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THE, i+, LEAPHEIMRAREAMNFHARIARLRL. T2
INFE G Rtk (olet. 2 BB R R, SRR ) T F0E
RARGAR., TREGELESERNRBHE AR ST @R, £k
ISBIRT BB ERIL. SafE. HaBEFRERRGLRIRE, 257
ZHRRMERELR T HBEAHM L, TRE T EKRRNZALE S
BPRIG T g kme) KRB ST 5 R, AR AR A Cell Stem
Cell. Circulation Research %22 &K k.. ZAMRNN LT EZMR F @ LiE: 1)
FIR % 48T ik m AR, RANBATALZEFZHR T (4 GWAS) LI
89 R IR A AR K IRAE B 69 TAH 5 2) K % e T e L ag Ak am e
RLLAANR SR TGR R, B AR (IR, BERF ) s Rk AARA
) FELATFalekmiERle) a2 initté, @it o FreohE
F= CRISPR/Cas A B X XJE ik, FHRA7T697677 hdhA LB ¥e b,

EABRmIERARE T HR AR N R RAT PR H

XNEH, F R, KRR, THE
(REIRRSE 5 L i Rb T S e TR R AURT, L 200031)

W OE . T AKZEET UMY (human pluripotent stem cells, hPSCs) [ Z R FAA RIEHE T — A28 KPR
W F & . #5205 948 1 hPSCs 7] LAIE I B 35 R 41 i # 4w 2 Al 75 5 PE 22 B T4 (induced pluripotent
stem cells, iPSCs) k15, BLE i@ [ %7 4= B hPSCs H 5] NEUR RAIRTT . RG89 FEAE hPSCs S H BT A= AUt
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Genome editing for disease modeling and disease treatment

LIU Gai-Gai, LI Shuang, ZHANG Yong-Xian, DING Qiu-Rong*
(Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Shanghai 200031, China)

Abstract: Disease modeling with human pluripotent stem cells (hPSCs) has offered a new platform to study human
diseases. Mutant hPSCs can be generated either by reprograming of patients’ somatic cells to get inducible
pluripotent stem cells (iPSCs), or by introducing genetic variants into wild-type hPSCs. The emergence of genome-
editing technology over the past few years has made it feasible to generate isogenic cell lines with and without

disease mutations more efficiently, which can then be differentiated into somatic cell types for the study of
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pathophysiology of diseases. In this review, recent advances in disease modeling and the use of genome editing to

better understand human biology and develop novel therapeutics are discussed.
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FE DRI 7 R e PR K ) 1 NSt
PRI . RN 4 JE R A DGR 9T (genome-
wide association study, GWAS) #2518 2 A& F1 D HEIF)
WAL 5 NEAFEE R0, e B RIm.
O MUE B HPERIRAT MR 55 1 R 3 22 i ZUAH
b U WAl VR NN IR S R B, TR BEARIX
e L5 5, IR LL L A5 B A AR i K AR
BLERI BT HIAIR, By B A AR g ke i 0]

X BB R I AT R A E P S . B
TR 22 5903 AH DG B4R A7 R R AL T AR AR 57 (1)
SR RS X W, DR TEvAE SR P AR AR
PR BT, H AR A YR N R ALE & Fh AR 3 R
G AR R ZEN, IR Z SR A R B T
N Z P NFEHACHH Mk FH Tt 78 N 2R R 1)
RN KA, H DN AR R 5L, 40 Th g LAY
TR T A, TRARE BRI . A
JRAAN M BT N 2R AL 5, AT DA X 7 & 4
ARSI G, (HHTAMRIEAN S, 1Rih 5
FEHAEETZ, ANFARFUAS [F] ) 533 T VRS 2y
KA F R JFACH 2 7] B R A 22 S, DR HE B
Z R K PR o

NEZ BT T 5 8 SRtk 424t 7—14
HIERT 6 RGCREITIX L K. NKZHE
SR A DLUNRR A 1) 5 NREERAL, AT DU
HBEADL B P AH O I I A% A6 RV RAE 5 2) AT LLJGPR 3
JEEFREH, R AT DL R SR AR i A R A
7T, FHXMNTEMEAARR, ZRTAHRES
IEEZA; 3) R 4R, MG EmE S 540
T, ARG S AR, IF HARSMR 01k
W FRAE — e R B AT DUSEA N R B A2, BRI AT
DAL SO0 R AS ] 2 AR B Bt o

NEZ R TR EZS AP —MR AL
T 4H Bl (human embryonic stem cells, hESCs), H
P IR AG A B ok B o R R A S 2
T-41 g (PSCs), 83T A 41 i 4 41 5 g 23R4S B
AL, A E =Rl i AR 4 A% F2 1 (somatic cell
nuclear transfer, SCNT) £ A 3K 15 (K] £ G F 4 i ¥,
S Z e T A AR RERE AT N R il, JLH 2

B RIES 2R T, FOVHEA BERE
(R R AR T S 2 T T omiidil. 4
PRI R AT H ek S 2 st T A 345
BN AR, R R R R O B iR A )
HR AT LA Sy 2 G B2 P 75 1A 24 R

