olN
ux

o|o] K= tHEr 1=

U
c
o
=
@
3
3
®
!
_I'I
1>
m
Hl

== =
HieE F

Treatment of Duchenne Muscular Dystrophy: A Comprehensive

Review

Hyung Jun Park, MD, Young-Chul Choi, MD, PhD

Department of Neurology, Yonsei University College of Medicine, Seoul, Korea

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder due to the loss of dystrophin in muscle fiber. The
deficiency of dystrophin produces severe progressive muscle degeneration which leads to progressive muscle weakness.
Affected patients usually become unambulatory in their early teens, and suffer a respiratory failure before 20 years of
age. In an attempt to improve quality of life and extend life span of DMD patients, various treatments have been
challenged; corticosteroid trial, rehabilitation, cardiac and pulmonary managements, orthopedic interventions, and
nutritional support. However, only corticosteroid therapy and non-invasive ventilation have shown a salutary effect on
the clinical course of DMD. Recently, a better understanding of the DMD pathophysiology has provided the scientific
basis for new treatment modalities including cell and molecular therapy. Although previous clinical trials have
demonstrated the limitation and possibility of new therapies, antisense-mediated exon skipping technology is now
emerging as a promising approach to restore dystrophin expression. This article summarizes the current challenges and
recommendations of treatment approaches in DMD patients.
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+ Yot o 4D, BHD A real-time PCR), A1) (Southem bloting), Tha5:
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So] ¢tk B3] MLPAYS v|ma 7icksl A oo =
DMD3HA}2] 55-65%7} ZH= Z<4x(deletion)o]L} 5-10%7} ZH=
FE(duplication)FAHOIS 2H2 4= Rlat, HQIAo] it ZIet
= 7Ps3te] de] AREth 18U DMD $H4ke] 20-30%7) 2t
L H=dwo](point mutation), T]A|AFS](microinsertion), T]A]
AZ(microdeletion) 52| 2he- Hol= Folst 227} it} A
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Z4}9135}x) & (palliative therapy)
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 A=Holrk
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Duchenne ZEAERY|Q] R|Z0l Cigt 1zt

Table 1. Respiratory assessment of DMD patients (Modified from Bushby et al.)71

Patients status

Recommended measurements

Frequency

Ambulatory and age 6 yr older
Non-ambulatory

Non-ambulatory and any of the following:
- Suspected hypoventilation

- FVC < 50% predicted

- Current use of assisted ventilation

1. Sitting FVC

1. Oxyhemoglobin saturation by pulse oxymetry
2. Sitting FVC

3. Peak cough flow

4. Maximum inspiratory and expiratory pressures
1. Awake end-tidal CO2 level by capnography

At least annually
At least
every 6 mon

At least annually

FVC,; forced vital capacity.

Prednisone- Deflazacort™
0.75mg/Kg/day. 0.9mg/kg/day-
Age<2years. Age 2-5 years. Age > 6 years-
Improving (typical)- Improving. Improving (uncommon).
: Observes : Observes - consider BMD"*
Plateau (Uncommon)- Plateau. Plateau:-
: monitor closely- : Initiation recommended. : Initiation highly
Decline (Atypical). Declines recommended.
: consider alternative : Initiation highly Decline~
diagnoses/concomitant recommended- : Initiation highly
diseasex recommended.

*Consider as first line when pre-existing weight and /or behavior issues«

**Becker muscular dystrophy« et al®®).
uhebd 71290 A7 1sel Higt Axle] dasih F71Ex 6) o]
o= HzSubgAlel AHEHARE AS A Al 10A4] o547t DMD #Hh= 22 5% 2ol vlgo] 7] 4tk
A= 2ol 3 WA, 104] o] F2= vid g |Y A3sk= A gl2olexas wethd ASS7PE v AsiAA 2
o Wasith!! Az o2 WX eAAMRELAAA  HEIDE| BEw} Zze) A A Algo] m%}c}.

