, BEEOR EARFEEIN S,

ik

Bp 414 C57BL/6) (6-8 i) YA XD EILY —
5 —ERWTSME 2 EEE L /-, BEEL 2
fMlEB L= T A WMlaikk c2C12 I2BiF 2817
5LF /A EEZREK (RARa, B, y) OFERED
T AY Ty MI&OEMT L7z, RIZ RARa, B,

v, RXR OZFNFNDU H > K& FHefiia iz asmn
U, W& ARSI RAR YU H > ROBMEH
HlEhRZE AT L7z T 5IZ. RARUDUH > RT
HDLF A EE AmS0 & C2C12 B L ONHEH
RIZERm U, BB AR & OV B S (T D FEER,
ISR VFI/ACEBETFINDOEY =Ty N TH
% RARBDIEI % qRT-PCR IZ L o THEHT L 77,

E=g S

DI ALY T 0y MK DO, R
TIEFEE U TRARaMFEHR L Tz, RAR (o, B,
y) ERXR DU JF > REMEFEEATRML .
HERMAEZFMEL /=& 2 A, RARaD ) R
DA RE R U7z, BRENT &I
C2C12 WA I IE TIZ RARaD U A > RiZxt
LTERBBREZR Uz HEfaicBW T,
INFETHHEENRELZEBD, LF /A8
BELO AmS0 13 ICHE DR EHHI L .
Myogenin > Ckm & W\ 72 (i b~ — 7 — DRI
EMHEILZ, —5, crizBwTiionsol
F A CEBZEED) H 2 RO L > THIZ
MERRIIREL ., B~ —H—OFRHRE L7
Ulze /20 VF /A B TFINDE =7y K
ELTHSN D RARBE Gpx3 O gz B
DFIE % qQRT-PCR 1T & o THRHT L 7= % 5.
RN 2 BERIER DY 5 FEH L H &2 20, 36 iR E
—JETHIEMHSENEE DT,

EE

INET. LF /A1 BIEE MBI NT
RARB,BLU RARyZ S L THMbEMHI T 2 H0
TN TS (Cell. Mo. Life Sci. 2016), LML
TRMM B AR I > TZOEMRIZRAR0EN LT
Wb ZENHLNERD Tz,

C2C12 LI TL T/ 1 2V BRICKT 5
RN < B2 s 2 E3IEFEICBRGE N, 2009 4E
IZ Zhu 512 &> THERERICLF /1 »EEH C2C12
DL ERET D Z ENMEINTND
(Differentiation, 2009) . 4#. RARa®Fi{k % A
W37z ChIP-seq BL N RNA-seq I Lo T &Ik
0. WO RMEEHER BB LT/
1 VBRI K AERBFOFMPH SN/ 5 &
EZO5NBD,
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74(10):1923-1936, 2017.
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Dystrophinopathy [ E4&Z4 5 dystrophin
BERTFERICE > TAHUDHIRET. BER
Duchenne %! (Duchenne Muscular Dystrophy, DMD)
& ESET: Becker 4 (Becker Muscular Dystrophy,
BMD) . BELOHIA (Intermediate Muscular
Dystrophy, IMD) &EZNZTNDREEZFMN SRS,
MTAE, DMD OE#EM - DMIEEICHT SHAB L
OB FRZIRENEAI N, HEEICXHT ST
BidekE L T < 2 &R RS, UL,
dystrophinopathy IXrP#E#REfEE B> THD
I 5 HIRFNLEIR AR S 708, JREE - R
RCEHBREN T RHIN TN ETE AR,
Dystrophinopahty @R #FREREEIZ D WTH
R EHR2RFEZRETSHIEEZHWE LR, 54
FEVE, DMD i e S B S 2 BRI Z A5 A L /2.
ik

SRR E 2T 272 2 & D H 2 BBl ik
ANEO DMD BEZMH L. EFEEZFRI L 28
PG T R OB SRR & OB A o 72, &
TR - N TIPIRERIEEE . BR T2,
FEEMRERE, 1Q R AR EBHFITOVWTIIIN
5 OEERER & OBEZ R L7z,
EE S

YRR RN RZ 2D H %S dystrophinopathy

BEODL R2EFLLTTHRITRELZNADD L,

HERENTONZOWE 41 4. D BRMEFEE
OEHNH o7z 2 BERRINL 39 A o7z, EHR
A DIFEEES 24.9 +/- 76.6 (13-38, median 24), #x
rIBLERE 9.8 +/- 1.6 (7-12, 10)k%. 37 &ASAL
M ZRFIH L TH 0EAFR 19.9 +/- 4.8 (12-32,
1INTHo7z,

R ANBUIEEE MR1 13 44, 3HE Singe Photon
Emission CT (SPECT) 17 44, BH#{ CT 32 44, SPECT
1326 CT SEMIRE STV, MRI Ti& 13
7 4. CT THL 32 49 20 A4 ICRTBHIERSLO
MAEREN R SN, FEi & 1Q CFRERE DM
WHERBEEEIR SN0/ RFIT3IFEL L
ORI ZEBRITT CT 24BN, 6 HATEROIE
L3R 517z, SPECT TII&pNZ B O ik
iR, 18 filth 17 AVIHIEES - /-, FINFIRER

CT T Mt N ERAL =R DI EE DI ZEHE 2 18 4l
9 fili2FRD =, CT & MRI ORENZFT R O Fe#tid
RENsno iz, 1 B OHERAYIZ SPECT M ER
T3 1755 22 IO Tl T O EN A
5Tz,

BIRTFERE OB T, dystrophin @ isoform T
HD Dpldd 2R ZENEEINILERER -
TWHEHFIT. CTTHEEREHREZE L.

