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AR AR A SRS v [ 4R DL e A8 280y
CD41/42(-CTTT)fJEE L, CD17(AAG>TAG). 1VS2-
654(C>T)HITATAbox28(A>G) M. 2878, £ 1% A3 19l (1)
90%, JiLhCD41/42(-CTTT)HEH 5 221, MR RIE
REYERRRE, B-HAT Ao AL, rhE A, A
%8, HBBIEM A ISTIPE T B-BR2E A L il i
FERE, MIMTPRE T I ACREIR ™ SRR . S ARB-Hh 77 v
Hplap Al A (B, BB, wipCEp A T (BUp);
[ B~ HE DR R 2 1y BB A A ol & T R TB-
W% 2 M B E B I A R 2 5 T (3%, BB
FAB- AL AR R 3~ 12 H TP ER &, A8 ki
APEgTm, BE A Mish bk e AR A RS
Bt B RBANE . [ B S M 2 1 55 E T
SAEM v A T R B- M A AL S VAT T R
i, AR DR IO I A — 2R A A R R A P,
T TERESAIRTT, JaSL RN e Uk A IR K
b R ETIR X R GEAT T T e H  , TRREAR
HHKIAT S5 RS EZM. W hIKF. o
AN AR

LAk, FEPRITF Ik, WniE ke e R Ak AR 2k H 3
DRl B A S 40 P O35 DR 0 i LA A, R - AT A9 TR
JrRAR Iz N, (A EA S R L R
PR R . S A R A AR Y, B
[K] 2 i A% R Tk AN BF 5 7% R i (zine  finger nuclease,
ZFN). 5 R0 M)A R i (transcriptional activa-
tor-like effector nuclease, TALEN) M CRISPRAHICHZR
fitiCas9(CRISPR/Cas9 £ 40 ) S5 AW A ek, T Ik
1) I 1 5 DR B AR A AT 5 PR 4 /K S L S A
FrABIRT S8 5, FERGRY Tt Bz i AUBE 4Bk,

FH I DR Gt 4 AR AT LI FH 2R R e — R A 7 0
RIS, - [R)s) 3d REOS Aff M E A 7 R D AR IE e B R
#!"! ZFNs. TALENFHICRISPR/Cas94% R#BIKHIDNA
GG, MRS, HE R & U
%1], CRISPR/Cas9 &1 1 L [1] FRNA(single-guide RNA,
sgRNAKIRGIFLPH, Fp5tE sk, sk, CRISPR/
CasOFi AR5 A A0 I #EPE L TALENFIZENE G, £20050
T TALENJTURLAG SR 9 BB B0, HsgRNARIETTHHI
B AR T B . BUASIRHE, PTLASE I AR A
GlEETE =

SZ, CRISPR/Cas9Z H 4 A AR P S8k i
. WA DL ) Zis T4, A8, SEKREE
SERBERRSE, AR A IR . S B R
FRMEMR T R IFEEZEH, EMAREmR2E A
FLDAYT W — I R HOR O, iR YT B- b A A
RSty T .
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X —HEFNERE A 55 R JF 1. 20024F, X — kR
A2 R B S5k 1 2y 42 S i R e ) o e ] S
% (CRISPR)”. 20054F, LIS i@ FEH I 2
B, ERCRISPRIFFNZAFLE TR A, (HHE S
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H IEBIFSE A B 35 H I35 CRISPR/Cas9 1] fig & —F B
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Figure 1 Development of the CRISPR/Cas9 system for the treatment of -thalassemia

2493



MG 0 202578 H67% #21H

A4, Casfifil i 87 V) SMEDNA K& 5 H B 18 D) 6E,
CRISPRIHIF@ 751 AT P B UTAYRR S, 20124F, Jinek
2 \PM4.crRNA(CRISPR  RNA)FltracrRNA (trans-acti-
vating crRNA)EFEN T —Fhi 5 BIRNA, X P[] S
RNA(sgRNA) ] LU 5 AR et 5 35K B P 4353 114 Cas9
HATE S TDNAKS SRV E]. I TAER 1 T 5
[ CRISPR/Cas9 %L K 44 T HIf 1 K iitiH T crRNA
tractRNAF1CasOfk & 1] SEIIDNAZw b5, IR REE T
W UURY. 20134F, CongZs \12)fdi HICRISPR/Cas94: A
EUCEEEL T X AN B 2L 3040 40 A D 35 R 467
SRERIE. BB R USCHIER S, IEH T
CRISPR/Cas 94 A X & P ey 1) AT A 7R A Iz 3 HH 1
20144F, PIANIISL /NIRRT T 58 — IR & 2L 4 Cas9
figr ) [4E, NishimasuZ NPHH7R T Cas9 51 5
RNAFIEEDNAR S Y109 AR %5+ . 20204F, Emmanuelle
Charpentierfi+-flJennifer Doudnal# 5354 Ul /R 1k
2y PLFE TR CRISPR/Cas9Hk P 2 B4 A A Y 114
E A BTHk . 2% CRISPR/Cas9 22 48 38 A 14 JL 8 4 i 1)
A SCHF AR AR W82, IZHAR 5P Im AR IR T
TR B W RAE— .

2 CRISPR/Cas & 541k S 1EHIBLEI

2.1 CRISPR/Cas &% K 5425
CRISPR/Cas Z 4 fi& i Al HL A (0] by e o] SCEE &

—

CasEHR

tracrRNA

H1J(CRISPR) LA 2 CRISPRAH S FHE: K (CRISPR-associated
gene, Cas gene)Z1 %, &2 B A AL RTE KW fb i 72
HROE B B HCAEN A M R 35 A% 0 BT ) — Fh A RAS P S22 B AHI L
17, CRISPRIFH it — £ 51| T & (repeat) 551 Fl 7] i IX.
(spacer)FHH I FRHFI AL, IS CasF R A, 1E[F
— i b, AT A HAR L R B R AR ST, JEAR
PRRFAAE, S5HAR I, [R5 PR R R A MR
I, BRI A TR R 22 51k, %y st 45 &
JRA AL A, DRSS i crRNARE 59k
i BIFEDURE R ZE & A7 507 T CRISPRA 1 55—
ANEEFHIN FE, KZ45200~500 bp, HFHI & & AT,
AL & T RS AR 50 e s 7Y fEARiR
CRISPRIE [F] J3& A3 5 3 A — 2 v BE AR~ r SE R, D
Cas3EH, HIA5 M CastR I HA RN VIAG . et
T ME DL S SR IR S & O 45 F 3, AT 7EgRNAF 4~
G B AT AUE DN A 31 (712) >,