2 QX RAR ARGt WETA] 9 olwAlE oA wlo] g mhi= H]T 2R

A2 AREScE DMD 3Hx}9] tjiiio] HAJuldl(sinus tachy-
cardia) & ZA)2F FB1gH 191 §lo] 74| Lherdt

Afel=2  masit

A5 TRt} A7l e Agsbt Bask

2. FEAR

Figure 1. Initiation of corticosteroid

therapy in Duchenne muscular
dystrophy (Modified from Bushby
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7b Bash AR Sebsiohd HEEE(gaStrostomy)"]

5) HEIIAE
wajo] ZPRE A7lo] 4w % welx) R (ankle-foot 1) 28|20l

orthoses) S 1851 ol A7) BES WHBle] 4e] WS AH|Ro|Si @A ATE S F Deloksle] AHS
Lofzrh 2B majo] Bl A7|abe TRl E 22 AR =z Hz2ukzo] SHES 7FAA Y H 715 SXAA
o w713 9 TES LHFG ASREE|(kneean-  F= U3 Aokt ARAHG|E Gl Qrks Rk
Kle-foot orthoses)©] 4§ DMD $holl4] T4 758 Zo  glovt avh o Basheh™ Ad|zo|SHzi DMD 34
A Biae] uge 71 kANt AAHel waAle el = o Teuske W, oby) Tavle PR o ebgrlol
7 ofx) ek AT Fig 1), QP71 Aukso 2 484] Ajolol] 578l 1
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Bt | AskE7] el WelHael A0S}
(timed testing)’™”' 5-& 3 F2 7‘7{] ol it} AH|2
o8 A7) uhE AMgeA: FHE gouk 271 A
Aol R Wrks HiE Qith I =U<(prednisone)
0.75 mg/kg E+= Gl E2AZ 2 E(deflazacort) 0.9 mg/kgS "
AFgA) Bzt B} Qe TRl s UL LS
mgkgAREE 99 0.75 mgkg AR A9 2 Aot
G R HAEEE 03 mpkes GAHE o] ZATY
s gz wek ofds) ankEolirt ol Bz
HEUE 075 meke§HoR AR AU HAE
912 A1 03 mgkg7H Aekshs o] WnHIL YrkFig.
2)* 2E|Ro|=g FHAIH] digt 2 FL glout, iR 2
o) 7Fst Al7] S ARSI Ty 2 eRE I
o] &7FsTt Al7lole AE|ROJES A% ARSSE A 2
o7] g1, HE=2uE APA Agsy AE 29
vk stk wekd] Fealdel tist F71 A7t 2
30}1’% DMD 2AtollA] | 2o|= 2= aike] 7]4do] dF- 2
QIEK(Table 2).° o|2|gt Avlol e B3l AH|Zo|=
—IJ”lcﬂ 2 AR efAlo|lnR H2E AlAS] ol EAtet
7IEF0lA ool it SE7 Hrgol Hasith

[H rlo

o

Ir e el

¢

) e o
Fd|o}E](creatine)-2> mdx AYF|(mouse) S ©]-8-5F A4 <

SRS EolaL, TS ST AdE BAo AR
& daros 3 B9 EdTelnE BT Gk A
4Q10(coenzyme Q10), 72U El(carnitine), ZFE}T(glutamine),
o}2 ] d(arginine), H# =Y (perindopril), ZA}EH(losartan) 5
9] M= FEATANA THsAEE BoiA RS AAY
W Fol A%k ofF 1w} AFH AL ghoh

3. AZzAE ¥ AR

1) AZzX=

SEE7IMEL] 1M Z(satellite cell)= S5A|222] 74T
(basal lamina) of2fo] 2elo] A ez ZAfghct. 250l
=W M2 BASE o] R A (myoblast) = 3}
S oA TEAER B8Rl T8l ofolzick e
U PRI 47k A Elo] Qlo] Uol7t Fketel weta
43l S3] DMD 2 60] Tk} Aol AHRe bl
EE7] gz %*é/\ﬂ:‘?h z710| 2dEo] ZEAE ol A
ZHACE? AEA R 24P 8o TeAEE W3 sPsdt
A 3E(precursor cell)% Z913} Oibﬂ A= chlzlolut 8
S AT A5 ol
L7 AgE kel =
2 Sick AR $16h orHal AFAIZS] S Tale
S

Figure 2. Management of corticosteroid

patientand parentsareabout toabandon treatmententively der 10310 626
frtcrmticntschcaaics

£ therapy in Duchenne muscular dystrophy
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(1) 251 A|2Z(myoblast)