EE

DMD 23 @ SPECT ##& Tl 4], CTHRET
V32 e 20 1, MRI T 13 & 7 B IMZEHE
IR, EFHEAURME TN/, Dpl40 V& CT 24
PITHEL TWRWEISHNEN o 7208, 26T
72 < EEE AT 2 ERIIMICDEFEET D,
DMD 12 %95 AR VM 5 D T1, T2 iR % T
WHREERDT . HET > )L MRI [Doorenweerd
20141 MRI i ifiL 7% 8 452 [Doorenweerd 2017],
PET[Lee 2002)/2 EEEKR OB TIEHM LIC< WA
HEZ o/, B DMD IR LRI T n
HING O S IETRE 2R L7297z
W, AR TREOHEN SN0 ZHBEE LT,
HMRBENRNTD D ERAEDN - 2 WTRENES
HD. THRITHEEE ORI E(LEEET
LFETH D,
WIRDRAE LT, RENA T A, BRHERERE
AR+ TH D &, EITITDIL MRI +° SPEC
THRENEEEIC /2D ENSEHRNHL W &
M5, CT I BRI YE < A TIEEs
EFBLENOMETE S0 kmELRE L
THEREE AT,

kam

DMD B3 OB A IE G DINZEHE - B
MFEETRRESN., EFTETHLRENH S,

ZE R

1. Lee JS, Pfund Z, Juhdsz C, et al. Altered regional
brain glucose metabolism in Duchenne muscular
dystrophy: Muscle Nerve. 2002
26:506-12

2. Doorenweerd N, Straathof CS, Dumas EM, Spitali
P, Ginjaar IB, Wokke BH, et al.

Reduced cerebral gray matter and altered white

a pet study.

matter in boys with Duchenne muscular dystrophy.
Ann Neurol. 2014;76:403-11.






7 LAmEERERWEH A MO T 4 —H
BIE DR

B B
B RS iPS MR ZE AT

s

Duchenne B A b7 4 —1d, PA DT 4 >~
BETFERNRERER>TEEREIINS, LN
2T, ZORREDBETFEREZEE TSRS
BN EWMBIND, L LRSS, PAMa7
€4 PBEFIZEKRT. MEROEEFIRERNY 5 —
TIHEATLZ LIRS TH /2. —H. ToF
DAFVAEFIB LTS A NI T 4 VEETFORE
DL EAFvETIHLIEITEIODIA L
O74 >OEABEHRAMEERETED ZEMALN
THO, HRPTHEHFE SRRV D 51T
Wb, LnLians, 72oFt A4 U Td nRNA
WERT 2729, $hRIT—BETHD., HEDIREZE
EEICHE TGRS 57201120, MBI DIRL
BENpEEID, TITRAE, HCBE L2
CRISPR 7/ AREHMICERL. ¥/ AL NV T
DV AFVESTEFEETLEEHET. R
DNA D A UIM 2 k4720 Base Editor il
FOEEMHEDENWATFLELTHERHEINTHED.,
ERPA MO T 4 DEETOIIV AFVETS
ANDOBRIZDNTHHARGENH 248, EDXDIT
A AR AN BT 208 TH S [Chenello
Fetal, Sci Adv., 2021].

PRI AAV XY & — 72 T CRISPR-Cas9 X
7 L7 —tBase editor DEZENFTHN TS,
ANV X7 &7 = 3BEL, LITHE > THREER T
He oo, Casd #RESE-GEITITA TS —F

v MERZEACKRT T —WHBADI A I@EE D,

RANETAIN ARKIT & R WM E O — @18 A
it [Gee P et al., Nat Commun, 2020] DBIFE%EED
TR, BEtoEmWREEREZ R ET. i

Base Editor 13 Cas9 Bifll & thfg L THHEIZH 1 X
MRKEL, BEDOTAINANT & — (AAV &) TO
REIRETH S, 2T, BAVLIEIAFEL &
TANARLTFER WY N EREES AT
Zs NanoMEDIC Z3#E M L. Base Editor O##HiB X
DikEx HIEY,

ik

Base Editor ICid7 5= > 2249 % Adenine
Base Editor &, > b > E&ZEMT S Cytosine Base
Editor i KM SN, fETHRAAL DU LR
—HER SIS CTHBO Y1 T e N TS,
B4 VIEHKD Base Editor #AFL, E b A DO
T4 DI ATK LT gRNA 28 L7 T
) DAFETINFEEINDEN T2 T—
YINFEAT 5L R —F —#illdics LT, Base Editor
& gRNA DM AR EMAEL . BDNENITLI Y A
FoESTEEERDYEMA L., E£7-. Base
editing{EHEIC DWW TIE EERIERAL &2 PCR THEME L .
Sanger — 47 ATHMT 5 & TEMBEEDR
LR ERPEL .

