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A review of gene therapy for Duchenne muscular dystrophy
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Abstract: Duchenne muscular dystrophy (DMD) is an X-linked recessive hereditary disease caused by mutations
in the DMD gene that encodes dystrophin. It is characterized by progressive muscle weakness and degeneration of
skeletal muscle and myocardium due to the absence of dystrophin. The disease often occurs at the age of 2-5 years, and
most children may die of heart failure or respiratory insufficiency at the age of around 20 years. At present, supportive
therapy is often used in clinical practice to improve symptoms, but this cannot improve the outcome of this disease.
The development of gene therapy brings new hope to the cure of this disease. This article summarizes gene replacement
therapy for DMD, including the research advances in DMD gene transduction technology mediated by adeno-associated
virus, utrophin protein upregulation technology, and clustered regularly interspaced short palindromic repeat gene editing
technology, and reviews the recommendations to solve the issues of adeno-associated viral load, long-term effective
expression of transgenic products, and utrophin protein expression, in order to provide a reference for further research.
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ZaHEH (dystrophin ) SR s IhaE 2R 51T,
Dystrophin £ 147 T LA AR A T (9 M T iy, i
1 B2 LB 2 11 RN dystrophin AH G B85 R 26 11 &2
a¥r, TERAN N B SR AN T, AR IR
JUL 248 B e i bt AL 1 56 3% 1 . >4 dystrophin 25
BRACIT,  JURE R 25 A0 R e VR Bemi b 2L, u Ak
TSRS BRI, 0 A A, R
HEEFEM, SUENIIAIE, DMD Jafi%H K A T
Xp21.1, H: cDNA K 14 kb, & AZH KK gm0k
I, ZHER R R, DA 7Bk i o L,
5 55%~65%; s 25% Fidis B GAEL N
8%, LA, LA 13 FMRRA Y, HHT, IR
b 2SR R B BRI 25 W) R0 ST 7 ik B
SEMR, EIFANRE AL BN Y e A 45 Jy s VLA i
FAEIRYT DMD TS N UL I RS RE 1 22 . #F
I AR AN G HE R BN A S A5 AN A s WLIRE
MG YT DMD ARBIFFE WA E o AL TR LR AN 25
A, %ET DMD A2 ELHIR T DMD JE (R SR
LA A FE A ATTH N FE R K P 2 TE 3 — BB, AT
RFIAIE H B A SCH DUEEREAUTE: bR
MISCHHREST 1) DMD BT UETRA RLEH
FAOGEE 1 (utrophin ) A4 I 18 SR WS R0 A R A2 (]
Y % 8] SC #2751 (clustered regularly interspaced
short palindromic repeats, CRISPR ) F: [N w657
TR — L8R, IR IR SO TR B |
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x1 AAV 5 DMD EFH SEARETHA R AR
FEARHE R 2T S SEE i XIS 1 L
AAV R#BE (1) % A # % mini-  mdx BURIDMD K% 30 ZIPISEESLA "™, Al ds AAV 470 164 AR 1A 5
dystrophin %A (B 5 )5 1 dystrophin /0 nNOS ZEFBALMA  RANLE G, SFRELE MU 4L
RETE 4R A DMD B3 AT RS s e
(2) & B MR T 52 DMD R 348 sl ™, MR aE S ALK
I dystrophin cDNA
(3) B Z#HAERR LK mdx RALAHRIE 2K dystrophin 2511, {HE%
A SRLAEMAR
(4) 22 AAV KFEBWHM  cAAV2/HBoV 1 #A 3A R R b F7 08k ™
Hii
kLIS (1) fd ez i) mdx FUFTRABIL o 58 PR 3R A RS2 e ) B 1)

(2) P ARt 52

(3) RFCBEMHAR

(4) T H Y2 &
IR 128 16 T A A
R TR S B IV 2

TENR LR 9 F/K N A2 micro-dystrophin
B rAAV BT S O IR S 32, (H iR T
DMD L3017 §if i A2 M2 Wik R A8 %, 1%
R T AT Sy R A 1