& Yol ZA8M= JAAMZE AFR3= Ao 7R o]AFA
x]t!} AL 715814 ) watba, QA= BlEo] A
b DemAlER g AU o ok 44 daszug

Zre QWA EE 29 T mdx AJFQ] TLAZA TIAE
w=3yo] W4 HMEPO a2 o]F ZAR AT QAR A
=91 g AA| SRy Ao elog i)

Al W AEEo] ot giFi 39 5 oFF Tl
Zrl? o]gfst @Atoll= | AHnecrosis), A|ZEAFEAKapoptosis)
4 v o] HAFRZ 0] %04'5}1* AoR FAHHEL B4, 2851

H7L AFH ok &
%—loﬂ TEEAEE FYst
A=t ot WodwgHe Basks] Eatgiok”

(2) =42 WY o & 742
+Eole SAIEE Ashie dso2 WHT & Qe
ZL5-5-2E 7] A E(muscle-derived stem cell), TSSEHTHAEZ
(muscle side population cell), ~-2-U] 3] Af| ZZ(myogenic endothe-
lial cell) 50] Z7]4Z7} ZAfaict o= 5 AmAR] 7V
U8 HlEe E7FE A E(mesoangioblast) 2} AC133+ A
Folt}, FEPRA|TLE T ol e} W s)e] B2
Aat 9 mAEEe] EAjg o AEE AdHoRE B
Aﬂgm‘@q sz zA 1 TS Tadslal QlojA] dyka
E35}0] 28710 Eeks Shkso] ule: Erk mdx
-.49} Z=YETHAYAEZT]7(golden  retriever muscular
dystrophy dog)oll4] @lE]vto]|2 A(lentivirus) S Ul 7] A|(vector) 2
Z| AT AE & H(mini-dystrophin) = ©|A|T] A E & H(micro-
dystrophin)& F{FEPRA L] U7 - FHFAL 513 of
o] FAEom, B ofof w2 A1} YAAFO] AL
a1 Qlth ACI33+ A= CDI33' 9] EAQIAE zH= 283 o
2N EAet= E7IHER I 715 P&‘ a2 ok
. e ol A7) (exon skipping) B
UFHAIZ] DMD 2219 ACI33+ A5 mdx o-HOﬂ EU AL
SF9S o) mdx AZIe] 8ol A Age] TAERTo] WA
Ak g ACI33+ AEES w8l mo Ao] Y5
Al@#(in vitro)oll Al S-Ao] A oh= AR o] ik

= & P

0

() Z5 B oA fE E7IME
FAT W E7INEE SSRAAE sl 2VINEE
of 3}7] mze] ﬁﬁzﬂolfﬁ oSAge] A *PQMWL
o ZIAEE Ay FErt aFA] Z4=0) o] 7 A)E
o] ¢354 =itk AAZ 124] DMD 7} Z4=0]4)L it

flo mlﬂl OWN _2

Duchenne ZCIAEZY|Q] X|Z0| CHgt 72

T IS e Y WA ZEAIE] 0.5%00A FoiRle
slo] WAt Harzh ook dejut olF 7 2
SAEZRO) WEgo] uf$ 2k mdx AFANA S50 &
7WNES olARE o E7IME} TAER He g Fi”

BalE oA Y tAER R WwEeE Wk

o

4 T E 7139 F7HEE7]A12E(mesenchymal stem cell)

25 o]9lo] thE 7|3e] ks Z7HAEIIMEE A2
2o AR = Utk o] MlEE o F7|llA I 5 X
AT 47 FAA 4 AT 2R Balshs
&2 Wk 22y SSAIZR EokEA] gEhe Alefl
AL 43S
HarA Z55 ABAE = 7] mieel 7R d=I9d
q_ 41,

H]&

X
g2 B (extracellular matrix molecule)&

S
[}

(5) THsZ7| Al *(pluripotent stem cell)

HjoFE 7] Al E(embryonic stem cell)+= 2E A|EZZ2 B35P7) 7
Fol7] ol 271 AlZA R AR H IS ol
Z1Euf o] Ajazgf o] gofli= B 7HA] of#le ol qltk AA, K
= 2AOR 3Pt 7Rt HiolET MRS TEAIERNE A
HHA A gk &4, &8 w8 ol Fdo= Ed
T Stk A, ARRFe) Hiols ARgShe At &l AR
A7E Ak &2 A £AE wsh] e A A Q1914

o Hm mkﬁ

Table 2. Several hypotheses on the biologic effect of corticosteroid
for muscular dystrophy

