Innovative Therapeutic Approaches of Genetic Muscle Disease
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With Duchenne muscular dystrophy on top, the lines in the list of genetic muscle diseases are ever-increasing, accelerated by the
recent advent of exome sequencing. Steroid therapy with supportive care has remarkably improved the patients’ life expectancy as
well as quality of life, though the outcome is yet far from satisfactory. Innovative therapeutic approaches have been under research
for the past decades, some of which have finally entered clinical trial phase. Exon skipping, read-through, and virus-mediated gene
transfer are the most advanced techniques for Duchenne muscular dystrophy, while many other approaches are following. However,
recent series of clinical trial proved to be disappointing contrary to the high expectation. It warns us against the hype for the gene
therapy and calls for steady and unbiased research activity to face unpredicted obstacles.

Key Words: Muscular dystrophy; Gene therapy; Exon skiping; Readthrough

Al 25t AE 2 1] (Duchenne muscular
dystrophy; DMD)

= Y2=E=ZH(dystrophin) A=}
o) oo clsl el B ofehE Lok A
ol Z3lolt}h, 3547 5 Wdo] ViEEHE Al T2
Acte=d|, @3 creatine kinasex] 502 <lsl T4
Al71e WHAE7| % Skoh Het 9,54, =oj= 134k o]Hd|
HeJo] EsalA| Hedl, 164 o]$7kA] Bajo] 7hsgt
739+ 743 Fej o vlA ST 2EZ 3] (Becker muscular
dystrophy; BMD)Z2 -3t}
DMD3= o} 3,600-6,000 3 & ¥ & WhAste] 45
H2ERy] Hght ol 7P 8} 71 WaL, oAb e
2E JHHY 7|&EHo] ZSHEERY]

Loy
o
o
o
o
ol

Jin-Hong Shin, MD, PhD

Department of Neurology, Pusan National University Yangsan
Hospital, Department of Neurology, Pusan National University
Yangsan, Hospital, Guemoro, Yangsan, Korea

TEL: +82-55-360-2122 FAX: +82-55-360-2152

E-mail: shinzh@gmail.com

201413 Tk IANtst2| M33At ofste] - ZHol= -

ot A5 AT SHIKNE thE &5 Hdhrof vlE) &
A Qlo] 25Hge] Y414 X EE =3AFH DMDEHH
Atk Aol whest,

A FUA SRS OFE AR AT 2dzolER,
prednisone 0,75 mg/kg == deflazacort 0,9 mg/kg?] &%
o2 vjol FoIE QHow Gk, 2ezels Awi 2
A ERAA A3 B3-S PAST 5E71s wAs 5
o], A71%S 3AA7E At o w3 55 B, A
71 &g, Hxr] 2, A A5E vEs Ay A
A2e DMD A9l 2] WS HoFoR FIADS
ozt 100] FboIAE 7|k S 200 Tk
AL SARE g71ke] 2E Rol= A EE B

St
T AEZ Y Ho]9] g A7]H(exon skipping)
= qA495e) 4oel g2l DMpe] A% wo] F

8006 SR = 4 o) o A mi FRe] ofaith,
57 ole] @alo] ofs) A4 3717} obulit 1l W]

15



= 975 (reading frame)o] W7FRA] HH o]F FHo]
Hodo] BT gk wlo} rERIEZke] A KRS
H|5E3) )4 27 fAEEE Aek ddES YehiAl |
o} gk AAd o] 39 wlj ie] Sito R FAE o]
H7ES WHEA Gerhd, 2AE A B o)
A AE AERE AlbE B e ok Al e
HrEsds T e Bedn

AaE tasny o RRe sl Ye fU4 2he
47 SR, 74 o) ol 714 AAe e
Ol §7A ol 3 ol ] ofuliat Nl S|BA|T
A 8k Ae] ok 271l Gelole). bl wel DMDS)
Ho|2 71X F3A=E BMDON Hole FEje] tiE
29 Bulg vl S s Aold

% 3R 2] the Wl Ak BAL b e S
A (anti-sense oligo; ASO)E 7festsi=d], F A} =
T H2ERY 5 A4 g 7|Zxste] 7P B Fe
FEHeF13%)of] 288 = Qe AE51E A FH R sty
WIS AFBIGIE). t2EZA Wo] nRe'e} A
Holx o] Aaprt wig- afrHollon g, Qe A7)
AR AR B RS ket

2-O-methyl phosphorothioate (2MePS) =45 ARE-3k
Drisapersen (Prosensa/GSK)-2 A27d AdAE AxloilA
Fo ade ngow g 1869e] iyt T3hd it
Aok 2 A3 A F AT GAFRIER] 6 271HA
(6-minute walk test; 6MWT) A EA|Ao 2 on] ¢l&= X
5R3IE FHEA Kste] F45 AT Aol ¥
TS 213 DMDE| e A4 BIE AlzAlSkaL A3l
A Forte] okt A4S S AR7EE Ak Qlot g
A DMD X|=Ale] A a3 el qlo] oMWzt 2
o el NEStel tgk whEE Al7Ea et