AAV RKFERME RN (F) SRR
HIREEERR (Y) FRIE, 78 mdx SURTRAR AL g
R ApE s g 1Y

iz FH AAV Ak R IR R RE IS 2= 75 8~12 fi5 Y
878 IX-R338L J:IRY7 I A0 B, I AR5
L K A AR T 96%, HEIMLIN T4

7 56 35 DMD 1 7= iy i A5 F1i2

Nance 45 " 50 Al CD47 4 A F
AAV KFEH, ]RGN *

dmW RS TkE" REE
FIH B R R i) s 8 AR or i SR AR T
DMD J R A% RE

DT 999%"

TE: R AT AL P I AETE R AR IC CD47, W5 B AN B A(E S0 & o AHEAEM, BLIEEHIA 40, #06 CD47

HAFN AAV RFE, AT SR/ B 20 B PTG S e N

545, Dupont 4§ I 7E2e AAV 4T DMD 3
AT 1Y mdx LA DMD K P& B, AAV 9311
FEPREE S mRNA L3, N AAV /- F5EH
B SE) mRNA [ 010 N AR e T A A Rk
ik, TS BRI R A B i R A KO,
mRNA (EALEIAIA R . 5% George 25" ] AAV
AR 7R R R RE MG 2 5 8~12 1% B 28 AF IX-R338L
FL, BUYNATT A B TS . B
FEAIFFE 7 ) 22 7 TR TS A DMD JE K () A 846E
T 7E AT 25 57 5 mRINA 48014 14 [e] sk /0 336 32 iy
TR M AR N, 2L BE I T i
(R

2 Utrophin & B H_ LK

Utrophin 5 dystrophin £5 FH H- 4 80% A9 [F] i
PE, S5HIARIE, ZHREAAML., Utrophin 7RG LI A
THUBE, BEEGEIRESA, WP, utrophin i T
% dystrophin Fr UL Y, 7E AT, utrophin-A 3
FRIR T LN 23k LI % 4L 5 utrophin-B
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8 22 A PR B2, (FLHG I 249 32 oK 3k 3 B AE K
o WFIEH R BRI CRE SMT C110 fy 1L 25 %
FER T, 20 A R 1 8 ) BB TR
P PE % 259 89 A B (www.clinicaltrials.gov;
NCT02383511) ™, HETE A LRI 259
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3 2 Utrophin EE/ LA %
BT THFEBEE | BeEAsi] TRITAE R E = BTN
SMT C1100 AR TIIRE /(R AR . B LEE R AKX SMT C1100 j= A P FEAS KL LI [23-24]
JL# DMD & G, Az,
SMT022357 I RHTAFZE /mdx BR Mdx UL IL L R L B #E LAY utrophin-A 25 ¥4 4 [25]

10 pmol/L 1§ SMT022357 {347 J& mdx 54 e ¥ utrophin 4
M 2 2.5 £, 0 T mdx BUILEF4E IR PE FAF4E4L
P T WU AR E T

ANTHIEH SN T “Jaz”  IGRATHIZE /mdx i Mdx B O LRI 8 LAY utrophin-A mRNA 25554, [26]
-3 utrophin-A J5 8hF WS T WA AE AR AE R S PRI, 38 T WLIA B4 g .
20 TAT-pUte Al TAT-Utr (4 I RRTAFSY /mdx B Mdx B I 75 LR W 1R Bl (CK) FARE, 8 T AILIN A [27-28]
EHBOTIE TR, DL ULP s T BT R R A A
RFZ RN AICAR RUBEAATT  IRPRATAFST /mdx B JFZR A mdx BAGIBAL, JRE RV 13 utrophin-A 2 [ [29]
25 2455 Mdx BUNLBESE AT 2R T, 12 LEF ek,
JFZE A AICAR (B AARIT T L utrophin-A 7= A E N0
— FBUIK I PRRIAFSE /C2C12 40 . 341 T C2C12 4 A mdx FUE B LK utrophin A (_FiH %) [30]

mdx Ff

F-iR AL

50% ) .
CRISPR/Cas9 4~ 5 /4 utrophin I R ETHF T /2K H DMD 38 7 DMD B F 411+ utrophin-A 1.7~2.7 5,

(31]