R

F 913 NanoMEDIC 12 5k 9% Base Editor ®E
ﬂ%iUﬂM@%é&m?ét T D gRNA
DOHFEZETD /2. FOREH. Base edllorthA(ﬁ
%MKWDT\M%eMUm@E%iUIQV/
AFw B TEEICRERENR SN, Base
Editor JA® gRNA 51 13, PAM O & it
WA AIRE/R IR B O, &2 T
VDA TIGA L TT I eTI = AT 54
27 RP—EFNZX U Tl YA ArE I gRNA %
THA LT ENRHELTRERDH L ALNTZ,

EE

Base Editor ldX 7 L7 —tY % 7 Casy &t
L TREEDPENEETDONTNDEN, Fra DR
FELZR D T >y —4 v b OmETEEHIK
<, BERIBRRET LOHIKNRH D EbnihoT,

Thm

kDX V7 —YH5 17 Casy DLk EELC
T, KDWY Ty o AFy ¥ TEE I
DWTHIFZIED HNHENRD 5,

BE B
Chemello F et al., Sci Adv., 2021
Gee P et al., Nat Commun, 2020
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HE

M A MO7 0 —TId, BRIOEEL - i
L2 5. JBIHL - #ECIZZNEANT S - HHgEE
BTFOERERZ720 TR, hoikiEEk (Hag
BB ETIRE OYREE TS L&D
DIRINOE S5, BB ORI - #H DR
FIES KABHTH® -/, 2 HEUFFHE S ISWRE
IZHFAE U A0S & 13 s 2 T R all AR I D[R]
EWZRDIL . ZOHMIREAREL - FRHE L Ok &7
5 EEERTHDTHSMI U VY, BIEERA
WA I RaEICE 59 5 —F, HABETIImEE
MilRzEXRHI2yFMlaE UTHERL, itz
RET2 ¥, I5IT, HHEIEE S ITEFIREON
DHEFFICMBERATRAIE S BB OEE R L T
HZEBHEMILTWS Y, Z0ZEMS, B
it - HBHEALOMHE 2 BN ET 286, BICHESRA
A DSR2 K 5720 Tld, BIZERREBRMEOR
POWREZIIET 2 Z LD No Nk, o
T, BRI A SO 7 4 —OBFEICIIME
RATEHIRE O —mE 2 B L, Gl 95 2 Lol
2725, AW T, B - SHEORR & 722
32 32 BT BRI A 2 7 97 2 TRy O BRFE I B D LT,
FERG{L - B L O REMIILICERZ S T, UI9EhsE
ETSZET, INETRAFETH o a1 - 42
Mk 2 IET 2 ERE R AT REIC /2 2 S Hiffa
5, Fiz. FIEERATERHIRIC & 2 Wik 2 A0 ST R
fEEA S M TENL, HEAEREREATERET S
ZEBWFHETED., TSI, BRRERTFOFRERE
= H DM DOBAKRBREDOR BN R A2 X85
EWIHDRND0, APFIEHA O T 4 —1h
WOEBRICETOHIARBEEELZ5TEEZLN

ZOO

Jitk

APIFE T, FZERFBRMILZHRET 2 Z & T
- #ifbz ML, HHEEZEETSHIA MO
74 —DIBFIEREE HIET

T TIZ, MIZERMEGHR O ZmiE oM, BRI
b MBS RO S S E B E R AR AR L
ERA )= TMEVTF A T HIVIR
MERATFEHRORMIRE R 20§ 2 2 &2 /A
LTWs, F£7z, MERMEMRICHEISLF/
A UETFINEEE LTS 2eamERE L TY
b, FIT, HPAMOT4—FETIITAERN
TAILEY ORI RERT T2 & &6, HidE
WZBITDLF /A BT FIVOBENERTBR
U BT FIVIZEDWEHI A RO T 4 —1HED
TSN ENRD,

R

MEEICBITDLF /A B T IVOERERT %
WETHD, VF/IACESTTFILNOLER—5 —
ROAEZHWTHHAEBREREL 2. TO/RKE,
LF /A B EEET DMERIBMEEZICS Y
F I MBI D cell autonomous 3 7 IV FREE &, REE
FETRA AL LA > 7 F L3530 D non-cell
autonomous > 7 FIVEEFET 2 T LA SN &
Rol.

