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CRISPR/Cas9: a New Era of Gene Editing
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Abstract Gene editing techniques use endonucleases to make desired changes within genomic DNA by
insertion, deletion or substitution of DNA sequences. Four types of endonucleases are commonly used as gene
editing tools: meganucleases, zinc finger nucleases, transcription activator-like effector nucleases, and CRISPR/
Cas9 systems. Among these tools, the CRISPR/Cas9 system is a new gene editing technology remarked for
simplicity, good targeting specificity and high cutting efficiency. This article reviews structural and functional
characteristics of CRISPR/cas9 systems, as well as their current or potential applications in editing of animal and
plant genes and treatment of human genetic diseases, viral diseases, and tumors. Current progress in research and
applications of CRISPR/Cas9 systems is summarized and future perspectives are discussed.

Keywords CRISPR/Cas9 system; gene editing tools; disease treatment; CRISPRi/CRISPRa

FE K g 5 H7 R (genome editing technologies)/& 7E rected repair, HDR)!", Jf: LLIX A& Z ML K XTDSB
HEPRZH PO R E R DRI AT RS A 1 () B R AR R, BEATAE S, AT SEIEE R AR iz it . YR 4B R
IS AL IR N V)X DNAREAT HE 7] #5174 DNAXURE Bl 7] 95 R i 2 5 5 INORS 4, AN 2 HA I Bl AL PR el i
Wbr%4(double strand breaks, DSB), 75 544 P4 41 i 7= A= N ECE KR, ReS AR A4 b B 00 2 R i ) 471
PR EALH, B HE [R5 2K b 72 $2(non-homologous I AR E A R S b BN AR T+
end joining, NHEJ) A1 [7] Y5 & 41 {2 & (homology di- SRR TR, H AT S 32 B DY A [F) S B (1 R G

Wik 1 391: 2021-01-04 FeZ 1 W1: 2021-02-24

[ 5 SRR AR (L HE 52 31770948) AR A BHE T T H (HEHE 52 2020Y4007. 2021H0004). HEEA A 20350 R e AMBh I H (fitifk % FIHIF-L-2020-2) 55 B
HIERAE

*EMEE . Tel: 059122868199, E-mail: ouyangsy@fjnu.edu.cn

Received: January 4, 2021 Accepted: February 24, 2021

This work was supported by the National Natural Science Foundation of China (Grant No.31770948), Fujian Provincial Department of Science and Technology Project
(Grant N0.2020Y4007, 2021H0004), Fujian Provincial Marine Economic Development Subsidy Project (Grant No.FJHJF-L-2020-2)

*Corresponding author. Tel: +86-591-22868199, E-mail: ouyangsy@fjnu.edu.cn

URL: http://www.cjcb.org/arts.asp?id=5495




648

5k

B|THp I BB (meganucleases, MNs).
BEFRAZ IR (zine finger endonucleases, ZFNs). #43x%
WO PR BN ) A% B2 I (transceription activator-like
effector nucleases, TALENs)#1 CRISPR/Cas9(clustered

regularly interspaced short palindromic repeats/associ-

ated nuclease 9) R 4t .

TR R Ymi ok i fE , BRI BEH R
WAL SR AR RS, BRI HAT G
ZFN H B8 8 M Fok TRZIR N ) B N T RiA0 11 1%,
BN R 75 Fok UXRR NI — Ak, fEIX IS 2
— B A e R R EUR LN, HAAER

558 1) 200 25 M DA T4k PN 5256 TALENsEOR B8R
I B v, E T BB B S A, M T
K H A 27 F v 4, CRISPR/Cas9 & 45 /2 i RNAF]
SHRRES, 7T LUE gD 2 A5 T 8K F
R P AL, B AR R R
TR R S R AU, ARSCTIAR T CRISPR/Cas9 %
G145 L RRORT S BE AL, S5 ZEX CRISPR/Cas9 &
GUTE BN AE ) HE R ) G N P VR T AT T
T B4 FH 3 g kAT 4

1 CRISPR/Cas9Z %z &k
CRISPR/Cas £ i+ 41 g A1 vty 4 B 41 S MR AL TR
o T R N A T 328 7 1 e R 4t 8, L E R A A o5
gER AT R 2 A AR BT gm A 258 B T IS
A 43 B KIS P S — R 2 A CasE AL AT
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HAEAE, IX P AREEDE 2R PR TG RAE P, 25
RETA CRISPR/Cas 2 4t i e e 2 H B I 85 (14
2 Cas9OFE [, Hisd i e xS (177 705 sgRNA(single
guide RNA)JE K Cas9OtE R &), Z 5504 DNA
ITIE22I(E 1). 20144F, DOUDNAZE P25 ] 45
R HE ) 2 T AH G Dh e SR B8 A AT T Cas9 8 H
Cas9-sgRNA — e H A1 Cas9-sgRNA-DNA — T
BEME S 73T