Jpi 755 CRISPR/Cas R A A THRFEE AW AR 5HK
1, FET CasHe P B P AL, M CasHE HES I
KON T2 A YIRIARTR, CRISPR/Cas R4 LIS A
1222, JfiE— B A5 i 6FIS A (Type 1~
VD). “1287445Type . Type M AiType IV, BALH
IV HEAK N T 52 A W I CRISPRAH S B 2 B A 42 5 1
(Cascade)E&5W. CsmEGYHCmrE Y. 22574
FiType I Type V MType VI, H &AW 2 U0
Cas9. Cpfl. C2c2fE %, H, Type ML T40
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Figure 2 Composition of CRISPR/Cas system in bacterial chromosomes
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W, SR R T, R OGS 1 A R M B 1 Cas9FE
crRNA 5] 5T BEH & #7751 - X DN AU EE 17 V]
F02 I PR AT R RS S, o BXUBE 24 T
(9 BE PR e T, BICRISPR/Cas95E N g4 A

2.2 CRISPR/Cas &S MBLEI

JL4E CRISPR/Cas R KAUFAEL AN, HHAE
HFES N3 Br B SMNEDNAJHAR . crRNAZAYA K
R 405, CRISPRIE A 4 T2 i Type 11
e R, A Type 11 AL A BN 28 HAE LS.

Si— SNEDNARZR. AR AYSMEDNA Y A R
CastZ R BV 5 s FIDNA R Be(JRRIFR 51, 1448
AR TR 4 A Y 2 3801 3 B G (A /K CRISPR
LG FPAE, REE T, BT =35 1)
“UCICF-G7. SNEDNA AR 7513 %A —1~2~5 bpf
JEL 18] B 7 51 4835 F7 1) (protospacer  adjacent motif,
PAM)" Y (EX B S BA B A 5016 R . CasEH
Xof 1] B 51 AT L T-PAM,  H PAMAESIE Wb X
BB S5R S, R I PAMAE R ] [ 7 51 A4 10 3%
VNG LR 7 R E D O iy (3t

B0 o RNARVAEYI G L. TR S8 i
crRNARY AN T-BR 75 CasOFE I PRI Ab, 3075 2 —Fh o
5 #E CRISPR-CasHE [K i =22 A 41 TR A% R R Nase Il L
5 5 A AN (traclRNAZ 557 5540
PR (KT ZH CRISPRA i 14 1] B 7 91 5 2 5 T 9] g A [
SR KA M pre-crRNA,  tracrRNA R f% 5% I Hpre-
crRNARH & P9I B AME SIE SR R, HikiZR
T RIRRNABERNase T 5 Y1 JE sl crRNA, B4
crRNAFRAL & — > 58 3% (1) [8] B§ 77 51 A3 43 5 27 91,
Cas9 7E i PR ) F2 € pre-crRNA-tracrRNA K. S ¥ 1)
fEH.

=20 BT Y AMNEE R PR AR, A
AcrRNAFlitracrRNAZE S HE HigRNA, J-5Cas9E 145
&, TEREA UIEITEE RR 8 A 2 A %) (ribonucleo-
protein, RNP). RNPifijZcrRNAFIZNFEILH PTHEL, 5]5
Cas9FE FH iR AR 3 R A PAM FF 51 51 78 H: LU 34>
BREEAL AT A8 OBEEDTH,  IAMEDNAJT 51 52 23R
MJCTEAE T FAR N AT HFRE W, DA K Hh i
e

TEType I, pre-crRNAW] 5 [F] o 9 5% 5% 1)
tractrRNA T AMEGTE BEERNA B IK,  J52eplisod
oy HikEsgRNAPY, 8| SCaso%MRMGEX H FRDNASE 7L

HEDIH], CRISPR/Cas9H Rl S B AR IEJEHE TiX — itk
SCEIE N G, IADNAREE R B G AR
3): — 23R F A b % 4% (non-homologous end joining,
NHEY), HEEHLH] KA AR G I RIME, 24000
N FZ A DNAW BB AL, AR AL, S8
525 R A BIE A B R 535 A (Indel), DT BUASAG 58
A7, ATHERT IR BT, AR AR H Y,
ERVEEHN S A1 Z (homology-directed repair,
HDR), il % & A 7e 4 IS FIG24, fRErEm, (H2
RARERAL, 8 PR A NEAE BB AT AR R HE & 1]
VR R AR,

3 CRISPR/Cas9F& Mgt RAEp-Hu-b gt
Mg g H

H AT 5 AR 8 100 240 B A AT R ARG B- b 2% Ay o —
B, (B 5 B AU AU CRC A AL AME S s
1fil 40 i (hematopoietic stem cells, HSCs)&Z ML R 5
R AR T4, TT 53k AR 45 ZR 3 I AH 21 (hemato-
poietic progenitor cells, HPCs), #F [fii 734k k4% R i 4 i,
SR I FR G B ALHT A A B TR, [T T A AN B
BRI HE DL i RE B SRR A A X R . SR,
CD34/2 1% M T/AH I (HSPCs) A e o, JF
TEHSPCsI it Fp L m B, BS LRt T
4 fifi(induced pluripotent stem cells, iPSCs) 2 i A4l
it o A A R R DA A A0 LR A 1 S AL T RIS T At
(embryonic stem cells, ESCs)JZHePET-41M, FAIA
iPSCsMI7E2006+ 20074F [ {4 iPSCARIHTHEA
REHIRANN, 5 TARE, Ao kA e b F O, A
HARIRM, JfHEAEMESCsHy B T FIZ m)
AR HE™. R, 7ECRISPR/Cas9Xt Kl 44 ARG YT
B-H BT I AR DCAIFSE i il FHCD34 ™ HSPCsAIPSCsf Ay
PR AR AL ST« SRR T RN ZE MR YT Y EE B A .

3.0 @y p-Hr P M PR N MR

SRR ) BT X A W IR 2 i 5 RIR S50 &
KIEHREEA A SEER. NREAEXFE TS
NEAIT . ARG ZFE P a RS, J& H a5
K. HEES 2 scRshy), 1 H /N RB-2k
I A B 2 5805 A ZEB- M AT A RIRY R 1Y, JiE
BT B-BR AR A/ N RN 2 2 [ 4549 5 DO RE R PR <F
PESWT SR AE20 2 AR BT A I FIAL 5 04 [ U5 8 41 4
RIS B- M % AR O HE R A A B B 24 CRISPR/
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B 3 CRISPR/CasOH: AR KB FI LN i 5 WG, Cas9H FIAEPAMIF S 1 i 34 B AL 0 1) VI BIDN A XU, [+ 5 5240 15 52 (HDR) 46 41 i 7] A
dsDNA B ssODNAE MBI TG BIE A, WidE IR A& e (NHED /- S 1 LIS E AT il A . Bk 2248, ssODN: HubE L% TR, dsDNA:

REEDNA

Figure 3 Two CRISPR/Cas9 gene editing strategies. Cas9 creates DNA double strand break at three bases upstream of the PAM sequence.
Homologous recombination repair (HDR) mediates precise repair using dsDNA or ssODN as a template, while non-homologous end joining (NHEJ)
-mediated repair can cause insertion, deletion or mutation. ssODN: Single-strand oligodeoxynucleotide; dsDNA: Double strand DNA

CasOF A 1544 145 b - i 72 1A% A AN BBy e
20184F, GhassemiE A7 i 30T 565 10 07 506 4 1
Cas9FE 11 BB DN AFI R 45 #L [0] Hbb LA 1] sgRNAs 7
AZRGHR, #0203, S R A A R
RAIN10%, A/ ZEAERCRA N 20%, AT —
P ST B-Hu A% /N BB (A B 0 6. Ajami e NI
H S f LB [ Hbb-b 1 (BILAT E H, AR F4%) 5 BT
[)Cas9-sgRNAFR IR A T AN FARIE T4, 2o i
BEAFF/ N BUH DD I R R () PR ST R ES AR, KBS
W21 2 AR5 7 T WFSE M A v A L A 4R AR L. Li
zi V5% 1 I CRISPR/Cas9 28 455 AN Yo ik Bt 22
AN TR (assODN), 7EK 56240 g A 5 T HBB-28
(A>G) 15 278 B N B-HFX AN AATTARY 308 3 e F 0 ey
PR T ZFE Sl kB M, 2o gn sk
EH EEPBK-AKTHIJAK-STAT(E 5 /K T i, %A
T AR 420 L 200 X e S P 5 308 J L2 B Bl S A S 6 PR
WMGATAZ G N T L4, BaReilnfEssS
HBB-28(A>G) A8 5| L i M ik 32 il, 7T WAKR PN Ah g
AR IR ) 7 XA ST B- L %% & A 4 T HIL R RGO
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/N BRAX A o-BR 2R (4 ORI B- 2R 86 (H R R 5 AN BREE A
FEPRFESEH K Re b B R, 1 ARG LI iky-
REHFEN(HBGI HBG2)S IR, X2z BF R T
NI PR RTBIFSE B PR AL, AT PR b iy
HAl PR - SR 20174F, MidicZE NP
WAH I Cas9 RNA/EE AN/ 24 sgRNAs U A [A]
fRI2H 4, 38 5 CRISPR/Cas 9 A Zh 4 AH Jal A VAR i 1l 2176
FIHBBEEA, TEALAN IR ARG I E 184 A/ R 5745,
T ELAE 3 22 (4 I A7 b T R 2 e s iy, Herpr
CasO% [ M FisgRNAsII & e SR e, AR Bt
A REAR B AR /D, {H Cas9HE H A FH AllsgRNAsif
JE R BT SRR AR AN . RS O
Yl b T CRISPR/Cas9 3 [Fl 4 i 7 vk Xof A B A A BT By
BO A RREAR BRI, ML ARTHL. ORI
TS DL BB B i A 1 B AR KOS 43E T 4T i TEA,
R RS )R- M B P IBAL ( E—2L ST T RAE
LA AHRAE A A T IR G 4 iR o JC — 1912 [R] U
T, BIIHHICRISPR/Cas94 ANE 114 5 HBBH:



P A

RloeAs HAT Pk . Ibah, FRIE2%2# 5 T CRISPR/Cas9
FeAR B T 3R 18] HBBHREH (1 sgRN A2 559 71~ £ 18
BENEIATY ) 5@ T7E B 25 4 Sanger I ¥ 7R,
CasOR R E Rk £80%, Hr5/8ik F| ¢ 4 mtl, H.
RARBEER. JRE2E, Ml TE— R e A 4is 1
W R AU S L5 AN KB-Hb P e —3%, i
FEAEMTRY () 2T AN A BB AP AR EE IR I S5 I
IRFI, JEB-HLZ% R K P B g Ny () X — %L

HREEGYHMLL, RFEATFREAMK. A
SISO S /NEAH L, TR s
2 5 NG L2 AR RIZ Ak, HCHERY 2, Pt
L 2AAEIE o, SeB-ER AR IR 5 A A, A 31
DIeMEER R SN IR Re-BR R LK (HBE) i Ly-
R M (HBG) AR B-BR & 1 HE N (HBB-2), W
Yo BTN - A BOBHFATEL. 20214F, YangZs A1
Fa 1 1 S 1) HBB- 23R 4 B- b 22 sh ) S iy, 1
NHEJE & Cas9/gRNAVE T B BEEWT 24, AP 3RTS T
HBB-25E R A/ 58 7858 1) 32 R 4 B S (FOFITF 14,
FF HARFETE T A48 V8 A IS AR 0 28 JB A 322
G ) MR 2R IE AR AL AT AT 25 5 A ZRB- % R
RS S BRI B E AR, AERR PRI T M
F14) LR 5L PR R 136 R AIE

3.2 il HDREG I AN HBBHE R )R 58738

M Cas9FE 1A WEEWT 245, HDRZIFAT I N g
WWRRZ—, MO 28T HBBIEF 45 Flvi U2
AR B IZIEYT (1), HDRIE— MR TR i1
TS BE5T % HAH HLdsDNA, ssODNFE LR R b 2L A
T A B R A RCE. HithXiong% ALz FHCRISPR/
Cas9 R 4t FllssODNUL AR, A1 kb FH P 70 3 W ok
ZYIEB-HLF B FiPSCs I HBB 1VS2-654(C>T) %L,
Hrp— PG R GI AR R I TEEBE
BCRBARL ]4%; R T I CasOTERIA 25— R VI EI )
R, ZM S T B R % BB IEHBB
IVS2-654(C>T) AL FFAEIZ 5 AL 5 L iFsgRNALL 5 |
AHGRAR, 55 il HDRIE S B 5| AT 5845, 455
NI T IR KA, BRI D — B R
(5135

SR i I ) L A ORI R R GAMOR,  Lamsfus-
CalleZ N3 i M 5 7 A AV 61512 DN ATE E AT
454 CRISPR/Cas9FIHDR 2 5 HBBREH, #h a1 —Fi

FWEE Ik, 2o Sefefd i A HSPCs i i
AAV 6% T HBBFE FE S AR AN B B0 B 1% B A
HDRIEE %, WG, 7Ep%B . BY/R’ B/ izl
[l — 7 e BT 2 i T AR 2R HBBRAS FEIN, H
HSPCs /b e 40 I 21 85 [ 387K - i 5 48 =, E R
TIZIT NS B- M HAT SR R T ). AT 8 A ESR
JEHTHBB CD26(G>A)% A8 5 [ i — i Y R AR 58
S WAL YO, AR S LT & H E(HDE) % ff
B R R R AL AR M LT, T R TR A (B VAR RN
), WM FBUM A AMNA . HbE/B-H7% 2 M4l
FE FIB-Hb 38 A X A2 5 VRSN, SR N R
UL HIE S M ZE A AE, WF9E R, 7E— AL
RS HDESAS H A 1F B-ERER 11 L R e A8 B 75 5 %), ST
RS, WattanapanitchZE AV FJCRISPR/Cas9 %
3t FllssSODNAEAAA A AN X — A~ S5 A AT HOEZR A8
WATIRAEACIE, B A IE 5 AiPSCsRE Ak Ry 1l 41
JitL, AT TR R AR, (H bR 2T R A5
HA W HBBR N F AR IO AR T, Mf1adrE
AT R AT e R R R A R POl £ AR 1 A T e
TR B AR