I 2 BT 40 B 8 Sr N i Y, S0 R
ST P A X R ) N . AE R Tl B gk AT
PR BB, SRIE TR REE S S 2 R
S B AR D AL o B ZEL 4 U, ELRE
SRR futk, BPEESR B KEERN D, HIFARRIR L
FEAS 0T R . AR ZH A R A 2 [R] A7 AR [ R A 22 7
AIRESR H BURRAS, AT REIE T P A0 R A R I8
&5 S Hs2m, R AS Bef e 2 5 A AE OG . B
KRG BT SR Z A8, ASFEI) iPSCs 41 R AE &
H R E IR AT . RN EE F7 AL AR FE A ] e B
LA S Mgt KA, AR EIRRA, DR
kg, Mhrds 20, deAh, ARYEBSRIR. B4
EEAEREE S M ERB S FHAR
iPSCs Atk R Wit & (5 B RIAE, [FFESmm)E
HAT) R AL BRI BT, IR A ) R A ) ST A
P BN R A DG B A PR 1 B4 A RR N
“isogenic” X REZH, R X HE 2H AN 05 4 48 P ok U T
[FAE A BELE AR, 9 2H 40 Bk 2 TR B0 R AR B
RIAN ], At 7 T ) 58 4 — 35, 046 56 4 AH [R] ) 1
8 5. Jiamakth. T . RAEXMXT R
HAFERTE O T, BIFFTE A e ds R 42 ) A 3R
G 2 S0 e A (R ), T S S 0 R AR R R
TR B R

SRS B H AT AWM TR (B 1) s —
& £ 37 B 3 iPSCs,  J& WITE S5 iPSCs 48 gtk
1B R EURRA X A 5 R AR
hPSCs 1 5] N BUw AL, AN DL A 1 B AR A
HOARAE AR IR . S AL IR FE 5 v T A P
FERIN FEAT o ST XS R 4 5 B ASORS fh H A E A
Re A R E el 5l ANRAZ, IR IE R 2 9w
LSS Nl VST Y A s 1Y 5T

2 ERBEHERAR
20 i [ FE DR L [ AR il )R LB AR H
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Bl FHMEEFEEGER. FEMARNR=MEZE
[i5)):bE=hva

PrIE R bR BIN SRR B0, BAR, [FIVR S AR
ARFE /)N BV G 4 Hh 28 45 B D) FH T4 22 VR e i
BRAIEN /N, HAE NS A ae A R 1 1
L ARG T 52 R A1) P70 56 DR 2 g R 45
PR R R U i e 17X — MR . A TR AH g R 32 A
FEEETE R (zine finger nucleases, ZFNs) ** | 4%
SEUE [R - RN ) k% BRI (transcription activator-like
effector, TALEs)™*" 1 A i K Ae (5] e 4[] S 252 7
51| 4t (clustered regularly interspaced short palindromic
repeats/CRISPR-associated proteins, CRISPR/Cas)***!
=M ARG . AHE ZFN F TALEN, CRISPR %t
BRIZH g 5 & rh AR M NS 5 . LR R
RN ARG R AR SE . W40
BEPEEUD, AT E ARz A T A R DR g R
I AR g 37 H*, CRISPR AR W BL RN F ok
B ) 22 A FE B (ASADL 22 A 2 TR R AR 3 B B 2R
W), SRR BN R — Bk DR 20 IX 3 (AU AN R A
IO I RE I ), B L 5 K R AL
N KRB RFZ N BT, W TAERER N ek
% C Jidfi \ Flag IRBbRid B (FrRRBEEL ).
DR 21 2w R R AT DLPE R R 4 5 X 5 AR B R
AR YK i bR L R, m) L 4 i 4 DNA SRR
( W% DNA S 5 DNA) 70878 SRR A E 51N
RAZ . T RBRFEE MR, HATEON HR AR B
H RN E P A R IRRAR, I HAE— 2% et
751 B RN AR ()[R I AT e 2 A2 53— sk et gk b
SINFERGIAR BY, -l NP AR KB s AR

I, &Fh GWAS 28 RMIR R R Z AR ERZ A
P (single nucleotide polymorphism, SNP) £ 5 %t
VB S B K DR, AN R SN RAZ R R
T IR AN I % T A 1) 1) R

X AR R g T 2 AT REAEE I R 2, IR
WA —, FESEERZ, DR A
IR T AR B R gm e &, RAE 28R A
Hl\ AR T DR g T B AR A P 1) 2RI N T
Ao B2, BL A B R Ry W 7 R AR R . AE X
CRISPR i R #EZ BT 7, B T 0 46
F427%, CRISPR “F & AT A& A7 15 52 e A i 4 5 7,
R ) 45 SR ORI A A2 & M A0 40 B 31 v A A 5 b
FENR), FEARETEA N IEH 4 & (40 hPSCs)
HIR SN Bl 2B 3 I AE S 5 DL A HLAth [R) AT X 22 ad
[ 9 5 1045 T hPSCs g B AT 1 4z & R ZH
P B¥), gk B4R CRISPR Al TALEN 7E hPSCs H
1 Bt PR AR ARG o EECR KT B o I TR 4 8 DRI 2R A
A A TH] S WL RS 0, (EFR 7R I BT I 52 mT DLd I
SRR ) A B PR R B . A R, AHEE
L DRI 20 2 0 I A M 3R B, A B e (L
S A R B R RN AR R B T [ ) B R I AE AR AR B 7R
AR EEHLIRAS T T A gAE B, j R AR K
AL TAEgMALIX, AR E AR, HBA D
A TR gmps X, MG AL R R AL . H TR
ARAFHIBENLIE, A [R] 55 B 2 [R] 3R A5 1) RAEAN[F]
FimMIX A EFEE, HIE&E X K “isogenic” X} i
HRAFAER . 3 IZ M LR A 5 W A
MEIEE, FIH hPSCs HEAT AR ZMIIR AT, 75 %
2/ B A Y o B N 22 A T AR Y o [ 2 TA)EAT [R] N G
XF, FF H A F A B BevE, o 7E 2 R o o b
rhod I 5 N AR JFURE T 5 R DR SRR SR 2R A AT BUR
AR N R AL sz 0,

3 THBRRRREET

h A LR 20 G 4B R RN 22 B T 40 17 5 P R
LIS A MR AL, R AR T —
AN AFRTE T &, AT DFE N R AL 5= N (A
X/ RS AR AR ), AETE UG A BRI 1
AR R (AHAT LA AN i R ),
TIAE A b P TN S 003 1  ad