Eterplirsen (Sarepta)< phosphorodiamidate morpholi-
no (PMO)E ZHO T ARE3= ASO ¢EEo 2 A Ajd
2 Drisapersen® A2 2o} 4l5Ado] ZHof gul] Ao
AEER viF H FolE Sl A dARe] X
Aetk. 107 e] @A} 485714 Frofete] floF F A AA]
Farol| vjsf X 85o] OMWTOA 67 mE 1] Ao} 514
o ofn gl AbolE Hol FoH, 5 AHS T8 &
7 © vzE=ye] welo] ERlH) o] 1205774 7
S A PIAFAME MWTE] 2Fo]7} FAEAL glo]
vl ARl AJEIR, g3 AR Aol clg=le] 2l

AE 2710l AREEE ZF ASO= 57 WHolol] thsixirt

:

m
o >

116

A48 5 glol, &5t 7)ol 4894 g PiEny
dalie el ASOZ Fislol dich, lédd, o

Holof
45, 5300 gk ol 212 Zi7E 68n ] Sk

N 2

A5 F JS A= A=, ofdl tigh I 2 IA
ol x18) Folt}® 715t BE FRo| o ~7lo] Aty
H2he 20% FEe] DMD A= X8 tiato] Hx] E3i),

t2Ez g YAHo]e] Ho|¢17] (read-through)

DMD 9] 13% A= AR ZHo|(nonsense point
mutation)el] oJ3)] WAg}, AFA| Blo|7t lrjet= AelH
Ql Hoel71E Sl A wdwke] 1% 7eFe] whdo] Ay
A, olni=ZE]|FALo|=A SRS AMSSHH HY ©
e frEste] dolg)r] @4 xIxd  glo, 18

o)
P
& AEinto] S AREEE PIAIR N ARl 7
o)
%Y
kel

ZEpto) Al 25T o]&Ado] lo] A7t AME-E
3, A Fofyl Fgsith= wo] ok

Jolgl718 g84or doyiaMs SA4o] gl A+
Fol7t kst kg 3] S8, e ghelngelE o
|35t 188 o] QA HF MFE oFE ataluren
(Translarna)< o]-§3to] AAd 9 A FAIF o] =t
A A2bd AAIF A AL OMWTRE 27 3l
= A8 392 1ol v, 938 ngkre Yokrdt 2}
o]2 Holx| Asitt” sjAlEly] FE o] AAE Fu HY
oFEH> HAHo] DMDe| thal 27 ARE- FRlst e
U, v AFeekae 5412 Baakqint.” oo 2204 9]
@A 23 diitR oleWlAe] A3 A A
& Fol glo] 1 Ax} FEEg "

Holgl7l= gk frixte] el Tt AAHo
e olEdom BF g 7lsdte], atalurene] X5
B}t S9E A 2o oo A18E S Flow
7k, A= 28 23 ol 5-70%E A4
e Aom dEA lom, Mokl viel= A
2 Zdlel 20w} old sgeitt, Ao A
3ol digh A3 AR Al H IR Edou £

P2 AAE= Bl

N

A

Wdo P
fo o ox
M ol ofl

of

o2 w7l AR =

Hpo|H g o] g3l AEd RS A AE U= e

2014 HEHIZDLSIS| H337E S8 THE - 240l -



0x
ry
Ho
0E
1o
ﬂ
HU
re
-1

10
;

2 78 2AA Felo Ak A 5olH, 7
Agtol] A4 7hsdt WHolot 28227 2ol A
SIS FRAE A8 Aol 2S04
&2 vt gk A Al 40%] &
A T 2§ 2w
&S doA A=At

AA=E Lol glo] Lt wio] A& Hojof Fitt, &=

o 52
A
5
l
BN
b
1o
E!
2y

T AA F AESAAE LTI, Ssk AW == A
9] Ade doAME ¢ ¥

N
ol
o
<
=2
;
QO
S
o [
=)
&
_V‘.i
2
@
!
%
o
é%
Q
§
L5
=
@
a.

virus; rAAV)= ¢ BE %7

o3RI wizhAlRbaL & 9,1‘?}.15 E}‘{ %ﬂ%@ -’F A= A
SRR 2717} AlgkE], drERA e A 4
A2 2g A = glov), W 715 auh Kol FA
212 BE vlolaz HaEzRe WE b ool
22 HeERS o8 AV H4 ARt iR
do] ugs) A Aol HAAT TsEd SH B