SR 43 BT A ) 35 (R i 4 AR 6 HB B B & (1) 0] 15
PEFRERON, FAE20154E, XuZE AP S TALENsHI
CRISPR/Cas943 5l 5 piggyBac JE 1 HEAA LS G 1
IEHBB 1VS2-654(C>T)% A8}, KIMTALENsLL
CRISPR/Cas94r 5 1 0 /5y Y [a] I ik PR ] 2002,
CRISPR/Cas9WI| {7~ H 5 55 DS BRL A, AN [m] I [l Zh i
FARA Hoph B /E PR A A3, Antony 25 A1)
[ B e 4 T 30 56 PR g T H X HBBFEFITVS1-110
(G>A)ER R, & PLCRISPR/CasOf) g ACR m T
TALENSHIZFNs. ZWF58i0 %M, HHHALSCaso K%
MK R, HHBETFRIAACas9 mRNAEK & FlssODNTE
HSCs™ 5| AHT I DNA TS 1E A 6 5 2 AR 1S O F
ETTATIY. (R AG, %ZWTIE BT VA St I 4 e 4
GG OLRIB-EREE AR IAKCF. BN, AR
I IR G B AR X HB BHE PR A& 52 350 FIAE AR e PR E
FAP B PRSI E, iR a I HBBHE R e 75 3 ik
FFIEH A5G SR BIPRT AR, [P0 AR 9 20 %) ] B A
ey BEGEYE. DhAEtE A, DARRE ST A MmN

S A5 ) | Tt — 20 R e

3.3 Ay-BRE AL R GR
y-BR TR UL (HBG) & — M e G LI K i 615
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%1 FF CRISPR/Cas9t RA-5 B HDRTE &7 p- 3t 11 2 I A BF 5
Table 1 CRISPR/Cas9 mediated HDR in the treatment of human f-thalassemia

HBBIEFIZEASKRL a4 PR B E R SR R AR AN RFEHN B
FEIE G iPSCsor b M ML T4 . £L R EAZ AN
CD17(A>T) B-H1#7iPSCs W g AL 16.67% AL R AR H o UK, & 2015 [54]
AHH G SR PR3 3K LR
BHIZTIPSCs  HZAL 12.3% A 1P§8sg§1ﬁ§f%%ﬁ£ﬂ£;ﬁgggﬁﬁ% . AE 2015 [55]
[VS26HED Ke T RPSCMUIN AL R ATHRAIBEPCs Mk, IF
BHATIPSCs AL 21% - ;kﬁm%ik(xﬁfiﬁ gﬂﬂijﬁ ik 2019 [56]
. . . K IEJ5 fiPSCsFE AL ANSI™ /IS B P 385 11 43k
PABITIPSCs AW B P BB, LIATAE BRI L 2016 (71
4T [ = Bl 3 1T TR
B-HBZLiPSCs  WFAGL: 4.5% %i%jﬁfgy}“g?ﬁ;g EI?F/Z %Lg B 5016 [58]
CD41/42(-TCTT N ¢ :
CTCTD  wawipscs sl sS40 FHﬁEElPSCsEW%F@VECEéIéHHH@HBB%E’J 2017 [59]
1 1E JG iPSCs /) BB 5L 0T 41 i R OP9L I 57
B-Hi1#%iPSCs HZEfL 2.9% RGVL A R IG5 AR Y 2018 [60]
HBBZE 131k
-28(A>G)HICD41/ . . . KEE S HiPSCs i HBBEL R 363K A%
m(rerTy  PIRIPSCs I 23.5% PSCSHIU T 251615 2014 [61]
-28(A>G) K56241ff1 B2 AL ARULH AL 2020 [49]
IVS1-110(G>A) Eﬁ%ﬁfm“ L 2R 1L 8% ST 2018 [62]

a) SCID/MEL: =TI A f% Bl (severe combined immune deficiency, SCID)/Mi; b) NSIME: NOD-SCID-1L2rg/)M i, & il it TALENZE A
BHERFE A, 7ENOD/SCIDE 5t/ B A BB L 2rg BE R A5 1 565 = AR Sz Bl i/ N BRUHT o 2R