E: Utrophin 78 mdx FRATZURIK RN EFAERIAY 2 A7 R H R st e AR o

SR ST 0 R BIME S . 16107
T HXUAR (MET) i1 AICAR., JiF 2 0] 43 51 3 i
BTE NRG-1/EthB ., B LR 1 R 1 1k 28 1 U
(AMPK ) . p38 1fii .= ## utrophin-A, Ljubicic %5 ™
5 LB, AICAR g i AMPK/PGC1-o 55l
B&HE 5 atrophin 5K T 2R S 0 p38,
fifi KSPR #% /2 {1 9 ] KSPR /9 oy &, o ifif fifi
KSPR 5 AREs fi# 2], FI42/ utrophin-A mRNA [
TV, P IS X i utrophin 25 /=4 T
BRI AT S S e LA R 4
TRl N W25 A8 F I utrophin fe K A B U491
EIABIEFNATT ik A, X —IRIT RIS

T (1) FIHAS ERNER, ~A250E
PPENEs (2) 3 TAEM AL DMD 4

(3) AN [F Y 5 S /T DL A & i
MR TFHAST A TR B . AN JEZ AL

(1) S5K 1022 53 5 30 utrophin A RESE 4B
(2) i i utrophin J& 75234} 4
WA BT AR AT A,

dystrophin;

3 CRISPR &A%

AT JLAF SR J [N Gt B g R R R g, AR 20K )
PEFR IR ( zine finger nuclease, ZFN ) | % 5%
I FRERON A% BR B (transcription activator-like

effector nuclease, TALEN ) FI CRISPR % i &, 5
RIPIEAHEL, CRISPR HEMZR5T R AL, 2t H AT
IR H R ST . ] CRISPR #4725 P 4
i 51 S RNA (guide RNA, gRNA ) KR N Y1)
fiff CRISPR #H 2% #5 [ ( CRISPR-associated protein,
Cas) 5|5 22 HL DNA 1) I 7Y 5] B J 51 ke 48 2 )
( protospacer adjacent motif, PAM ) Fff i 19 H #5 ¥
Bl DNA SEIKRRE, i i AL P R EOR i i
( non-homologous end joining, NHE] ) B[] JF & 415
%2 (‘homology directed repair, HDR ) #L il 52 il J& Kl
% . NHE] 240 DNA P35 B4 A i 2
BEHLEI A —BCF51], HDR W LA Y5 T 51 Al
TEWTSLH) DNA Z RIS B I B de . mbRIT o1,
K HFAF AN Cas B AT 43R 2 35 5 B,
Horpoxt Cas9 BIBFITAC N TR Ao CRISPR AE H 14>
SRS, Al AR TRk . S AFUMER LA K&
T 5 A5 45y U HEA T 3 DA Gt ™
B X DMD J [H] 45~55 5 Ah B - 28 8
Ousterout %5 "' 32 ff] CRISPR/Cas9 X} DMD # # 3k
P50 LA B R A e PR e, 3 e o S 5 A R A
HEZR RO RS ) 3225 2 Fp )52, MBS T dystrophin
AR, Young 25 7 ) JH: £ M Bk DMD
R Kk 725 kb 1 45~55 S AN BT, AR
S Z e T MR IR A NLAR M T 255 dystrophin, Jf:
T TR e B, Bl S, A ATT7E hDMD/mdx
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U — RS TR A e, X E Y
60% 1 DMD F8 3 Al 13677 ™Y, W T A %
7% Lattanzi &5 9T Wojtal it B Rpe st 45 114 1A BA
CRISPR/Cas9 43 MR T 2 54 g 71 18~30 54
BFER, ARk 2K dystrophin 25 H o
ZEA M AR, BRIE [ CRISPR/Cas9 M bR
A7 R TTVAYT 80% Z5 47 1) DMD H 3 10
SR R 7 6 0 1A A T) 2 PR 7 4 G
TAEREK, BT E AN R 28 A8 R A R 3
AT, TERAP T RE—1ITE,