Ee2

A FAE B 2 T cell autonomous, BTN, non-cell
autonomous 7R L I/ A VB 7 IV DFEREINE 5 I
IR0, VF A S T FIIVHEMEN DA
BAEZHEL THDEEX 5. 4B IN50
MR & HIT, cell autonomous 2 7 LS & non-cell
autonomous > 7 T IV DFENENIZ BT 5 T ik
MRTF OO WA, VF /A VB 7 IV
K DHEARIE AN X LAOFRERET.

vE

LF A BT FILD cell autonomous > &7 F L #E
#% & non-cell autonomous > 7 F IR OEEEH S
miz Uiz,

& K

1) Uezumi A, Fukada S, Yamamoto N et al,
Mesenchymal progenitors distinct from satellite cells
contribute to ectopic fat cell formation in skeletal muscle.
Nat Cell Biol 12(2):143-52. 2010.

2) Uezumi A, Ito T, Morikawa D et al., Fibrosis and
adipogenesis originate from a common mesenchymal
progenitor in skeletal muscle. J Cell Sci 124(Pt



21):3654-64. 2011.

3) Uezumi A, Ikemoto-Uezumi M, Tsuchida K. Roles of
nonmyogenic mesenchymal progenitors in pathogenesis
and regeneration of skeletal muscle. Front Physiol 5: 68.
2014,

4) Uezumi A, Ikemoto-Uezumi M, Zhou H et al,
Mesenchymal Bmp3b expression maintains skeletal
muscle integrity and decreases in age-related sarcopenia.
J Clin Invest. 131(1):e139617. 2021.
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BO, 70FEREHEICD E ML) CEEE AR
TEEE. DG BEIE B TOUEDISPDIFY E h—
VU B DBESEATEME CDP-U E b= )L DA REER
THHIEEZMPLN), DFED, UE MY >
FEHESHOREICE 5T T3 Z A EORSE N M
ETET. HEEME-MEEOHEENIET 2 &N
FERE B L7025, AROMEBEITHB W T, b
OOTFHEFICERL., BHEHRATOMEEERETS
DG BLHREDIREIEZ T T 5,

Fk

DG BHE . 71T ISPD RIBENT X9 D1 FIEDH
F¢%& HHE L. ISPD B3R RS HE D < FESHE ik D
HEEM R ERT 5. BENIZIE, OISPD RIEH X
URERT Y ZZEH L. @QCDP-YU E b — )L #li FefE
EBLNYE M=l REEOE I EZR S NTT
%, ISPDIZUE R—)L 51U EEMNS CDP-U E h—
WEERT DEEERTH D, HE- T, ISPD RIEAITIZ
CDP-U E b—IVOHARNENEEZLSND. F/z,
JER=IL5 UZEBAOBRIMEMETT 5K D725
FEWERKTIE, UER—=IL 5 U VEBEOERSHHER)
EEZOND, AFHETIE. ISPD OB R
conditional KO (cKO) ¥ AL BHERDY J L
LT AEEHL, TORBEMBIT TS, KNT,

INBEDRIAND CDP-U E M—JLYUE )L
5 U CEOEREG THEDRNRD 5NN RFET 5.

TER
AERET, BHRHERNL ISPD-cKO Y7 A &,

BELREREZYT ) LAREET/ v 712 LT
EEH U7z, B#W ISPD-cKO < 7 3. ISPD FLOX
YT AR)E Myf5-Cre YA EMTEDLEDZET
77 (Myf5-1SPD-cKO) . Z D7 A1, #l#EN CDP-
JER—VEOETE DG HEEE A LD, 8
Mo A a7 o —wEZRUZ @R . —H.
JE M=V EEN T EEZ 55 ISPD JHlE
BERZRHLZEZA, BROEMZRLL .
SEET, ZORNS XEREYT J LAREICTIY
AZHEINC ) v AL, RERYIAER-, Z
DEREZFREFZH DIV AFELSNZMoZ. 52
T X BRI A & MyfS-ISPD-cKO Y7 A 2T &
Hhi, BEANTOLRYTADOERE KD, BT
ET. 2IEOFEENESNTNSEE, WTNd DG
PR EZEZRL, 956 1 ERIZMEAN2HC X o
T4 —REERTIEEMHRL TS,

e
Myf5-ISPD-cKO ¥ 7 A& DG B EIZ B 75
CAROT 4 —REEHBELTE0, SBROERT
IA¥E° CDP-U B b — )L/ R ET IV &
Bb, —H. XERIDZIZDONTIE, FETYTX
. fthod DG BFHEE T KO ¥ AFRRITIRA 2
FETHO, VE b= IIVHiAREEERIET 272D D#
NEETNEFEVE N, BEADY E R—ILHR
WERETSBOBEEVWA D, — /T, #HEANT
O ATIIHELZRT ZENTFEEINDG 2D, 4
BT, EEANTORTAZHA WY E M= VEEE
DTN FETHD.

wE

ISPD RIBEHP A b7 4 —iZxtd % CDP-U E
IV AREEDO BRI T 572 DI M EE
RETFIVIT ZDOERITRIIL 72,

BE R

(1) Kanagawa, M., et al. Identification of a
post-translational modification with ribitol-phosphate
and its defect in muscular dystrophy. Cell Rep. 14,
2209-2223 (2016).