FIF 2 6640 B g 37 A A b i A A T DL d it
Fligfe (B D). BB—FR IR A B e A B
AU, % ERMERSEH PSCs, EIHN
5 95993 A 5% Ak 4 it 24 28 3 AT 95 5 A5 0L RN BB
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Fo — MR ]+ 52 X B % JE (Hutchinson-
Gilford Progeria syndrome, HGPS) £l 4k /R 44 4¢ & 1iF
(atypical Werner syndrome, AWS) [ g4 Y, i
PRI & T LMNA 22 R A Fr sl i, w9t
N 3R 15 /35 iPSCs Jm, F H iR 5 5 N\ B A48 Y
LMNA 7%, @it RVEEH P 7 LBk 7 EE
iPSCs HH R A, 19 3 BF AL B4R 2. BE S,
B IPSCs X HE ZH 200t 44 171 I 2 A o i 8 17 UL
MALF4EBEAN I . 52 1E J5 i B AR R 40 A B
RAZMMIE TR T 5 AL BTN M 35 22 S A R AL
55 R ST T A0 A A (1) 7 X A Y A2 A hPSCs
( WEAGF4H )il hESCs 5% iPSCs) H 5] N\ &A1 0% K
AR, 5 I IRLRE 43 Ak A 92 993 AR DG U 40 i 3 A7 4F 9 0,
T UERR X AT B AT AT VRS R, B R
F 5 N AU 5 AH DS I 10 22 P 35 (R 748 79 53 51
AN—FE 2R g4I R, RS g R
HESEITAH . TSR 32 3P4 Jual f S
FHORA MR AL . FIHIXAT &, EE S i
ST A HE SORTI B[R 948 51 6 i N 6 Ik 248 fta i
AU 71 BB AE B & T IR AL 5 AKT2 BE A
AR G| L B A 28 AR A TS 7 40 AR ) R B 2 HR A
AL RIMAERE AL AR R B A RAERUHAL M -F B0
RIEALA s PLINT FEPR RAZ 5| LW g W7 K 8 A RAE
o Rt — B MEAFEAE T 52 B EUR RE T
B R A PR AR e, (EWE ST SORTI F:RIXT g
U ThRERZ R Sege b, 282 [A] I AE AR R A AN ]
WL 5B AR A bk R 5l NRAR . 5 R AR
MR, FEPAE X B AL T, SORTI RAZ 5|k
() HE AR 3R Y AR AL AEAS [B 48 AR AN [R5 55
ANBZ B2 G

R R TT AR AR AR ATy
A, BE M IPSCs T HA K 7 8UR R Z 4hn]
A AR 0 R A DR FH B B iR AR 1 =, A
WA A S AT LB S S Hh e S AR BUIRES, (H R
P20 M ERAS . 20 1) B g A DA A S IR iPSCs e
e I1A) o 2 B U 5 B B K B (I TR RAS ) o[RS
EH MR E g R AR R AT BE S I ANE TA R &, &
2[R — R AR 40 i BT 3R 13 IR AN [R] iPSCs v B 2 [H] 1] fig
SAFAEAR K 2 5 192, I e 2R ) T 5 s 0 7 LA
IRAG iPSCs b, e rhi ik = [8] 4H 2 4 1) 07 B B
A B RAFAF R I f5 3 AT xS . 5 — R
07 A MR s A 15 SR A B, oRR 4t
BE TG R E AR AR, R DAE A g T
PR E AR B AT BUR R 1A, 1EF

— R4 (BPFE[R — AN AL 5N ) i8R LAIRAT
I FPAS R P EOmE FEAL,  4hi a] DR AS [F] #0 58
A S B R R AL AT ) LB, BRIt B A A Y
.

SRS e Wk IDREE il Ak = W il i i
ATHIRBLA, 4k 1T BE X 50 T AR FNEUH R AL 2 8] 1)
VRN FE A P RN AT B E . — TR L ]
%F LRRK2 F:BH F 1) G2019S S5 (9T, MRS
WA R AL MR R T REEEN
AR iPSCs, FFEIFEIVEEMABE TiZARE, 5
FIAH LS R0 P B 55 N 03 I i s 1 2 40 i 5y
1 N A 22 T4 fifl (neural stem cells, NSCs)., 248 2H
P TCT MR RFEE T 12 RAEARRE 77 5 DL A%
TEREE, B O sh & 4 M 1 B8 15240, 1%
FAUAENE TE I 10 07 A 6 R B b 28 0 1 40 i Hp o
Mo [FIEF, W5 G LRRK2 JER i G2019S %%
IEN AR ARG TR, ROUEN R 5
(1) hESCs 7 LI & T4 Mo SR I 5 i35 iPSCs 43
A )4 28 = 248 R A (] P A g T2 R oA R P e A, 42
NP IE R AT R A ) — B . EA B,
BF FEN DRAE S5 8 0T 20 i P R B0 P A i T AL %
ZHTHRAERBIRFAE 3o, Wi%RARE 5 e B
5 FAENES, $ERH T4 MR AR BT SN
FIFI0 7 T AR AL o

T2 B AR Rk e B A IR IR ORI 2
(7 SR E . H AT 3 SR ) 0] RS 5 A A
AT G A . BARFRG EZ AT e
A B RIS 5 T AT BASE [R) 7040 8 45 Bl 2 i
KA, B TXMAN KRB I REAMBA R, st
BFRAR RAR EEBIMAN KT R4, B
(1) 5 Tl 4 248 i 21 B0 K S AR A i 7 3 A5 P T A 4
BUE AN ORI B, AN 28 A P R i 1) 4
AFTHEE Y, RS S B AT RSN K B R
KA A IR 40 B 1K o T AR E Y, R iR E E
(o-fetoprotein, AFP) ; [F]ff, fE#EEDIRE (W1 CYP450 i
T ) 25t 378 378 15 T B A P i A B R 00 A g KT
X BRI FE N 53 AE I FH 20 i S 37 R AU 5 )
RGN INC, — FE EE I o R AP & AR Ak
Ria R, sl e IR, (854 E g e
B AR NIRRT 3 R AT 2/,
LTRSS A ) 24 LT 5 s 2 B BTG T PR 4 B T
REJT T2 4. an SR o405 1 20 i A 5 75 5 2
DIRe 77 HAEERRRE, A E & T 0 S I J7 1
2 i Ty REAH O 5 R 8