T2 APE HoFa glon] E3] o Ay|gog 7
Fo| olgl 42 ARd= EJ%@OM.”
i mEloA rAAV 7l HAl GHAAF Hdo] AJFEHHEA]

A2 AR Aze] FsAdel & W o oA bt
olefnz Qo] AN Folshe] A olE FTHo=
Ag3th= 7hde, Fo § dA ARbo] Aupd A4 vl
e ol oFE Xzeh= the 2] kAol aTEr),
shARE, HZxo] 3R] 2 A 52 8|ELeber con-
genital amaurosis’= rAAVe] HEIEl FolE o] 83} o
w? el gl glo] A2 A AHE 58 e
SR} 22A1912] Glybera (alipogene tiparvovee, Unicure)™
o] AgE lipoprotein lipase F-2AE rAAV w7f 2 5

o Ak Ao, 2548 424 ARAZA AV
o o 0% Fse e

S04 2948 AR e O 7S

- Z7141ES] mesangioblaste] ©]21& 3 DMD
g7} ) RdoA & AHE Wdon ! dx At
d NES Y Folu}, ML oFE ke 3] o] Fo]
2|31 lojA] 7]&e] 2H|R=o|=2 J)Est VBP15= DMDe]
gk 2E|2ol= A7 &E FAESAME B2he-e A
3} & 4 9lS Aog 7|Ert.” PDESA JAIAQ sildenafil
(Viagra, Pfizer)-2 8] th2 5202 /AEIAT NO-cGMP

2014 CiBHAIZANIE1S| MB3A} BHSTHE| - 202 -

BAEE EAslste] DMDOY 25 elE A= AL
= Feron Bvel WHE A5 GNP 2o ek
234 FYj2~EZ 3] (myotonic dystrophy)E &l

Sio] DMDel| H57h= A==, A9ld 7H B2 <5
zE=vlold. DMPK 4704 3 Hlo] Wt CTG ¥
o] St ek fautolol ofsl WAEhET), FEw
A o] H4 mRNAS THISHE ASOE Felgo A AR
w37} Sl vl e}

Distal myopathy with rimmed vacuole (DMRV):= 20tH
A5 sl §H7|7 10d Awo] BaBrle] o]2&

APA SgHoz Ty RS H|ES EF E XY
ol Wlaeh}, GNE G-dztke] 7o ol o3 Z&8ut o

ohll o] A &haksl A SH hyposialylation)7} @91o & &a]#]
Ik, vh§-2 WE oA M s AR ] ManNAC
< IF BT Folste] ARaE Hol= Zlo] g4, o
o that a4} Aldlo] 2§ Zo|t} ®
Collagen Q (COLQ) ZARe] oJgk A4 &SI con-
genital myasthenic syndrome)2 @A Wz w9 stou}
HAAV HIZ] COLQ 04 Aol o8l ol 4 FEwel
A Holutk Xgad= 7[AL A, Yoy} acetylcholine
esterase-collagen Q E3HA|o] &8 FAIER & a¥=
AdYrhz Aol 7the mom gk

2ol g 2ol i e AR AT
b QAT Qlom, 7)< wals G A T1eEol

& HYET ek T AT AGEHe] B 25
Fo] fiA) o] Wlo] 7h4sh Ha, B4 Belsta] A
%45 WA DMD o]9]e] thg JFol= A= A7t
2 Ao e A of= wuek 4 254
2 Amel e Y AL Ao, H2 2w
wghth} Zleoll V4] ke AE W o ABE
Halo] BH, ofHE 27} viA] alysha 2R A
o] 94 ont WS Tk Aw REG sl A9
e e A the wAle) ARd de 294
Rolet.

=

l

¢

o)
%

ftlo

Hx

References

1. Bushby K, Finkel R, Birnkrant DJ, et al. Diagnosis and man-
agement of duchenne muscular dystrophy, part 1: Diagnosis,

17



HRE - Ay |

9.

10.

11.
12,

13.

14,

15,

and pharmacological and psychosocial management. Lancet
Neurol, 2010;9(1):77-93.

. Passamano L, Taglia A, Palladino A, et al. Improvement of

survival in duchenne muscular dystrophy: Retrospective
analysis of 835 patients. Acta Myol, 2012;31(2):121-125.

RS A 2RAg] FAA A= died 3l e st

3] 2], 2012;14(2):53-58.

. Alter J, Lou F, Rabinowitz A, et al. Systemic delivery of mor-

pholino oligonucleotide restores dystrophin expression body-
wide and improves dystrophic pathology. Nat Med. 2006;
12(2):175-177.

. Yokota T, Lu QL, Partridge T, et al. Efficacy of systemic

morpholino exon-skipping in duchenne dystrophy dogs.
Ann Neurol. 2009;65(6):667-676.