(2) Lee, A.Y. and Lloyd, K.C. Conditional targeting of
Ispd using paired Cas9 nickase and a single DNA

template in mice. FEBS Open Bio 4, 637-642 (2014).






CAMOT7 4 CREETINHYIZBT D HEE

HEARE X KB
WiE sk
FLIEEE B R
HE

E, TFY > - AF v 7, BEETIHRE 7/ LA
RN &, BT RBEHREEORFENED 5N,
Falr XMHBTA RO T 4 — (DMD) IZxT 5
%%Eiﬁ%ibm%?%ﬁﬁfmé.bﬁbmﬁ

, RBETINEHMIBNT, IN5DBEEDR
%%WWMﬁﬁ®%&%ﬁﬁ§<ﬂ%?éﬁﬁa$
BRlIRZ T ITHEAL I TR,

AN B E IR S N2 Y 5 e 9 2 R IHE 1
IR R B T 2N 2 R & LT SN
THY, ZTNET, DMD T, hsRMEIHE I x
TORZENERIT LI ENBEINTV S
(Allen et al., 2016). = Z T, AWFFETIL, DMD A
HEORNREFINT N DR FEZ S > TEMEL 5
LM R OMNLEZHIEL, YA O T4 D RIBET
IWVEMIZBNT, INEMWIH RV BIE S AT L% R
Wy, HERMEIHE (ECC) 12xtd 2B R R BRI
DNWTHMITRET L 7.

Hik

AWFFEE, ALIRER KB LB B 2 O KGR
ZTEMmLU- GRFRESF 1 20-084). EBRITIE, 14-15
OB AR C57BL/6] (WT, n=6) HBXT mdx52
IIA (n=6) =Wz, XU ZXADEEL, 12 KFfH
DAREY A 7 I)VORH T TEIR 24 £ 2°Ca2 ¥k

FFLAEMEZEICTITY, KBXUOEEHIAEERE
LAE,
FREE FIC TR AZEMEL, FOHMELZL

B2/ NEH NV 7 BIER (T HAEER T8
W, EBEEAENESE O ELRDIDICEE L.
TO%, REEMZE NEREM & BRI O g -
M5 FRE=SE 2 e K DI L7z, SR MU
(ISO) MIVZIE, K EREGEE (45V), /NILA
1 0.5 ms DESHNBE Z, 1-200 Hz O FIHEAHE T 600
ms MEMT DI ETHTELEZ. £/7, 1ISOICX 2
S 2 RIS 5 72812, 70 Hz, 350 ms O 38§ #14
Z, 3 EIC 200 BIEM L, FIHIEICHT HE TR

it L7z, —%, ECC ML, AR EHRIBEEE
(45V) OBZHRE /)L A 0.5 ms, ﬂﬁﬁﬁm
Hz THZ 5 ELFRFIC, BER EEELZE—5 —
£oT, YUADEHHE % AEE 150° mfaﬁ
BRI ETHFELR. 7ad, ESHOESHMIT, K
HWHEO0® MEHEE40° &L, 200 BEI210[HD ECC
Z A L7z,

(SR S

1. FRMENHE (ISO) RV B X OWEST i

WT X7 2R, mdx52 ¥ A T, #5712 50 Hz
LU EDOFIBHEEICHBNWT, ISO ML 7 D& R
IZER® B, K 1SO ML 13 30% K F L 7= (Fig.
1).

B
(g) 144
304 12
25] 101
20/ E 8-
=z
154 Egf
10/ 4]
5 24
0

WTmdx52 1 10 20 30 50 70 100 120 z?g)
Z

Fig. 1. Isometric torque production is lower in plantarflexor
muscles from mdx52 mice. Body weight (A) and isometric torque
production (B) in WT and mdx52 mice. Mean ( £ SE). Data from 4
muscles per group. *P < 0.05 vs. mdx52.

—J, REMO IS0 2L 0 #lE Lz s imitic
WEER T AERIZFED SN o/z (Fig. 2). %7z,
BLIRIR N &1, 7RI 24 BFREIC BT 2 &K
woh»ﬁi,ﬁﬁ&b,ﬂﬁm@ﬁif@@bf
W7z (Fig. 3).
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Fig. 2. Fatigue resistance is not altered in plantarflexor muscles
from mdx52 mice. Absolute isometric torque (A) and percentage of
initial torque (B) during fatiguing tetanic stimulations in WT and
mdx52 mice. Mean (= SE). Data from 5-6 muscles per group.
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Fig. 3. Isometric torque production is recovered 24 h after isometric
fatiguing stimulation in plantarflexor muscles from mdx52 mice.
Isometric torque production at 100 Hz stimulation frequency
immediately and 24 h after fatiguing stimulation. Mean (= SE). Data
from 5-6 muscles per group. *P < 0.05 vs. pre .