EQE]

K, e 5 DK A i B R AR T 2R I R R R ¥ v 482 87

PR AN TG0 M 73 AT G AN B 55— D7 TR LA
o5 4 AN /23— (homogeneous) 14T i BEAA,
M A& FHXT 444 (heterogeneous). B[S 7E ™ % 4 ffd %}
HRAH 2 8], FE 22 [ — MR 40 B AEAS R LK 1) 204 S 56
Z 18, A3 A4S B 40 ML EE AR T e H IR B,
IRl 1 o 3 78 R WL 8 R S 56 B 5 s SR IR Kk . SR 4
e 2 T A [R] B A7 5 A (7] JUR J2 R AN [ 4 24 i 25 23
AR5 T R e 1 7, T A R A ) 2 S AR T e B
W95 2 T (A 70 DRIk, A S G b ) 45 Bl R
G AT R S AL () R, SIS AT R
FE P IE F 40 B AR & G B, (DI 35 R 2 A
[k AR T, I HR AT R 3E 4 i 43 7 b B4
1645 77 2R e tH ARG B — SR A (R 4R B AT BT 5, 4
It HBY 45 M ik iz shap o0 Y @it (A&
1 (albumin) # 7 % P8 B3 25 M VIR W 2R 1 2 A4
(asialoglycoprotein receptor, ASGPR) 1A fifi it il AT
JUEEH M 1 5

AN T B = 1) T T AE T U AR 20 e 44k
FE R aeEG /MR, H AR IR
P Z AR B A0 B SR B (1 8 ) e AR R . B
JE BN IR R A AU e KR [ 3] 22 Fh 4 i
. ZREE AR, B T 40 B B AL,
TFETRENZHRAS. =g REE/EE
RS BT 1RV &

H TR0 & AR A RIS AN F . —
ML T RIS R, @ RGP
BN METY, SR 5 AH B R BEAR I A1 (A
AEKETFHE. HHFES), A4k
AN IR, WA 73 28] 1D 200 5 Ak P oA
Y. BRI VR A R A A 1k D R EL A LIS A
MdtRE. ERFREAN AR fe . BEFCN BT AT EIA
XT38 — IR 40 A A4, I A S 442 1 AN [ 4 B ik
S BT I B o R TR AR R A R 22 57 U ]
FE, BT S 15 B R B B 40 M D Re 50
SEEE, RRARAR Y R B 4H A — A I RORT IR AR Ak
P A fi B R AT TR I Y. S — AR A
REFFRR, WRIH 3D K5 7o 2 Aok 7= L2 B
N, 2 RS R B /)N BR A P A A DRI BRAE T 2
KT —J7 N, A Ja THH—A E VR0 A .

4 FONEE MR RIEEFINR R ARE

A4 M S A R P — AN TR R AE ARy
RSN 3D BEFR AT, AN IR RS ) 4 i mT DLadE
H 4121 (self-organization) )77 s S AR 28 B

I/ NARESER, Qi iE 45 H) (intestinal tissue) ™. #)
Hh 45 ¥ (optic cup) ™. T I £5 #4 (liver organoid)™ .
K i &5 K4 (cerebral organoid)™. B i 45 ¥ (kidney
structure)”*”" &, IR AT LU R 88 B M BRI 5
SR T 200 P s 155 0 A B — A B 2R e B 2% /S
AR (B 1)o — S8 R T2 it 48 3iF B A AE 44 4b
T BB TR R Y MR SE ), BB R I R
A U0 i T 2 R8T 40 B AT CAFEAR AR 4 1h 55 il
SRR Axpett, R E BRA RS . BA
R € BUR RAZ I 2 B T 48 B AT LA 446 8 B A [ a8
B SRR SR, SR 518 &1 ARG 57
M T R B R AR B 48 B /MR, M A] BALE
ZMMEAEEHLUKP ERRER (B 1). 5%
FRGHEAT AKT2EI7K H SR B0E AL . AKT2 FE
i [ S S A 28— o 3 DR Y 0 PR R A AR A R ESE AEA
JH 24 . A VR J2 T A 0 L TD 52 T 4 o R e i T
PR, SRS IS RS 3D TRA S IR RIS = Rl
DR 200 R /N b b U0 A AR A 43 A F B — U
AR, RAT AT /N 2 4 B A B A 4 (X0 T A
DiRe, $RINESE /M2 R A bL B4 i e 5 4 b 3
PR AEFDIRAS (FFRRTER ). B4R, &S E
ANMEBERLE I R RIE 77 £k — R E ik, 2
i 2 Y 1 51 N AT R 38 00 s B AUL AR R AR E
P, TREEASEE ST RE S AN RIS RA IR ZE

R N5 /IN R A A T 40 B i A A1 &
()57 —T7 ) o FEAS ) LB 2 AR 1 73 A IR AR A0 e 2
RUFE i BI) o e dR Be B/INBR b, — D7 TR /N BRAE
— AN CORIRAMEE TR 7, AN AT B R R
) 240 PR AR AE /N BRPAR A RT DAIE— 20 ez, B4k T
CINYSERuR o e 2 NI IR AN R N s 8wt B 3
RAIMEL 3 H—TJ7 100, 457 B00 T8 1 40 M F 1E
F/NEARN, 0] DAFEREAR AR b 524 N2
B AT 55 1) SR8 TR 24 i o R A A 3 R RN A S
HRThRerIs2m (B 1),