Altering the mRNA levels of structural, signaling and immune response genes
Reducing cytotoxic T-lymphocyte

Lowering calcium influx and concentration

Increasing laminin expression and myogenic repair

Retarding muscle apoptosis and cellular infiltration

Enhancing dystrophin expression

Affecting neuromuscular transmission

Protecting against mechanically induced fiber damage

Slowing the rate of skeletal muscle breakdown

Table 3. The characteristics of the ideal candidate for cell therapy

Be expandable in vitro without losing stem cell properties.

Be immune-privileged.

Be systemically-deliverable, as the majority of the skeletal muscles in
the body are affected.

Survive, proliferate and migrate upon arrival within host muscle.
Differentiate into muscle fibers either to repair damaged fibers or to
replace fibers.

Reconstitute the satellite cell pool with functional stem cells.

Be capable of expressing dystrophin once they have contributed to muscle.
Lead to improvement in muscle strength.
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£ FEE AR vlolE7 Ml 229} B3t EAS 2=
A3 (induced pluripotent stem cell)7} F2-& ¥l Qlcth F 9
Hjol =7 Al 25 mdx Aol o]Ast3lE o) F49] W glo]
QbatelgiThe W7} ek mdx AFoNA SAAIES) fAfe)
A F=A reE7 MR 247 ARt Bk 3l
o

N
o

2) A=
BRI 5= 2ol 91¢lo] Hi= Bxld A4S

al
2s %_Wé%q o ol dalpaiel
3

A=2] 9 é-L]' o5 oo Ao it O]Eﬁfi
oflA AT OPEV% UAGE, oAl S7} FA] BT 2
Hol ¢l DMD& 2ARA| 2 AT-0] 2 tidelofA, 27|HH
AR7IA] FE8] A= AL Qlok DMDO| f8AF w7ge I3
o] ZZRNA (messenger RNA, mRNA)Q] ZA} 2 ¥ dthA 9]
=

2, ArRe] T, TSR oA 5
oG ZHolA AT H3, AAE ol 2717 P AR

]

JAIgo] A=A Tt

ul

(1) AR

SRR RE 24 daERgaAE 97 THR: 7
2} o|AFZ 0] g R EAxa A1t ARk 1990d djHE] =
TS wolsleh. T s Relukga FEETwAY
(severe combined immunodeficiency) & <1+ APY |7} R a1
SR L SR oK el Atk dARRRgAAe) 2
wjFo]| QlEE(intron)S M & A (exon)THS Z3S5H AT HE
DNA (complementary DNA)Ql AAT|AEZFDNA (full-length
dystrophin DNA)E AFg3H= 2ol A4} Tl walchdo)
S ol Bl 2 AEes odefA Qlok ey
HAAT)AEZIADNAE 11 kb2 Z7] fjFo] ]2 R 7|
U Zejehe 3717 e GARE WHEo) sk WS
| ol A= gtk A& Fol YAERIFHA oA gty
A(rod domain)®] AHEY JAPIE(spectrin-like repeat)-
iz 244 HHE L Feolck o] WhEE PaR Fo] Ha
fgAERPOR UhE 4= 131, thA] CUTHHEY(C-terminal part) S
A et vAUAERANS THE 4 St} AR EE 44
A= A Wz FUske Wil wet vlol2| A wi7fsh= W

¥} vlolal s vl glol A FUSH: W oR iojxick

¢}

08,0

4o

|

1. ol Ag Tk W

Hfoleizso] lo] Teh ZHeiele ol
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i

He oz ooyt
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HRO|HAIAAIE AME 753t o] imbto] 2] (adenovirus)
2} o .= Hfo] 2] A (adeno-associated virus, AAV)Q} G EZ
Hho] 2] Aretrovirus) 7t 2 AL TLh ofdjkrlo]e]
2 GREAQL AREO] AubollA  oftiHlolg A A=
(adenoviral capsid)ol] thet F21FAI7F QlojA B-8/d0] HojA|
a1, AAVe} gl EzHlole] o] Blsl Heuk-go] AsHA U
7] el FZoll= AAVE} HERHo|g| AV =2 ARGFITH
AAVE ISAAR ROl AAVL, AAV2, AAV6, AAVS,
AAV90] F2 Ol BATAERTES AAVIOLE AAV2