. Voit T, Topaloglu H, Straub V| et al. Safety and efficacy of

drisapersen for the treatment of duchenne muscular dys-
trophy (DEMAND 1II): An exploratory, randomised, place-
bo-controlled phase 2 study. Lancet Neurol, 2014.

. Lu QL, Cirak S, Partridge T. What can we learn from clinical

trials of exon skipping for DMD? Mol Ther Nucleic Acids.
2014;3:€152,

. Anthony K, Arechavala-Gomeza V, Ricotti V, et al. Bio-

chemical characterization of patients with in-frame or out-
of-frame DMD deletions pertinent to exon 44 or 45 skipping.
JAMA Neurol, 2014;71(1):32-40,

Bushby K, Finkel R, Wong B, et al. Ataluren treatment of
patients with nonsense mutation dystrophinopathy. Muscle
Nerve, 2014,

Hoffman EP, Connor EM. Orphan drug development in
muscular dystrophy: Update on two large clinical trials of
dystrophin rescue therapies, Discov Med, 2013;16(89):233-239.
Ryan NJ. Ataluren: First global approval. Drugs. 2014,
Kerem E, Konstan MW, De Boeck K, et al, Ataluren for the
treatment of nonsense-mutation cystic fibrosis: A rando-
mised, double-blind, placebo-controlled phase 3 trial. Lancet
Respir Med. 2014;2(7):539-547.

Shin JH, Yue Y, Duan D, Recombinant adeno-associated vi-
ral vector production and purification, Methods Mol Biol.
2012;798:267-284.

Lai Y, Thomas GD, Yue Y, et al. Dystrophins carrying spec-
trin-like repeats 16 and 17 anchor nNOS to the sarcolemma
and enhance exercise performance in a mouse model of
muscular dystrophy. J Clin Invest, 2009;119(3):624-635.
Gregorevic P, Blankinship MJ, Allen JM, Chamberlain JS.
Systemic microdystrophin gene delivery improves skeletal

118

16.

17.

18,

19.

20.

21,

22,

23,

24,

25,

20.

27.

muscle structure and function in old dystrophic mdx mice.
Mol Ther, 2008;16(4):657-664.

Shin JH, Pan X, Hakim CH, et al. Microdystrophin amelio-
rates muscular dystrophy in the canine model of duchenne
muscular dystrophy, Mol Ther, 2013;21(4):750-757.

Wasala NB, Shin JH, Duan D. The evolution of heart gene
delivery vectors, ] Gene Med., 2011;13(10):557-565.

Hakim CH, Yue Y, Shin JH, et al. Systemic gene transfer re-
veals distinctive muscle transduction profile of tyrosine mu-
tant AAV-1, -6, and -9 in neonatal dogs. Mol Ther Methods
Clin Dev, 2014;1:14002,

Bainbridge JW, Smith AJ, Barker SS, et al. Effect of gene
therapy on visual function in leber's congenital amaurosis.
N Engl ] Med. 2008;358(21):2231-2239.

Ferreira V, Twisk J, Kwikkers K, et al. Immune responses to
intramuscular administration of alipogene tiparvovec (AAV1-
LPL(S447X)) in a phase II clinical trial of lipoprotein lipase
deficiency gene therapy, Hum Gene Ther. 2014;25(3):180-
188.

Sampaolesi M, Blot S, D'Antona G, et al. Mesoangioblast
stem cells ameliorate muscle function in dystrophic dogs.
Nature, 2006;444(7119):574-579,

Heier CR, Damsker JM, Yu Q, et al, VBP15, a novel anti-in-
flammatory and membrane-stabilizer, improves muscular
dystrophy without side effects. EMBO Mol Med, 2013;5(10):
1509-1585.

Percival JM, Whitehead NP, Adams ME, Adamo CM, Beavo
JA, Froehner SC. Sildenafil reduces respiratory muscle
weakness and fibrosis in the mdx mouse model of duch-
enne muscular dystrophy. J Pathol. 2012;228(1):77-87.
Wheeler TM, Leger AJ, Pandey SK, et al. Targeting nuclear
RNA for in vivo correction of myotonic dystrophy, Nature,
2012;488(7409):111-115,

Nishino I, Carrillo-Carrasco N, Argov Z. GNE myopathy:
Current update and future therapy. J Neurol Neurosurg
Psychiatry. 2014.

Ohno K, Ito M, Kawakami Y, Ohtsuka K. Collagen Q is a
key player for developing rational therapy for congenital
myasthenia and for dissecting the mechanisms of anti-MuSK
myasthenia gravis. ] Mol Neurosci, 2014;53(3):359-361.
Berardi E, Annibali D, Cassano M, Crippa S, Sampaolesi M.
Molecular and cell-based therapies for muscle degener-
ations: A road under construction, Front Physiol. 2014;5:
119.

2014 HEHIZDLSIS| H337E S8 THE - 240l -