AR AT I N5/ RS 2R 75 A 2 — B a] (1)
BIR o AN B B A N R /)N RS 2R ) 2w
GREEWM SRR E R, I BB RI N N 7
BN VS0 L () B2 AR B R R, T HERR /N B
H S T4, 3 S0 = IR AL g 2 JH I 2
JHL N /)N R AR 7 4 6 A/ BRA Y o JFR I N /)N
BRSO e L 2 AT R, AR PR S A U 248 i
REAE Fah JERIBRR /N R s iE . s
53BNV /N BR AR 70% B0 T 40 P 2 N VR T i
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Af, DR R NVRAG MR AR, A A
IRERZS NS CRRPTIL YL e N E R O T A e
FEUNTRE 22 B T4 43 A6 15 3 0 JH IR 40 i = 3R A
N/NER o IXRE R VAT IIE /N BT DUR T AJF 90 4% b A
PRI A %o JHF T 28 B )y i 4k 5 B AR AR (R sl o [+
I, AR RIS BB DA R A B 2 45 Aok
RS0 53 A4 1O JFE JE 240 BV A9 e AR ALV 7 T IO
PRA RS EEE. B EFLRELBI T
AN N 4R A N\ Rag2 ™" < IL2Ry " A-Zip
6 i 107 G 95 SR B 2R /I B v g S N YRR M /) BRASEARY,
BT 50485 77 108 A% SR AR 1) N S IR 77 of B A A P 52
e VNHRAN =% SN b 11K AN RN N/ 1

71
AN T 2,

5 EERERBERANTHBREFREERR
aTT R EHI N A

2 Ae T 2R AL S ) 22 b AL 2R — Ty T mT LA
R FEIRI R AR 5B 5 —Jr it 7oK
EJEMEHE N2 B AL T T 6, FHREESIERE
B R TY)N T 2 BRI B R R . —
SEIL T T AR AL IR /N o TR R DL S T4
NHE H I BR , Ti S A A I L e T A
P 56T 1895 55 R 411 CRISPR 5 K Rl bR SC &, [l
FERTUUR T4 pom i b, DA SRR e 5
T PR IR e LR A R (1B 2)

3 R A AR (10 152 PR A2 ) P 22 K] 24 20
BOREHAE B RN 1 R BUW 542 B0 iR 4 8 5
R, TR BG T B 97 2. A1 g7y
T Y. BpUHIGR, BCE RNA THUHI5, X Aa

t AT

©
:
TR SR T e

ALY
SR

aGo

J7 5 E T AT UMIR A |2 1F ok o ) 5 R4
Fl, W AT Bk B — R TT 45 52 2 9T 3L

FENE PRI A 2 4 IS — & s 9+ =2 FI A
4R T R R Rk RS I T 4R BBk CD4 i
I 240 o ) 3% B 2 A& CCRS, IR T 3%
g 0%, i 35 DR 2 s 2 e R Ak MG T P e 2T 4
1 (cystic fibrosis) & 5 /I fizg AR T2 i (1) F0 5%
AR A AT U, ALV SR, RoREE & T4
FE DR 20 G BB AR VR T BT I — FloB 1 7 SRR3R iR
HW SRR T A e S S AR T, ANE
BRI A G B R AR EBURRAE, SRG00 AH B AR
OB ES B R, PR G (ERE 0 R p EA
BN BN, BREA NSRS UTED)
AE (1 3A).

1) FH 25 DRI 20 G B8 B A VR 97 50 1) 5 — i S 2
V4 Tk R 2 2 M ) B A A 1) T N R A 4
FEARE 78 PR A 0 28 7Y rh B 4 R o A ) ik IR 42 2 B0
KA (K 3B). 238 FTTE S0 = 38 ik /) B A 45
53RN, U R E B S ON B ) Pesk9 J R )
CRISPR MK}, — IRy S ] LA b 1 5 i) 90%
(1) PCSK9 & [, BRI+ 35%~40% (14 fH i B
i, ORI AR FUIAE AR AT BLRZ AR 40%~90%
(RO R 3 ™ S — T ST IRIRE R E/NRR,
FoN GOUE W AT LU S AR Y [F] 5 N CRISPR A4 kLA
DNA i, M TIE 5 5 A S0 RAZ K 6 T7 50
IR P 4R, R EIE R 120K R A T IR IRIATT
ZHT T EUIEAE X — R R A S BEALG N EUE
AL = DA G 8 ) S [ R S ME A B AR AR ) 1 28K
PE DL S5 122 A im Uk N RS A 55

TFHRAT L R B
N THED
TFHRAT LA B R T
L EE-7|
@ R
W e

E2 FHERBRERT NS FUEYMEERRESSIEEFE



1 XNE s, 2. FE R g R ARAE 40 B2 e A R R0 v T R A N 89
A N B .
REF YA @ﬁé%?\]g%éﬁ
. R
HRTE
R AIPSCs :
BT RINE R
REBERT
BF 4 AipSCs
o
K2
T T
BA A HEEA

E3  ERFEBHBEMT AR BT HINERERAT

6 RE

R FH 200~ 5 R A1 2 g o0 R B 285 45 AE A
HhEsE R AR SRR, BAR AN RE e e U LAtk
P GE B IT FERRY, (AT DL D9 — AN 3T A A 1
&, SHMT SR EAb. BEE P T 4000 T 2>
T B RSN R AR M TR 2R AL DL B
RGBT A, MEPIMT G IS Sl a5
WK, FHRIEFHBAYEL A, AR HET
LW, NN ISP IR YT RSB LI .