2015 4F, Zetsche %5 " 75 G B TR 3K i @ &
EE R A BT Cpfl (Casl2a) ; 4 Cas9 #H L,
HARSTFET ™2 Cas9 VI DNA JE K —A-F- A ,
1M Cpfl YJFI DNA L — A 5 MEH RS H Y%,
PEAR v, H )5 H AE W AT L A AR, BT DL
i AFE K38 1 NHET &5 DL AT 59 5 ) 4 A SEA37
S AR T HDR , 8 HAS 2 3 A 21827
5 HEGZ A R IE TR MBEER B 1) Cas9 AHER,
Cpfl S gRNA B/, 76 5% 5 2 4 2040 fif B X
AR ZORTEAG JFL= A 1 M A5 N AR T AR
H i & A 0758 % F CRISPR-Cpf1 L IME 5 1 K I8
THRENBSEZRE TR, fHMEK
10 LA BRI 46 73 i WD IE T mdx B
RAFFEI | il mdx A EIRASAS BIMeE 2, H A,
Cas9 IO THEFFHIAY 3 S & & Mg (G)
) PAM ¥4 (5'-NGG-3') , [fii Cpfl R 507 F 4
Fe3l 5 e SR e (T) B PAM P, 2%
P25, e 51 B3R 3 1 mT DATE 1 A b
YEFE, WMl 2584828 ) DMD [ & 235 . Bl
WX IIRA, F R I Cas BRI M £ P,
CasX fll CasY, F:It Cas9 /N H HARIR TR A .
Bt 25 B B & B, CRISPR 3 [A 4 T 2K A5 15
HBR A

CRISPR/Cas9 2N A {7 LR Rk B2k b
HPER Cas9 (dCas9 ) A ZAf, {HH5%E
ZEMIEE G BUKF dCas9 55— Sl N TRl A &
ARV RN ik, 18 F%E:, Wojtal 45 P FEAL
A utrophin-A I T 1.7~2.7 f%. Perrin
L2 R YE T mdx BURT C2C12 200 v 4 4 40 g A ik
AR A2 o7B1 BJZMEE AW IE al,, &
fRT dystrophin ZEHPIEE. 5341, Komor % ¥ iz

HH dCas9 5 it /I 22 B (R EK , 7EADIH] DNA BT
T, ACEEALEE DNA BE A A s e 5% £k o bR s
e, X —WF5EAE CRISPR RSEAETE N i S
IEARAE, Mg BRI Y 25% ) DMD A ¥,
Zi b, AR EAN TR CRISPR A% 38 PR 2 i A1 3 PR
TIHAZES, WI2XF DMD 7= A R 32 BNAT PN o

H A CRISPR 54k TS24 == A 5E By B, TRk
FHI RS Z B ATy 5 e — e (n) f, JCh i 22
i 2 5 DR g A T L v R 0l A R I B AR N . A
HAIIE $Eh — S ey 2. BN, & M 465
gRNAM . Cas9 M E #2878 ¥, 32 FIPL CRISPR 2K
FH “ActllAd” %5, Hk, HLIAXT CRISPR Ay 5 5%
N EAR T T, W Kim % " ERsTEE
NN S oaRNAs H1 /Y 5'- =R (S'ppp ) #h57,
SR NN b i e e N, B MIAE T,
BORHETRYT TR

4 RE

DMD i) &AL AT A, X2 B A
R AIRTT — SRS TR R, Hop
EEXF DMD J6 X 5848 [ 28 11 2505 7 B5 Ry T 299 2
FEFEE LT, AR FBEERIGIT R LT IR ZS
Y Eteplirsen 78 1T #1I5 PRIA5S agc R B e, Jf 0@
it FDA it SR _ LR 2 W i sl b e T R ReiRyT
FEE DMD LR S8R SR R Bl Xk RR YT
WFFE IR, W5 EATE I & A7 Bi DMD
BE R TE AAV A S/ DMD 3 K 3%
31 Utrophin & 189 L IHERS, Hrd, AAV A&
() DMD J& R % A TG R e v R 4T
AAV i ) i C AR B g e, A E AT IEAE
fift Yt dystrophin £ HH A R R B BIMERT, H Al AAV
AP FE PR B MR PR SEAE | LA SR
EESR, HEAAZ G DMD, i 7E
Utrophin £ 1 19 8 S 0% th, 254 SMT C1100 H
MRia 7 7 AR RIS, I3RS T FDA il
AL, HATt BT & i A s A2
Y. BN, B JLAE CRISPR R g A 7EH T
DMD 367 RSN, JFE7E mdx USSR
AT, A ECHIRYT DMD iR EFBZ —.
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