2. fHEEMEIHE (ECC) 12Xt 2 ikszit
WT ¥ AT, ECCZ 10mamLTH, MLy
DIETIRIFEAER D SN MN o7/, —F, mdx52

12 3 45 6 7 8 9 10

Y TUATIL, 10[EO ECC AfFIckD, FEENLY
7N 40%(E N L7z (Fig. 4).
A WT mdx52 B Torque drop during eccentric contractions
20 ,‘ 20 i34
‘ | 1 100 0{:\—:‘—.—._._!\’1.
_ J || %80 * \'*\?\ mdx52
g 10 i 10 ‘ % 60 * ‘*\:\'*\o
N ol R40 :
| } ‘ 20

Fig. 4. Torque drop during eccentric contractions in plantarflexor
muscles from mdx52 mice. Representative torque traces during
eccentric contractions in WT and mdx52 mice (A). Percentage of
initial torque (B). Mean (£ SE). Data from 5 muscles per group. *P
<0.05vs. WT .

F7z, ECCAMIZKDET Lz MLV IRZERIZE
B9 5010314 HEZE L (Fig.5). 517,
NV 3EIE L7z #1Z, PO ECC % 10 Bl&f7 L7z
EZA, 1EREREED MVZETREDLND
LEBiT, ToEEIIIFEECHM (14 HRE) %
B/

A 120 1%t bout B

=
o N
o o o

% of initial
H O
o o

N
o

0 0

prepost 1 3 7 14 prepost1 3 7 14

Fig. 5. Torque recovery is not facilitated by repeated bout of
eccentric contractions in plantarflexor muscles from mdx52 mice.
Percentage of initial torque after 15t (A) and 2" bout (B) of 10
eccentric contractions in WT and mdx52 mice. Mean (= SE). Data
from 5 muscles per group. *P < 0.05 vs. WT.

E8

FATHRICBNT, 10 HED mdx ¥ AIZHIT
DARE Y2 0 DK 1SO BBEFEE MV 21, WT
RN, K 20X KEERT I ENHEEINT
W2 (Call etal,2011). AWFFIZHBNT, 14-15 B
?D mdx52 YT ADEmKISO ML DK TFHE (30%)
i, PE0nWbOO, IFIZFAEECMERLE. —
J, Scott 5 (Scott et al., 1990)1F, EH/RBIRIZH N
T, CHEHEEMGIL, FhEEBITHEART L0,
DMD BT, g 2EZANPRETFTHI &
ERELTVWS., o OmEICEINL, 5EORF A
\ZB1F% DMD ORI /11d, A IERITEN
EZRTD, 10 EOFFAIZHT2 DMD O HE
3, EHORN20%BEETKEFL, Z0OERT,
FEEEDITERKT LI EANRINTNDS., IS
OHMAMNS, PZAMO7 4 X RIBETIVEIMITBIT
5 1SO MLZ7 DX F#I3, DMD EBHEIZHIRNEET
HHEEZEND.

DMD BEIZHBNWT, FEKRRE I D 60-70% TOD
I1SO Hife iTREREIE, f@HHE DK 20%6BETH D Z
ENVER T TN T VY B (Frascarelli e al., 1988). E7z,
mdx ¥ AIZBNT, DR LIGEIZKDENDE
R824 U % Z & (Messina et al., 2006), & 512,
mdx ¥ AN S 7Zb T AR X OREBRIE
(Selsby, 2011), E R (Wineinger et al., 1998)1Z 51
T, EHMHEIME TS 2 2 EAREINTND. — 4,
AWFFE T, in vivo TORENE DO EMERIEIC KD,
TER=SEMICBNTHEIEI NS OREIZ, WT
& mdx52 D TERIIFBD SNaho/z. TNED
FEROBEVWNBEECZNEIAHATH DD, 571
TEDFHIIEDEWRBERT 2705 L7z,

% < DYEITIISE Tl (Call et al., 2013; Pratt et al.,
2013; Godfrey et al., 2015; Roy et al., 2016), JERIEITY
J i & X BRI ECC ZAfT L TW2D4Y, ARWFFETII,
EREREL m 5, HE AR IZHB W T ECC Afif 25217
PITNEEZSNDRBEMHITHERZD THRITL
(Brussee et al., 1997). = D55, &P A & A
BRIZ, RIETED ECC Afmd O ML o 3EE M <,
FHEICE T L. 2 s o lE, WIT YU ATIE
BRI NaMNo/=2 EM5, mdx52 Y7 ATl ECC
W BREZE N RT LMD S NE. &
512, mdx52 X7 A Tld, ECC ARED ML 935
EREETIETICENMEET S ZERENE
ZEMNS, FOANZZXLITIE, BENGEEREIZS



T EERERSY DN EORERE, AAlHED
BWERNEETSE I EOURBE N, —7, Bk
??t%bllc‘:i:, mdx52 ¥ 7 AT, EHmEOBEO
I, i%fﬁﬁtmm)@mo%mmlé
faf L7212 %)B&fl:bb@“ 24 IR OFEHE ML U85
WZEE L7z, A TR W BCC &ic & @ﬁﬁ%
FilﬁMmHaiD%%m&%25m7ﬂmmm
etal,2018), ECCIZL2H#EEN, AMBENE W
DIZHEC /=D, 35 Wi, IR OB WICE R
THDOMIARETHD. ZOFAIZEL T, Lindsay
5 (Lindsay er al., 202003, mdx 7 AIZHBNWT, A
ML FRRKTEHETO ECC BT, ECCA
TP O RIVIZETREC N ENS, ARTREDS,
ECCIZKDBEZHDMRDODEELZNTFTHD
ZRBL TS,