(Z £ X #

[1] The NHGRI GWAS Catalog [EB/OL]. [2013-12-01].
http://www.genome.gov/gwastudies/

[2] Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al.
Embryonic stem cell lines derived from human
blastocysts. Science, 1998, 282(5391): 1145-7

[3] Reubinoff BE, Pera MF, Fong CY, et al. Embryonic stem
cell lines from human blastocysts: somatic differentiation
in vitro. Nat Biotechnol, 2000, 18(4): 399-404

[4] Park IH, Zhao R, West JA, et al. Reprogramming of
human somatic cells to pluripotency with defined factors.
Nature, 2008, 451(7175): 141-6

[5] Takahashi K, Tanabe K, Ohnuki M, et al. Induction of
pluripotent stem cells from adult human fibroblasts by
defined factors. Cell, 2007, 131(5): 861-72

[6] YuJ, Vodyanik MA, Smuga-Otto K, et al. Induced
pluripotent stem cell lines derived from human somatic
cells. Science, 2007, 318(5858): 1917-20

[7] Nakagawa M, Koyanagi M, Tanabe K, et al. Generation of
induced pluripotent stem cells without Myc from mouse
and human fibroblasts. Nat Biotechnol, 2008, 26(1): 101-6

[8] Tachibana M, Amato P, Sparman M, et al. Human
embryonic stem cells derived by somatic cell nuclear
transfer. Cell, 2013, 153(6): 1228-38

[9] Dimos JT, Rodolfa KT, Niakan KK, et al. Induced

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

pluripotent stem cells generated from patients with ALS
can be differentiated into motor neurons. Science, 2008,
321(5893): 1218-21

Park IH, Arora N, Huo H, et al. Disease-specific induced
pluripotent stem cells. Cell, 2008, 134(5): 877-86

Loh YH, Hartung O, Li H, et al. Reprogramming of T
cells from human peripheral blood. Cell Stem Cell, 2010,
7(1): 15-9

Seki T, Yuasa S, Oda M, et al. Generation of induced
pluripotent stem cells from human terminally
differentiated circulating T cells. Cell Stem Cell, 2010,
7(1): 11-4

Staerk J, Dawlaty MM, Gao Q, et al. Reprogramming of
human peripheral blood cells to induced pluripotent stem
cells. Cell Stem Cell, 2010, 7(1): 20-4

Ebert AD, Yu J, Rose FF, et al. Induced pluripotent stem
cells from a spinal muscular atrophy patient. Nature, 2009,
457(7227): 277-80

Lee G, Papapetrou EP, Kim H, et al. Modelling
pathogenesis and treatment of familial dysautonomia
using patient-specific iPSCs. Nature, 2009, 461(7262):
402-6

Carvajal-Vergara X, Sevilla A, D’Souza SL, et al. Patient-
specific induced pluripotent stem-cell-derived models of
LEOPARD syndrome. Nature, 2010, 465(7299): 808-12
Brennand KJ, Simone A, Jou J, et al. Modelling
schizophrenia using human induced pluripotent stem cells.
Nature, 2011, 473(7346): 221-5

Sun N, Yazawa M, Liu J, et al. Patient-specific induced
pluripotent stem cells as a model for familial dilated
cardiomyopathy. Sci Transl Med, 2021, 4(130): 130ra47
Mayshar Y, Ben-David U, Lavon N, et al. Identification
and classification of chromosomal aberrations in human
induced pluripotent stem cells. Cell Stem Cell, 2010, 7(4):
521-31

Laurent LC, Ulitsky I, Slavin I, et al. Dynamic changes in
the copy number of pluripotency and cell proliferation
genes in human ESCs and iPSCs during reprogramming
and time in culture. Cell Stem Cell, 2011, 8(1): 106-18



G gEEd

7%

[27]

(28]

[35]

Hussein SM, Batada NN, Vuoristo S, et al. Copy number
variation and selection during reprogramming to
pluripotency. Nature, 2011, 471(7336): 58-62

Gore A, Li Z, Fung HL, et al. Somatic coding mutations in
human induced pluripotent stem cells. Nature, 2011,
471(7366): 63-7

Aapken SM, Nisler BS, Newton MA, et al. Karotypic
abnormalities in human induced pluripotent stem cells and
embryonic stem cells. Nat Biotechnol, 2011, 29(4): 313-4
Martins-Taylor K, Nisler BS, Taapken SM, et al. Recurrent
copy number variations in human induced pluripotent
stem cells. Nat Biotechnol, 2011, 29(4): 488-91

Yusa K, Rashid ST, Strick-Marchand H, et al. Targeted
gene correction of al-antitrypsin deficiency in induced
pluripotent stem cells. Nature, 2011, 478(7369): 391-4

Ji J, Ng SH, Sharma V, et al. Elevated coding mutation
rate during the reprogramming of human somatic cells
into induced pluripotent stem cells. Stem Cells, 2012,
30(3): 435-40

Kim K, Doi A, Wen B, et al. Epigenetic memory in
induced pluripotent stem cells. Nature, 2010, 467(7313):
285-90

Polo JM, Liu S, Figueroa ME, et al. Cell type of origin
influences the molecular and functional properties of
mouse induced pluripotent stem cells. Nat Biotechnol,
2010, 28(8): 848-55

Bock C, Kiskinis E, Verstappen G, et al. Reference Maps
of human ES and iPS cell variation enable high-
throughput characterization of pluripotent cell lines. Cell,
2011, 144(3): 439-52

Lister R, Pelizzola M, Kida YS, et al. Hotspots of aberrant
epigenomic reprogramming in human induced pluripotent
stem cells. Nature, 2011, 471(7336): 68-73

Nishino K, Toyoda M, Yamazaki-Inoue M, et al. DNA
methylation dynamics in human induced pluripotent stem
cells over time. PLoS Genet, 2011, 7(5): ¢1002085
Bar-Nur O, Russ HA, Efrat S, et al. Epigenetic memory
and preferential lineage-specific differentiation in induced
pluripotent stem cells derived from human pancreatic islet
B cells. Cell Stem Cell, 2011, 9(1): 17-23