£ o]&sto] mdx AYF ] Lol FARIGS Wl w25
] 80% olAfol| A tIAERT o] IE AT} ¥ uEgch®

Tt 2R MR De) 2 ERFe ARoIAE Thpet
Auk-0 ol3) WEgo] WorTh AR AAV THARIE o)
sfo] mlA| AE RS 2 o}4 5o DMD BxjollA] 2
A2 o) dasswchde) WEe seld 4 gtk
AAVE 0|3t SAAX L 448 dasze] 4kl oo
% ol |UANS SUAYIAL Tl el myostatin)©]
ol GRS AISHs = ek T AAVE Hpl
5 ob%] BRI ATE Bl AE $a4
$7170 A7) Sk A S capsid) 9] Q1A Ak
it ATE HEstel o we 2V Basit geilele
0] U Aol 2 olgte] HAHAERNS 4
£ s s ATEE gk o) WHE mdx AHE o
0% S Aol 1Al R4S B, A
AR RO B AT ob4] gla FoRge) e AR of
op/| 9t Glek. 3k Aelutolel st AEA R ALgE T
Aol AT 27 IAZ A Bl SAE GHAE A
o o5 %ol AU BN ol AHEET mdx
AFIoh BEYEY M AERI NS Ao T Aol
1 R4S B Z(:,41;]_3647

o §0AE A4 2905 vhola 0] A= Thil
S04 2715 o]zl A0
LR Ao] ol et o] wlelE
SR} A B4R SRR Ao Wolx] uj]
SRS AR Zo] GsiT AR Fedsks
E 21 =(plasmid) FE| = TH01
Holk, Zejav=auje] s
EZJDNAE DMD %+ Becker LT E 2 3(BMD)ZHR|o|A|
519 E AlaF JAAEA BH|E tAEZHThMZ] o] W
5o =ylE9lon) 1 wago] U uUgith® ure g o]




7 ggt wro® sistays Seld Aao] AgHr 17
U SRS ob7i AN YR G 5a4e
ol T QoA Eolxe elgald glTh Eeld dauo
2 % bR updo] ok itk 941 Ak hydrody-
namic pressure)S ©]-8al= v otk 1RER FRE Xjtia)
o] Bk ) el FolAw QAH oz 3

TrEolA A Y2 298 DNAZL 28 &0z & HAnh”
mdx A7} FER|ERN Y AR NS dabom HE A
Hol mieh QIS SRRlsheon WAL o4 Woin
th FHAR A7) - (electroporation)©] Utk A71AS Af
gohyl BehanEg 2% Yz ol o517 4 ok 4]
ATe Hmere] BaeS ol TAH O Sapans
7FAIZ Y= o5 = Qe TEE UEolEt: 1Y oY

o 22 F3) 2ol fAUEel T AL iprotcase) S
B = ek whebd Age Heke AeEsks Ao)

et
ZFasit} o] WHE o] 85F3lS uf mdx AFe}t ZERE
ZUAERI oA B EISHYTE?Y w3 AEHlol2| A
oF v 2 fA skt A7) " S ARgste] E71A)
Lo $AAE FY5H= A Hiex vivo) FAAARRE &
2 = ok ey opg] w2 a8 wlEe] AHFYEHS

de) Ahgstel gheck

(2) F=A=
1. AR FE H 2 (stop codon read-through) =
DMD 3EA}2] 9F 10-15%+= 712 =<1 o](missense mutation)
2 Qlsf nl/d<g A si=(stop codon)o] AYAA Lyt HEl
A2 AMESHRS W n s A o] A E AL ZHRNA
(mRNA)2] ¥} (translation)©] Al&E = Aol A= =H,
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Figure 3. Example of exon skipping in Duchenne muscular
dystrophy. (A) The absence of exon 50 in the dystrophin gene leads to
an out-of-frame transcript creating a premature stop codon in exon
51, thus aborting dystrophin synthesis during translation. (B) The
exon skipping using an antisense oligonucleotide targeting exon 51
allows the synthesis of an internally deleted but functional dystrophin
(Modified from van Deutekom et al®).
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