AR DM D, ECC Z{F 5 @@, Mol &
R, BioEHEsIERILPI<, T5iL, F0
B ORI DR TIEEHE S BORE ST 5
(Lavender & Nosaka, 2006). —J, —J£ ECC &%
ST MHITBNT, HHEREDEE L ZRICZEHO
ECC ZAf T 5L, ZORENEEIEEIND.
OB, BORLHEEEINTNS. EIX
& Z &Iz, Call 5(Call eral., 2011)ld, ECC &7z
FL—Z27% mdx ¥ RIZEW L, BiHEENS

FREIINDZE, £, TOERITL, HORL
MPEOEBRDPEET HAEEEZRL TS, LML
TRING, ARWFFTTIE, mdx52 DEARTIC &ma,@
DR LRSI N0 7z, mdx52 ¥ AT
BOWTEORLDENESS NN ETHEL, N
PIREDHEITICEE T HRREENH D EMS, &
%, I5RBBEFHNILD AN Z X LOMANEEE
na.

T

& HESL U7z in vivo ECC BT R P L UHIME
k2R N5 Z & T, DMD EFI)ILEMTH S mdxs2
TIAD FREZEHFICHBNT, ECCIzx T 21REK
SZHEOTUENSREIIRETES
51T, mdx52 YU ATIHL, ECCHEDEDIKRLZIE
IR EINRNT &, —7F, 1SO ITMT 2R
PEDRTTE L 72T EAVRBE I . BRI B N T
Bo/=IN 5 OME, TEFIIVEME Wz DMD
BEEOEBEN DB RFTMROMILICEH 5T 5D
DTHDEEZLND.
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Duchenne Hff> A b7 ¢ — (DMD) 3. DMD
BRFERICEOPZA MO T 0 ODRBT 2

FEERREBTH D, i, T4 1d exon 3-9 REHE
HEMERTH D T L& WiE L7z . DMD ERT
ZEFLDH) 10%7)S exon 3~7 DIEBICEIE L T 572
O, exon39NIERZETHIAMOT 4 R
HEIZ R LT, exon 3-9 skip {EHEH LD TH Hlz
BRI DT REREZREL TEk, £IT, #
WHD iPS MilaZE AT DMD ORI ZEIR L FE
A B DY exon 3-7 RIHE!PS #ifd & & 23R
EEORBAME L THEL T 5 exon 3-9 RIH
iPS MifaEs / LAfREHMZ A WTERL, &4

O iPS Ml S MEFEE L 2Bk, OATRE
FETHIEEHNET S,
yifes

HENAFTYY)— At =S AF L@
WEME iPS M (610B1) ZEMW., 7/ LERER
firic & 0 iPS B~ DHEIEH IV T L (R-CaMP)
BIEBEN (ASAP2s) 1 > —%—3#1R
T GRALRFEPHEFRLOMEE) OBALL, X
12 Z D iPS MfEN S A EFEE U720 O Ca** OF)
R ONEEEMERF Lz, £/, Z0iPS filla
ERWTT J LAFREFEITITL D exon 3-7 REHB
L WX exon 3-9 KT iPS M O/ESL & 3 A 77

TR

&% B iPS #IE 610B1 @ AAVS1 fEBIC
ASAP2s BEL U R-CaMP SfLARENTZA > D
— Y BT ET / LHERMNZE B W THIFH S
Wz BB E2ITo 72, S 51T puromycin L 27 23
CBIUCre LY baORlL— g DERAVWTE
KEINEFro72. ZOiPSHIlZ (610BIAR iPS &
) M SEIT L7z iPS MIZIZHR LT Activin A,
DMP4, CHIR. XaV IZ X 0 DMl LifE L.

day 30 TRM L 7z & T A0 iR BAY 7R Ca¥ O BN EE
CIEBEMN AR L -. T I T, 610BIAR iPSs
HEERWTY / LAHREIZED exon 3-7 RETB
J W exon 3-9 REHE IPS il & & A EHL., > —

UL AETHEDOERTERZHRLZ.
EE
DMD =T exon 3-9 skip VBEDT A T 713

BRADBIRBELTCERLIOTAT 7 %Y &I Eric
Olson B DT )v—"T7W7 J LREFITICE 0O
MR TERILZZEEZRELTNDS 2, LirL,
BIEFITTAO &7/ LAMREHMTIC L 2R
D - BEhITbNn Tz, £/, AFv T
RBRIZT ) LREN A0 = LRID EFPHINS D
DO, FARaEE, RIhER, REOLEMEI
DNTOMEHBHETH D,