Kim K, Zhao R, Doi A, et al. Donor cell type can influence
the epigenome and differentiation potential of human
induced pluripotent stem cells. Nat Biotechnol, 2011,
29(12): 1117-9

Ruiz S, Diep D, Gore A, et al. Identification of a specific
reprogramming-associated epigenetic signature in human
induced pluripotent stem cells. Proc Natl Acad Sci USA,
2012, 109(40): 16196-201

Smithies O, Gregg RG, Boggs SS, et al. Insertion of DNA
sequences into the human chromosomal -globin locus by
homologous recombination. Nature, 1985, 317(6034):
230-4

Thomas KR and Capecchi MR. Site-directed mutagenesis
by gene targeting in mouse embryo-derived stem cells.
Cell, 1987, 51(3): 503-12

Zwaka TP and Thomson JA. Homologous recombination
in human embryonic stem cells. Nat Biotechnol, 2003,

[52]

[53]

[54]

(53]

21(3): 319-21

Urnov FD, Rebar EJ, Holmes MC, et al. Genome editing
with engineered zinc finger nucleases. Nat Rev Genet,
2010, 11(9): 636-46

Christian M, Cermak T, Doyle EL, et al. Targeting DNA
double-strand breaks with TAL effector nucleases.
Genetics, 2010, 186(2): 757-61

Bogdanove AJ, Voytas DF. TAL effectors: customizable
proteins for DNA targeting. Science, 2011, 333(6051):
1843-6

Miller JC, Tan S, Qiao G, et al. A TALE nuclease
architecture for efficient genome editing. Nat Biotechnol,
2011, 29(2): 143-8

Cong L, Ran FA, Cox D, et al. Multiplex genome
engineering using CRISPR/Cas systems. Science, 2013,
339(6121): 819-23

Mali P, Yang L, Esvelt KM, et al. RNA-guided human
genome engineering via Cas9. Science, 2013, 339(6123):
823-6

Jinek M, East A, Cheng A, et al. RNA-programmed
genome editing in human cells. Elife, 2013, 2: e00471
Cho SW, Kim S, Kim JM, et al. Targeted genome
engineering in human cells with the Cas9 RNA-guided
endonuclease. Nat Biotechnol, 2013, 31(3), 230-2

Cermak T, Doyle EL, Christian M, et al. Efficient design
and assembly of custom TALEN and other TAL effector-
based constructs for DNA targeting. Nucleic Acids Res,
2011, 39(12): e82

Hockemeyer D, Wang H, Kiani S, et al. Genetic
engineering of human pluripotent cells using TALE
nucleases. Nat Biotechnol, 2011, 29(8): 731-4

Sanjana NE, Cong L, Zhou Y, et al. A transcription
activator-like effector toolbox for genome engineering.
Nat Protoc, 2012, 7(1): 171-92

Reyon D, Tsai SQ, Khayter C, et al. FLASH assembly of
TALENSs for high-throughput genome editing. Nat
Biotechnol, 2012, 30(5): 460-5

Bultmann S, Morbitzer R, Schmidt CS, et al. Targeted
transcriptional activation of silent oct4 pluripotency gene
by combining designer TALEs and inhibition of epigenetic
modifiers. Nucleic Acids Res, 2012, 40(12): 5368-77

Ding Q, Regan SN, Xia Y, et al. Enhanced efficiency of
human pluripotent stem cell genome editing through
replacing TALENs with CRISPRs. Cell Stem Cell, 2013,
12(4): 393-4

Fu Y, Foden JA, Khayter C, et al. High-frequency off-
target mutagenesis induced by CRISPR-Cas nucleases in
human cells. Nat Biotechnol, 2013, 31(9): 822-6

Hsu PD, Scott DA, Weinsterin JA, et al. DNA targeting
specificity of RNA-guided Cas9 nucleases. Nat
Biotechnol, 2013, 31(9): 827-32

Mali P, Aach J, Stranges PB, et al. CAS9 transcriptional
activators for target specificity screening and paired
nickases for cooperative genome engineering. Nat
Biotechnol, 2013, 31(9):833-8

Pattanayak V, Lin S, Guilinger JP, et al. High-throughput
profiling of off-target DNA cleavage reveals RNA-



EQE]

s,

5 DR 2 i B A AE T AR I R R R ¥ v 4 82 91

[58]

[59]

[70]

[71]

programmed Cas9 nuclease specificity. Nat Biotechnol,
2013, 31(9): 839-43

Cradick TJ, Fine EJ, Antico CJ, et al. CRISPR/ Cas9
systems targeting B-globin and CCRS genes have
substantial off-target activity. Nucleic Acids Res, 2013,
41(20): 9584-92

Cho SW, Kim S, Kim Y, et al. Analysis of off-target
effects of CRISPR/Cas-derived RNA-guided
endonucleases and nickases. Genome Res, 2014, 24(1):
132-41

Veres A, Gosis BS, Ding Q, et al. Low incidence of off-
target mutations in individual CRISPR-Cas9 and TALEN
targeted human stem cell clones detected by whole-
genome sequencing. Cell Stem Cell, 2014, 15(1): 27-30
Smith C, Gore A, Yan W, et al. Whole-genome sequencing
analysis reveals high specificity of CRISPR/Cas9 and
TALEN-based genome editing in human iPSCs. Cell Stem
Cell, 2014, 15(1): 12-3

Ding Q, Lee YK, Schaefer EA, et al. A TALEN genome-
editing system for generating human stem cell-based
disease models. Cell Stem Cell, 2013, 12(2): 238-51

Liu GH, Suzuki K, Qu J, et al. Targeted gene correction of
laminopathy-associated LMNA mutations in patient-
specific iPSCs. Cell Stem Cell, 2011, 8(6): 688-94