AIIMET R AL, gmAs A I 21 26 Fy 5% (y-globin). T
ZovEE S P SR oI BTG SRAK (ayy,), BV JLIMZTEE 1 (fe-
tal hemoglobin, HbF)'"\. 7Efi& LA 5, HbFZE 13
WEIMLLE T AHDA, aB) UL, i i1k 52 HBGHEH 2
ik, ARSI, R ok 5 AR ok L, [T HbFEE
HAE R 2, LG I HbARE s/ 5 R Y B-Hu BT I
PRAEAR. ISR, -2t &I EG LI LT
B 34 ERE (HPFH) B S R I B 1 R IR s A
FEPRIG ARREIR, X478 7] LA3E 39 5 HbF A [ #6455 p-
WATHATIRTTY. T A G i AN Rl JE s y-BR 3R
TR T5 A BTHOF R K I 53 (322).
33.1 ¥ EBCLIIARE T b F
HBGHEH 52 2| Z PP Sk F AT, AR
HRBE W R T BCLIIA. Xmnl-HBG2. HMIP-2=.
A SHOFE [R5 H Ry S R 5 0% Hop A 6
BCLI1AFEH BG5S T2 fak . #fF9E &
PN, BCLIIAKEINZERMBCLIIARE 1, XTHbEE 1%
S AMEREVER. 7EBCLIIAFEF B — N & 1 X3,
FEE— LT R0 7, HHA 3 DNasel U7
JE(+55. +58. +62 kb), Hr+58( Al S5 T
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GATA1Z5 4, BEWRBCLIIAFERFix™). BCL11A%K
MR K i R B E R, N
SEPELL R0 i AT g T AR R HbF Rk, AN
MR EL M 2. KhosraviZe AP IZEK 56240 it (i F
P F I [ sgRNAVIBR AL BCLITAFE N 21 F 3
SR TGATA 145 51149200 bpiy HBE, 7E66.6% A TEkE
R ) 7RG 0 3L R G, FE18.75% M ek h I BT
HOF R (7K 00 BT, A, woss A58 i3
2L R 45 A sgRN A 2R 11 (RNP) & A 4 L )
B- M % B O VR ) 1 I T A0 MR S R 4T AR R T
GATA1ZE AR, FIHINHE 1 B VI 4540 A i/ N A
Bk, MIMIBHWIGATA1 5 BCLIIALT R T-454,
FEARBCL 1 1AL R 63k /K, 8T shHbFE Rk, 45
WL, eI TAMbs, 2 anihy/o-2RE A
PR R IEH (63.6%), LLANMIE AR 1E 5, HA L BB
BERN. FE TR AR BCL 11441 23558 1% 55 HbF &
IR RRB R i 5 ARE . ARk
T 20 20 5 TNHETAHDR G ACR B, H Rl
HICRISPR/Cas9if7 B-Hb i % il 1) i AR i 46 K 22 [
LRZNLE TR,
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Table 2 Study of regulating gene expressions in the treatment of beta thalassemia
ARy i e 4T e L= IVAY MBS AR ETLEY SR ENISI LN SN I 27 3k
Y- FAmRNAZK - 3AGmiR 20 5351
KLFIZER A2 MEE3450 5. [ XL 8. 1. 7. 71 843
4 = =R Y2
2016 Kseli HREE EN WiR26%  yopmppkor: s g s 0
5.2%. 4.8%F11.2%, XFFRZH 40.5%
A N om0 HbF& K B o ) L 312
2016  HUDEP-24jifi MR T HBG1/HBG23:H 3 81 F BE77% 179 R13%, X1 R T i [71]
e HBGHHH ¥ 134 o v-BREE FAmRNAZKF-: 32 20 L X
2018 KSGAML AN qover ap Ay DH30% GBI T 130 2.1 FIL 105 721
2018  HUDEP-24iiJff A UL LT A4 HRL H98%  65%~80%y-ERHE 1AM RIS [73]
mRNAZKF-: v/(y+P)% HAB H110% |+ 2
2018 HUDEP-24ifs by BCLUAMIZBIBTAZEE iy 0% [74.75]
04 o £ .
(V2SS 1 /KF: HbF/(HbE+HbA)% HofE 0%
LT+ E40%
. . - oo HbFEE KRB ZH 142.9%+1.5%, X I
2019  CD34" HSPCs L 2R L HBG 123 I8 8hF 1% 51 % =80% FH1.3%20.5% [76]
y-ERE KRR T o-BRER )P+ T+
%63.6%
2019  CD34" HSPC B 2R AL BCLIIAZ R 538581 e 190.7% 77
; - T A HOFAE (KT 4037 6% iy )
9.1%
2019  HUDEP-24ffd s HBGH:N G 3+ N v-BEE FImRNAFIHbF R [ /K - G254 0 [78]
y-BREE HmRNAZK - 3B 4153510
. KLF1. BCLIIAMIHBGI/2 L XTRRALSAELA L 4f5RL L 6.5F%5 0 1
2020  CD34" HSPC ML ZEfL B 91% 79
S X e HOFE [k T 34 2G4 3 ik 7]
25%. 39.5%. 41.9%, %t HRZH/NT10%
2020  B-HBFXHSPCs HZEFL HBGI2IEN R BT TFH85% 1 IREFImRNAKCP: G198 [y [80]

23%~64%, T A G X AL A 7%~34%

332 ¥ HHBGH B 2 FBCLIIAZ &L &

BCLI1A%E &7 5 A T HBGHE R T 3t 5 8 7 Fh
AL AR A IR 115 bp X3, 1A o5 K P 5% S I AR
H1, JFHZAHPFHAY SRR 65 LA
M5 VERMLE E 21201844 H ChIP-seq fICUT&RUN
ST A I Traxler® A FHCRISPR/Cas93L
X g 0B AR 25 6 18 9 7 3R 5 sgRNAs#E [(] HUDEP-2
CNJBF I U5 2T 4 AL AH 20 i 2R -2) 4l 3R T HB G 1R
37, FIFHNHEIJHE N 874, Bl A SR FEAE R S 3 HPFH
13 nt(-102~114) Ay s, (RSN EERERI, HOF& /K
I E17%( B 40 ICHOE SR [ A6 1%), HbF/(HbF
+HbA)% A - FF, #ECD34" HSPCsHTHbFZE /K- I
TFE20%( IR415%). TEHFER E, Métais@E A5 it
CRISPR/Cas9¥I i 7] I 40 ifi 77 1. (SCD) i CD34"
HSPCsHI-11507 i, FF4 Hoan A S e s fe /N A7l
PRETIFSY. SCIZE SRR, g ARk E]70%, HbF/K
R RN30%~40%, HAIGRIGIT & L. X HBGIHI

HBG2HE N R E R YIR—A~5 kbAY B, (Hix— Bk
SRR A X 15 1 A A TG, AR5 A AR AR 381 v # 3ek
N FEJGSENT U AT h & PR, % HBGRE RIS 3+
B 3 PR S AR A0 % L= T2 BCL11ASE N, TITRNA-
seq /T R L MR 22, LAMIFSEiE 2 GUIDE-seq
TE S HBGHEEIN 3 37 19 sgRN A ARSI 1] — S (EA51 fid
o, A e e 92 1, HumbertZE A
CRISPR/Cas9+ A g 45 ] 4% (U HSPCs H HBG: [H )i
i+ EBCL1IAZS G075, FHKs g dn it B R i 5,
Lyl — RS R B, G AN T AR R 5
FasE M= A HOF R H, A& Won i s, X —
WFFE SCRE T g HBGHL R A sl TR 7 B-Hb 2L 10 m] 47k
e 2, HEsh Tz R ) IG R AL AR . AEm
FegmAR S, X — AR B TR R S 0
5%. ¥k, Edilas Medicine/A 7 ¥ & BYEDIT-3017 15,
fifi FHCRISPR/Cas12a#fl [i] HBGHE N 3 3 FBCL11A%%
AL LAY T SCDOFIB-HBAY, Fii Ik PRI In(NCT04853576)
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EHEAIGRUILY, J538 ERA 5 £ 5 2 5 B 45
JA)(Food and Drug Administration, FDA)tER: T 1
TFIE. MG E N RGP, Z g a] LIS 5 —
AT BE 4R %) -l PR X LI RIR YT I ik
333 ¥ HMHBGH F % % H F A0k Wikt B F
HA i 5 FIIGATAL. SOX6. KLF1%5%:
i HBGHFR F2ik. Martyn%5 A F9Y fEHUDEP-2
M R 5| AHBGHER i e 8 F-113 A>GZAE (—
Fl B SRHPFHRAY), RN LU SN FBCLI1A
S0 ES A, 0O SR T GATA Tt T —
ASFEE AL, ISR 3 T HbFER (AR, 5
TKLF1A] LB 32006 BCL 11 AL T30 I HbF &
F35™ FEKLF IR 55241 7 A5 288 B A T4 A7
TE— Al RFHPFHMC X578, F7E20164F, Shariati
EY N BT PR 27N S M UK VAS SIS X2
T8.1. 7. THIL8E A y-BREE FImRNAVK P30, 152k
FRI % FE A3 AT 2 B A X5 KLF 1 PR 4 2 664 1 S 20 4 i
(THRES I, AiEHTIRIR, MM S BCLIIALT 7 3%
ST A R 24 A B i 1 57 SOX6R] AL
TEHBGHR:H G ahF 1, I 5BCLUAILFEER], Mifily-
TR LR % 50 PR I Shariati P BN 42 G
R HBGHA 5 817 34> SOX6%5: 5 K T 14551
M, BHIESOX65HBGHNSA: G, e il #8214 8 y-
BREE FAmRNA KRN, 3 % 55 R 17 4 144 7
i AT R I REAR L, X TR AT e AR
TRTE BN R RZIR, DR MR A o s B 35 [ % 445 o7 A5 Y
i RE NS IR THHDF AR UK, (HI2 4R 1A K 5)
PR NI R B . fdi T CRISPRICJZE AE % &k I ()
HbF& H AN, JE—2 MBHbFE (IE 7 5 AL
. Blobel 5741 7 HUDEP-241 jifd 3 i:F CRISPR/
CasOFl [7] 482/ 1 FH I W 245 F4 il dE A 7 T T e k2 U
N, &I T y-BRE FUBT 4 N HRUE RS e
e % 5% N7 AFT4, ## 1) T HRI>elF2a-p>AFT4>B-
CLUIARME S, Bribzah, FWsfeH e
HbFIF A iR T AR, GongZs N E11424B-Mb
PR TITST LA R i 1 (DNMT- [ )25 5 5 7% %
IR E &, DNMT- 1 A] LUEDNAH FAL, DA il
HBGH:N A, WFFE RN, S878F4: X 275 n] [ DNMT-
| 25 Fase . Thigiesk, 5 HBGHRNAH i 5%
25408, HBGHEN A shFHR 58>, i Bk
DNMT- | Xt HBGHEH 3. w5, FHCRISPR/
Cas9TEHUDEP-24 il 5| A 12 5 728 A {fiy- 2R 5 1Y