S [a 4 12 #H7 /212 R-CaMP & ASAP2s iz 771
A XN/ B iPS fila & ERIT R L 7208,
ZOMIEIC XD Ca*DERE L TEBENL & o
MO RE 2 SIS 2 Z &talfE & /e o /=, FE iz,
exon 3-7 RIBI B L TN exon 3-9 R EK iPS HAD
RS BRI L2 2 &M 5 RICHEES DAL,
3-7 R&HEIB L TN exon 3-9 REBHIEDE T I
WEMBIHTT 52 EE2EBICL TS, &
5121 exon 3-7 RAEBLLTHIIZIC KN LT A0 B &L
T ) LFREHT T exon 8. 9 skip Z1TVy, M
DEFHROLKEETD 22 HZEIILTWS,

B
Ca?* DB & IG BB AL EN Al RE/R IEH 8. exon
3-7 REH, exon 3-9 REMD iPS Hllfid DIERIT B
D7z, ZN5OMIITED DMD kU BMD @
JRREDEND AT ST, multiexon skip JEFED B 7

WO THMRY =)V sd ZENHfExN 5,
B
1. Nakamura A., et al. Deletion of exons 3-9

encompassing a mutational hot spot in the DMD
gene presents an asymptomatic phenotype,
indicating a target region for multiexon skipping
therapy. J Hum Genet 2016; 61:663-7.

2. Kyrychenko V., et al. Functional correction of
dystrophin actin binding domain mutations by
genome editing JCI Insight 2017; 2(18):e95918.






FHPA PO T 4 —BEEETINI T ADERE - #i5
A5 L OWE
"HEH B
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e

A a7 4 —OBEKRFEHDREMNEDZD
2, BAIGEL T, YA MO T o —EEET IV
R SRNITEOI L hOa—)LRZREM LN
B L OSEEFNRE O ® & THERF L. FZEBEZ 1S
CHETHLE ORI IN—TITHIE L TE. &
oo P APOT7 4 —FERICELIZETILITAD
B & AW E R EMEN 72 © N A5 T 22 i
DRFEIZED., NS OEAM &M L - E R E
ek B &7 > TE .

1 ELT K0EWHKELHFREEZGONTY
LR D 7= DI M R B O 5 B A kR R0 1T SE e
LT&Ek, 2 &ELT, EFIYUABLUO O
— VR A BRI HER L, ERDTZEEE A
MFER /s fitig 21T o7z, 3 &L T, EFI U AR
STREI > Fa— IV RROmiKELLFREEZ E
ELERT— Y OWE - EiTo7/2.4 & LT,
HHET NI ZADOENEIT S,

Hik - wER

RO REEM

R OREERDOZD, EZ—ILT1Y L —
Z— (V1) ZLENTEHEL TSR O E B
N7 MAENFRNB I OEEFNREZY Y T
BEEEMMNCERL 2. MEMHTEZFY > T, VI
B0 1rABLE 3 » A | BIOBET, £
WFICLAS BE=& U > 7ty —DemERH EFE
L. 2HARETH D Z 2R L, TS

U 27EVETES U< 2-3 HRIZ T BOSE T,
SIR ¥ —H—IZ K2R T O T 7 A I EER L.
BEYHREEZERL TE.
2 HYAROT 4 —ETNRUADHERE Y XH)
YD BERS

Bald, oA —BEETILITAD
C5TBL/6] (B6) -dy. CHTBL/10ScSn-mdy (B10-mdy) .
C5TBL/6J-mdx. B10-mdy. utrophin KO. NOG-mdy.
DBAZ2N D2) ~mdy BXOZIN SO > ba—I)LFRHK
I A% VI NTORETL S IR OB REFIZEL
S THERFL, FAIE UTEER Y 2Bz 4B D
U< EHHFsE BRI CTHBE L TEZ. &
2 E O REERIL, BN 1T BEEAIC 46 EIMEG L
B10-mdx % 558 Uk, D2-mdx %z 72 I, B6-dyZ 10 &
DG 686 k&G - 55 L7z,
3. HPA PO T4 —ETIRIADERT — 5%
#r

HPAPOT7 4 —ETIIITABRIOO> MO
—NRRRVAZBITLERT IR OO0, &
I A F Iy VB LRROENEEIND
FHBEEEED D2-mdr X7 AN BVTHRELEE, miE
Creatine phosphokinase (CpK) f&7s % ONC mU g
71 (Wire-hanging test) ZE - AT L 7=, fiEdT
B D2-mdy EHESRBD DL D 2 ZMHT T AILH
T 3EEMN S 10 HEITHNT, &8 5 ILadH
U7ze 3 BN S 10 BOEEZLBNL. D2-mdy T
BOWTOHREICH 7 RE EREFDN D2 &k
L THICEMEZRU 2. CoK L, D2-mdyi2HB 0
THEALER 3 Bl o RE TARREANA S 1.
FriZ 6 BB IC BN T CoK BOSEERH% (79 4, 000
IU/L) Z&&7-. MEH L. D2 12BN TRERY
W ERZRDIZDOIZH LT, D2-mdx \ZHNT D2 &
i U TH BRI NZT T <, 6 SHELAED k-
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