Liu GH, Qu J, Suzuki K, et al. Progressive degeneration
of human neural stem cells caused by pathogenic LRRK2.
Nature, 2012, 491(7425): 603-7

Lee G, Chambers SM, Tomishima MJ, et al. Derivation of
neural crest cells from human pluripotent stem cells. Nat
Protoc, 2012, 5(4): 688-701

Si-Tayeb K, Noto FK, Nagaoka M, et al. Highly efficient
generation of human hepatocyte-like cells from induced
pluripotent stem cells. Hepatology, 2010, 51(1): 297-305
Ahfeldt T, Schinzel RT, Lee YK, et al. Programming
human pluripotent stem cells into white and brown
adipocytes. Nat Cell Biol, 2012, 14(2): 209-19

Lian X, Zhang J, Azarin SM, et al. Directed cardiomyocyte
differentiation from human pluripotent stem cells by
modulating Wnt/p-catenin signaling under fully defined
conditions. Nat Protoc, 2013, 8(1): 162-75

Mekhoubad S, Bock C, de Boer AS, et al. Erosion of
dosage compensation impacts human iPSC disease
modeling. Cell Stem Cell, 2012, 10(5): 595-609

Yang YM, Gupta SK, Kim KJ, et al. A small molecule
screen in stem-cell-derived motor neurons identifies a
kinase inhibitor as a candidate therapeutic for ALS. Cell
Stem Cell, 2013, 12(6): 713-26

Basma H, Soto-Gutiérrez A, Yannam GR, et al.
Differentiation and transplantation of human embryonic
stem cell-derived hepatocytes. Gastroenterology, 2009,
136(3): 990-9

Loh KM, Ang LT, Zhang J, et al. Efficient endoderm
induction from human pluripotent stem cells by logically
directing signals controlling lineage bifurcations. Cell
Stem Cell, 2014, 14(2): 237-52

Pagliuca FW, Millman JR, Giirtler M, et al. Generation of
functional human pancreatic  cells in vitro. Cell, 2014,

(78]

(88]

159(2): 428-39

Spence JR, Mayhew CN, Rankin SA, et al. Directed
differentiation of human pluripotent stem cells into
intestinal tissue in vitro. Nature, 2011, 470(7332): 105-9
Eiraku M, Takata N, Ishibashi H, et al. Self-organizing
optic-cup morphogenesis in three-dimensional culture.
Nature, 2011, 472(7341): 51-6

Takebe T, Sekine K, Enomura M, et al. Vascularized and
functional human liver from an iPSC-derived organ bud
transplant. Nature, 2013, 499(7459): 481-4

Lancaster MA, Renner M, Martin CA, et al. Cerebral
organoids model human brain development and
microcephaly. Nature, 2013, 501(7467): 373-9

Taguchi A, Kaku Y, Ohmori T, et al. Redefining the in vivo
origin of metanephric nephron progenitors enables
generation of complex kidney structures from pluripotent
stem cells. Cell Stem Cell, 2014, 14(1): 53-67

Takasato M, Er PX, Becroft M, et al. Directing human
embryonic stem cell differentiation towards a renal lineage
generates a self-organizing kidney. Nat Cell Biol, 2014,
16(1): 118-26

Schwank G, Koo BK, Sasselli V, et al. Functional repair
of CFTR by CRISPR/Cas9 in intestinal stem cell
organoids of cystic fibrosis patients. Cell Stem Cell, 2013,
3(6): 653-8

Karthaus WR, Iaquinta PJ, Drost J, et al. Identification of
multipotent luminal progenitor cells in human prostate
organoid cultures. Cell, 2014, 159(1): 163-75

Gao D, Vela I, Sboner A, et al. Organoid cultures derived
from patients with advanced prostate cancer. Cell, 2014,
159(1): 176-87

Azuma H, Paulk N, Ranade A, et al . Robust expansion of
human hepatocytes in Fah”/Rag2™7/I12rg”™ mice. Nat
Biotechnol, 2007, 25(8): 903-10

Strom SC, Davila J, Grompe M. Chimeric mice with
humanized liver: tools for the study of drug metabolism,
excretion, and toxicity. Methods Mol Biol, 2010, 640:
491-509

Cosgun KN, Rahmig S, Mende N, et al. Kit regulates HSC
engraftment across the human-mouse species barrier. Cell
Stem Cell, 2014, 15(2): 227-38

Lee G, Ramirez CN, Kim H, et al. Large-scale screening
using familial dysautonomia induced pluripotent stem
cells identifies compounds that rescue IKBKAP
expression. Nat Biotechnol, 2012, 30(12): 1244-8
Yamashita A, Morioka M, Kishi H, et al. Statin treatment
rescues FGFR3 skeletal dysplasia phenotypes. Nature,
2014, 513(7519): 507-11

Perez EE, Wang J, Miller JC, et al. Establishment of HIV-
1 resistance in CD4" T cells by genome editing using zinc-
finger nucleases. Nat Biotechnol, 2008, 26(7): 808-16
Holt N, Wang J, Kim K, et al. Human hematopoietic stem/
progenitor cells modified by zinc-finger nucleases targeted
to CCRS5 control HIV-1 in vivo. Nat Biotechnol, 2010,
28(8): 839-4

Tebas P1, Stein D, Tang WW, et al. Gene editing of CCRS
in autologous CD4 T cells of persons infected with HIV. N



92 GRS $276

Engl J Med, 2014, 370(10): 901-10 [90] Yin H, Xue W, Chen S, et al. Genome editing with Cas9 in
[89] Ding Q, Strong A, Patel KM, et al. Permanent alteration of adult mice corrects a disease mutation and phenotype. Nat
PCSK9 with in vivo CRISPR-Cas9 genome editing. Circ Biotechnol, 2014, 32(6): 551-3

Res, 2014, 115(5):488-92