2500

mRNA 58 [k 838N, oK & HbFAE (k43
T —ASBr R .

BT 278 I HBBREIN , MK 2 HOF K 1 #6351
BT RIS R — 3, 1%, X — RIS E R R
Hz M, RIS 045 R A B M 3T R AR I e e 7 Ak
YT, HK, I HOF & (354 1] DL i A el it
RN, BINHEJR) J7 755088, NHEJE BR T4t
JBIMGUAIMIY, AR &A%, NHREgsb it
TRARRR, AEBAR R TR, RIS 2 HB B 7L 3 Kl
WHETHDR, &R EA e A MR
B, DA A M R IRk A, %k Bus T
TRREME.  HHME—— B PR AR 25 55 5 R 56
(NCT03655678) i £ i 1 ] £ #4514 A i 732 Z: CRISPR/
CasOfi R IABCLITALL &R 119 HIACD34"
HSPC, LLAFRNEYY H 1. 20204F, %I A 5640 4 4%
T — BB 19 LM E, ZIGIT R4 AR,
BE RN LR KPR E 2K IEH (121 g/d),
HAEBR A L0018 A NAERRIE % CEDY, R il
PRIV P2 5L PR Ry 7 ik i B K ).

3.4 WRIHBAXER Fek

o- R ML (o- M 7)) S B- M B R AL AR, A
I RE IR, MHo- 375 -2 I AZ I, HBAR
HBBIEN A F IR AR, DR 7 5 o- R A P B K0 ik
b, BREE IBE LR AR B R, AELL R AN
PEVIIEYIN L, Mo-BREE R IA B R IEF I 75%
~25%:2 [AIHR AT {0 A3 B- b 7 SR e R, 3x
PR, T8 I ) o R AR 1A 3 R A R R T B-HB R N —
B,

HBAFEHN R A T3 EIiE10~50 kb4 13
B T(MCS-R1ZER4)$HI7, HrPMCS-R2(XFRHS-
40), %ﬁﬁHBA%%@iﬁ%%ﬁiﬁ%wm. Mettananda
a5 NIVBRGE T — 1] 1 4R 2878 S BIMCS-R2 - BBk 2k 14
W, kI FEAE I HAL T a- M7 A, b
it —2 FHCRISPR/Cas 945 A M BEHbE/B- 1 #5355 A
CD34 4 BLF 4 TP IIMCS-R2 5 BE, BRI iR s
CD34 4% F oL 2T 40 b - BR 2R 1 ek H.
W FIMEER R IR TR R A0 1E. eAh, AN SRR AR I
B, — 4 StE S 1 CD34 " 4 2 4 3 FE-A= 1365 1f.
TAfI(LT-HSC), UEB TRy - g 1y, 5
SR AN R RS T R-BRE A WA R IR R, R
B, I3, PavaniZE A\'"EA T RIFAYT TBOWB-
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Hi %% 41 A AR (R Bk HBB A I (Y HUDEP-2 41 iy, HU-
DEP2-p )73 i, FIFHR—1eRNA, il
Cas9 RNPH [in] -2 £ 1 32 [R IV 76 HBA 23 PR 19 5 g = E 60
PEIX, WiE T HBA2FEH, FEL T a-BRE I FRIAKE;
22 J5 T R AF G0 7 AV V 6 3R TE [F]— Cas9 8] #4714
i HDR AL A Bt U HBBREN, i HiAZ HBA2 KL N Y
SR BT IREE, BRI HBBIENFEK, HERE FK PR
52 B IEHEII40%. 1ER IR i A IR THSPCs
FZ Tk, AERROR R T Ak e Sl o/ B-2R 2R 11 2k Al
FEIME, (GEBLH DV RS BIAH G A 41 i 75
FEKS624H i 1) JR Zeit 52 3R W, AT FinCas9(Cas9fy
—Fh AR, B H AR A SR D E I AN
WUEEWT 2 1T HBA2FE N @SR FIHBBIE R A, R4S
nCas94m SR A WICas9, [HEnCaso N2 FEUH AL
B oAE, RN REE, ARG R R _EAT A T
H. A DERER A BB, BR T X HBAE N E4%
YN, Cosenzai N2 HICRISPR/Cas9$: AR B &
1EB’39(HBBH: 394 %1 T-CAGH T TR HUAGH
1EZ R A5 RS R A A R AT R g HBBEE N
J&, RIMEIEM AN AENS Fh KB I HbAT H, #124F
L2126 B 1 94.08%. 1 B L2, TRl 4L &R
FARANA oo AT RS o-BR R B KD, T HLS
HbAZE A B3R T m A e, % WF 58 il fg>
CRISPR/Cas9F A 2 HBBRE P Bk A HoAth 75 2 (i F
5 R S HDAZE (AR RO TR 39 F Rt T—
FE RO,

HAT, A7 M o-BR 8 1 56 PR 358 14 JE Rt 5%
Al ARIREE /D, AR, ORI — gz F T B-H A5 I
PRIGYT, 5 2 Ty T A () RS 5 7 T N 2 — ik
Pz a- SR A KA E, Ho-BREARKENT
25%7%s H F L2188 11 A i SR D S BUFR AR L Mk
BIMLCEAL, ek it 22 W) Jo ki B % o/ B-2R 3 1
BEHBIRATRER], R mi e A o-BR R E
ik, BERIMEEN ARG, TN RN, #ERp-ER
EAR 2B

4 SCUEIRGE ALY BRSPS

4.1 CRISPR/CasOfii/EHiAR m I 28

PR HL G B 4% (base editors, BEs)/&7ECRISPR/Cas9
F AR FA 1 & R 1 R ) —F P B S B Bl S 1Y)
ERIE R g T L, fiDavid Liuseshz=U®e20164E 1

UHGE, HoRrdCas9 5 L2 BHFHZE &, dCas9HsEY)HI H
FRDNA, Mzl it 11 A AR L 2, J-7F A2 il A
O AR, AR S 1 AN 7] 53 A e B ik
LG ¥ (cytosine base editor, CBE) I R4 Bl 3k g i
#%(adenine base editor, ABE). BEsHERS A TG A i 3 [A]
2 e T AN T B AR AN DNA KIS, 7253 2k
M HTEAR G, EZn] LA T 4Fh i il 22 7%,
7 Y O v 9 2 BB AR (ABE7.107E A S 4 il rh 2
50%) by 22 A,

Liang N IR FHILAL RIS =40 AL 75 (BE3)
T UTE - LB RE 3 K TR 11 B2 JoR: B 2T 24 200 e R A 1) 5
HBB-28(A>G)RAL M NGB E T %5748, 16k
AT HEAN M B ZHOR20°020%, 5 58 B IR 20 i Hh
$}922.9%. RAERZHIBE A2 E T IR MR
K, (HRETS>FIRA M HBBRE B LIS AR, 1%
M FETE293 T AN AT IR G At At b 2 B T HBB-281v s 1Y)
EANG>CRREL R, T RE AR &2 %0% (BER)!
frEk, RAFTEIF LB ITEMHBER. 54b, BEE
TE293THHMIFIN B IR A AEAr e rh 2 8 725 G>ARAE,
BARRFEM AR A L R R, (R s A W AR %
SRS, Wl FHYEE-BE3(—FPt R BE3, i HH /)it
FAAC AR 1k 5748 K A=, e Y EE-BE3 B2 A
RRGARMErh, PR SAR A B, (H B FAON 20T Fh 4k
KA bt — e, BT IRAMER 4N, BEstnl LI
Pey-BRE IR FKRENATT B RY. HLinZengs A
FUHALRIBE3SZEL T X Hu 7% 5 (B°p AN B ALK 75
CD34" HSPCsH T XH4T R BF SR T BCLIIAFEN +58
7 S5 B B R TR B (90% LA 1), 45 51 & 3 4 4R 1Y
CD34 ARSI B340 JS, BCLIIAFER (357K F
A, R HDF & 25 B R T, eAh, i mrsE
2238 1 BE3 R 24 1F B- Hi 73 58 % i HBB-28(A>G)
MRASIFEL M BCLIIA +580 i, S5 K INZ  gmt A
SRR E, SCRAL, (HUER-Fly-BRER kK
HRHE R, ARG LT 0B S R AR EURE SRR
S EPEE TAE A 5541, WangZE A POFIH]
hA3A-BE3# [\l HBGHEEK i 31 F X BCL 11 AMIES A7 1,
VIR BR H HBGHE R 2k i, R ITER-HL 3T B
SKUR I HSPCs H i FH A5 R TR F85%, v/~ 2K 4 1 A 1
mRNA HHIEF]126%, HAHABKIRMER%), £k
UL, UE B R — PP e v AT (0 B-Hb B IR T 0K
W, MIBCL11AZE G0 i e BLRa 5L i 25 1) BRAL U A5

HHELCRISPR/Cas9F AR, ik ot i 4 A 75 48
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DNA XU B 2 s 2 (AR, XTDNAS /)N, HifE
RCRE AR . A, T ICHR A AN M E 1, BEsTE4S
AV RELITZB, #iSciencetE 20174+
KBFERARZ —, TP THS WG i R A X —Hr R
B LI SR R g 4 e LA W] R AU DNAFIRNA B
RN LA R BAN AT IR 4, Zead s R 2 et e A
BERRTE. kAL E S BT K Joung A A
() A0 2 S R I AL I 2 2% (gly cosylase base
editor, GBE), JHMumENE B & B-nCas9-PR BENEHHRLAE £5
B (Ung) SR 12 A1, 1 M ms i i 2 BT al 1) R s e,
SR S o8 2 DR W e it N7 TCNEERS / TCERE (AP i, FIIH
S DNAWIEE R4 18 AR ZL s P 4l il rh S C-G
B AR S A, AT RS BT S gw .  BESTEB-H
TR RGP AR OGS TP A AR S 71, HATE N Ah
B oA I BEsTRYT B-Hu 2% (1 FE A I R 3 i 36

42 S

BEsH SR 5L K g T RESR A, (H 2 H T nT LA
AP R e AN C-GH G, oA BT Bl . 7t
HeAt 1, David Livif@izn" " WEk T 46 S48 2% (prime
editor, PE), fllfi PKinCasO#K 1150054 B (RT)ZS /&, 14
A A, HFAEsgRNARI R Sqds i — BOB RN A
(pegRNA), pegRNAHPBS(primer binding site)/ T4
AL R R SE RTINS | I F 54 A, #EDNA%E
3RS Y S5 PBSIF A FAN, XTRTHIARGIES 718 5% 5%,
HE I DNA R BOREE R 514, AT S B0 A S
PEFEAK DS BHIHEIADN A At 45124 5 7] A5 2 4 5 P
FH12F 548, AMA REA RIS N 22 0l 3 (1445 M A
(I Z W] 4 A 44 bp) FIIN R (2 M FR8O bp), X {fi#53PE
FEFIS T BBISAE IE 46 G 43 i 0 S50 3L A {4 FIPE3
A[EHEK 293 T4i i i 5 A B & S E(SCDAY HBBHEN
E6VRAE, 1B GBS A 5]58%, i ABIAIHR
Z3%91.4%" . B-Hb P2 AL S 4R A R R S B- 14T
FE WG, XN PEA A Fif B- b Hh i 23 il 250 3 [
(7]

PE7ECRISPR/Cas94i R FIBEsHY LAl I g i S B
ORGSR R TG A SE P g, (ARG TE 2Pk, Hean
T — 2L P THIE Z Fh A0 P A G SRR . HERR TEA
A K AR 7 O DL AR AL Ko F il A R
1RO M P38 26 45 PE [ HEAR DSk b B 7 16 AR I
SEE, N T RE A AR R - 33 KA T 1B A S
Jy ).
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5 #iikbihe

20120 8OAFARTE AL (1) 3 R G F AR, A PRI 548
PERIR )6 T kA2, Hirp CRISPR/Cas93 R 4+
ARBEAE L e/ N BIE FIK A IE % p-BR & 1 shag! ',
HER-M A MAIT P EA R REMNE L. A,
CRISPR/Cas93& PRI AT A= 18 A9 2L K 4 T HARL R
B-HLZX BIRTTHT Ok T BIESE. HAEY, JEFCRISPR/
CasOFEH g ARIGTTB- AT FEAIFM T HE, &
538 5T HDR X 58 48 HBBHE DN A S A TS BB &
18 i NHEI g HB GHH S 56 R T B G y-BR AR A 6 PR
IR T G i H B A PR ] - B 2R 1 235 - o/ B- 2R B 1
BEHLB. Ay SCrh BN R R R A 3 R R A Bk
FDNRIFRPEDEAT T1HE, HAMATE % LU (A,

(1) FFEH N4 2 manyi% /72, CRISPR/Cas9
RGN R B % I R FobL . RNPRURRERAAR. T
HBiEHDRAY BRI, AR A R A s
J o7 R ) AR, RNP(Cas9-gRNAK & 4))
G LI TR Y T R, (LR ZELAXT
AR AR SUZ 18 B, Bl B AR, A
Z T, AAVAEKCRISPR/Cas9 £ 4t % 45 3 I 5L 3h Wy 4n it
B IR IR TR S B I AAVS I B, BT 1238
FdE, JEHATR R MRS, EA RN
H. HAAVIHEH R0 EEA4.7 kb R/NMAIERH, Cas9kt
KA K /N R Z4.3 kb, LA Cas 9% FllsgRN AT Zi i
P Bl ) AAVER A L1 ST o R UR
W & R AR B AR (AN i . 4ok L 45 A
B ZIRERIIEHE, A B LI R A 4 i i
Ay 2 A R e A ),

(2) #E= ARSI HDR S 3505, (L5 CRISPR/Castl
AR E AR, HRTEA 5% THDRIE K 44 550%
>50% 1 E, AL R S5 ST R A T
I B IEN-y /- F 1Y 9 0E S8 S« HSPCs(Jb HJ&
JEIEHSCs) W HDR 2 8 R SR 2 N A 5,
MOk Z IR RN, i I EINHEIE B2 1)
INFTFALEY) . DiAksgRNARY S 15 CasoZB )
HAr R, P Cas9/sgRNAMR F &5 7 2 n] LI
CRISPR/Cas9 AR AF: [/ Y5 A i i 4245 2 g ) gt ),

(3) KIETHMIGFREAR GBAEAR. SHEER
iPSCsHE IR FAERFIRINE, TEARIMMEMLT RAEER
BRIV A2k HOF R (1Y, MELLIATIIE ¥ AL £
AThEE, Ak A HSPCs AR METE S Bk i/ B
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Table 3 Clinical trials of CRISPR/Cas9 gene editing in the treatment of B-thalassemia

NCTHEY  REHR BURERIEME SR S FE W RS WIEABC R
A safety and efficacy
study evaluating . + WERBCLIIA E[. &R, .
NCT03655678 CTX001 in subjects 320015298% A gi%g? LIARRRSIG TEEL BOOH 'lm"%? "o 45 cTxo0L-111
with transfusion-de- R FIBEE .
pendent B-thalassemia
iHSCs with the gene
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B-thalassemia is an autosomal recessive hereditary blood disorder characterized by reduced levels of functional
hemoglobin caused by point mutation or deletion of the B-globin gene HBB. Children with beta-thalassemia major develop
life-threatening hemolytic anemia and their survival depends on lifelong blood transfusions and iron removal treatment.
Long-term iron chelation therapy can result in multiple organ damage and failure, and places an economic burden on the
patients, their families, and society. The prevalence and carrier rates of B-thalassemia are very high, with 80 to 90 million
people reported to be carriers across the world. In China, the overall prevalence is 2.21% and in southern China, the highest
carrier rate is 4.8%. The most common HBB mutation that causes -thalassemia in China is a 4-bp deletion (-CTTT) at
codon CD41/42. At present, allogeneic hematopoietic stem cell (HSC) transplantation is the only available option with a
high cure rate for B-thalassemia and the key to the success of HSC transplantation is the HLA matching, however it is
sometimes hard to find a match between the patient and unrelated donors because some HLA types are less common. With
the advent of zinc-finger nucleases (ZFN) and transcription activator-like effector nucleases (TALEN), site-specific
genome editing of autologous induced pluripotent stem cells (iPSCs) and HSCs from B-thalassemia patients has become
possible. These nucleases induce double strand breaks and elicit site-specific gene correction of HBB mutations in the
presence of a DNA template carrying the desired (non-disease) sequence via homology-directed repair (HDR) at the break
site. However, ZFNs and TALENs both require complicated cloning approaches to achieve. An even newer approach for
fast and easy genome editing procedure is based on clustered-interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein 9 (Cas9). CRISPR/Cas9 gene editing technology is rapidly becoming the preferred tool to edit
genes and it has attracted great attention because of its advantages in targeting specificity, efficiency and economy. The
2020 Nobel Prize in Chemistry was awarded to Professors Emmanuelle Charpentier and Jennifer Doudna for their work on
CRISPR/Cas9. In this review, we comprehensively discuss the development and detailed mechanisms of the CRISPR/Cas9
system, as well as its application and research progress in the treatment of B-thalassemia, focusing on three feasible
CRISPR/Cas9-based gene therapies: (1) Repair of the HBB gene in iPSCs derived from patients; (2) induction of
expression of fetal hemoglobin (HbF); and (3) inhibition of a-globin gene expression. We also review the relevant research
reports in the past five years that cover cell and animal models as well as clinical trials. Currently, most CRISPR/Cas9-
based clinical trials focus on the induction of HbF expression by targeting the BCL11A4 enhancer, the BCL11A4 binding site
on the HBG promotor, and other HBG transcription factors. We also review the safety, long-term efficiency, and current
challenges in delivering CRISPR/Cas9 vectors to cells in vivo. New genome-editing tools derived from CRISPR/Cas9
exploration such as prime editors and base editors and their potential applications in B-thalassemia treatment are also
introduced. Since prime editing and base editing offer high efficiency and product purity compared to HDR, they are
anticipated to become the most commonly-used genome editing approaches in the long term to achieve a cure for -
thalassemia.
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