Cas9fE FfAAEZ M E R FENEY), AR O 2
W HIR B T BEER 5 (Streptococcus pyogenes)
) CRISPR/SpCas9 % [ KIF T 4 75 (0% &) BR 1
(Staphylococcus aureus)] CRISPR/SaCas9E . K
T3 96 BA P W 5 (Francisella novicida)" 1] CRIS-
PR/FnCas9# F NIRRT 22 11 %5 #h #1158 (Campylo-
bacter jejuni)ffJCRISPR/CjCas974 [0,
1.1 CRISPR/Cas9FR G ISR 5

CRISPR/SpCas9 £ 4t Hi SpCas9 g [ fll sgRNA L
[FIRE A%, Hort sgRNART 2 20 ntfJ#EF 5100, Sp-
CasOH I 1 368 MNRILIRALK , 4514 E 27 NREC
lobe(recognition lobe) I NUC lobe(nuclease lobe), i
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Fig.1 Classification of the type-1I CRISPR/Cas system (modified from reference[29])
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$ZREC lobe FINUC lobeft /2 & & k5 %L I BH (bridge
helix)Z5 #4J3%k . REC lobe H =A™ i 45 ¥ 35k Heli-
cal-1. Helical-2fll Helical-321 it . NUC lobe43 %] HH
RuvC45Fdsk . HNHZE 14 S MIPI4S F 4k (PAM-interact-
ing domain) = /M5 R, LA RuvC e M8 67 57
DIEIAE H b ; HNHES s 7 57 U030 B ARBE; PIZE 1
Ik 3 21 5 PAM(protospacer adjacent motifs) A
KB, 5 SpCas9ti [AANIA, SaCas9E 1. FnCas9H
H 1 CjiCas9i H B A /MY WED(wedge domain)4h
M3, ARG T e 2 2 5 1] sgRNAFI PAM
X B,
1.2 CRISPR/Cas9 &G HI{E R HLHI

2 A0 R W B AR AR Gl A R A M, A 32 40 B

CRISPR/Cas9 % 4t it it PAMK 5 71l 45 5 4h U 7 471
FEREAT N T, B JS R 4 N SRR 8 £ s . CRISPRZE
JBE B 4G 5 S T Hipre-crRNA (precursor RNA), pre-
crRNA P} 1 L 43 B 5 #4crRNA(CRISPR RNA), 1L
HEFREZBRANTIENZ . W A crRNA S
tracrRNA(trans-activating crRNA)ZE & 4 FlisgRNA,
Castr H 5sgRNAZE BT E A E G, %5
it 5SPAMIPR A& &, X AMIERZ BR ) ot 14T
TI%. RSFIIPAMTFIIE S AT R4 A &K 59k
AR, b AR R B S UE, R AR TE K
DA AL ) B P (E]2)

M Cas9-sgRNA K & 9 1E 6 1R 0l SR IR AZ R 1 1)
PAMJF 415, ¥EXUEEDNABEAT fift g i sgRNATE Fh
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Fig.2 Functional characteristics of CRISPR/Cas9 system (modified from reference [37])
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Double-stand bread
(DSB)
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LU e LD

Endogenous DNA repairs the DSB site

(B) Cas9 D10A nickase

NUC lobe

PAM

Nonhomologous end joining (NHEJ)

TTTTTTTTTTTTTTTTTTTT T
LT

! [T Insertion [

TTTTTTTTTTI ]
L

*

L

IIII[IIIIIIIII]II%%%;HJI_IH Deletion

|

Homology directed repair (HDR)

Gene disruption by small insertions

T I T T T TTTTTT
L e

or deletion

Gene correction or insertion by
assisted recombination

NUC lobe

PAM

A: CasOUIEPUEEDNA J HEAT H A [RIE AR i B2 (NHED) AR B 4142 2 (HDR); B: 2HNHES I BRuv CA5 R 73 59 S I, AT EIXUEEDNA
PR Sk HRE, Y HNHEZE M AT RuvC A Rtk 25 6 ) 7 A e )R (1 d Cas9 .
A: CRISPR/Cas9-mediated gene editing via non-homologous end joining (NHEJ) and homology directed repair (HDR) after cleaves double stranded

DNA; B: in Cas9 nickases, inactivated endonuclease activity of either HNH or RuvC domain allows cleavage of only one strand in target dsDNA. In

dCas9, both endonuclease catalytic sites are inactivated so that dCas9 only retains the ability to bind target dsDNA sequences.

[El3 CRISPR/Cas97T SHIE E 415 R 1R
Fig.3 Principles of CRISPR/Cas9-mediated gene editing
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[X 1 (seed region) 5 #DNA T %] M T
“R-loop™ 4t 4, Woidk V) #IA s FH T V1% H brdtE 59F
H bR BE I B EEDNA, 1 BUDNAXURE W 22, Wi bl
PR . 24 AR R IR E 4L DN A (donor DNA)
AFAE I, A4 HR TR YR Bt B 447 s 33k 47 K 15
&, UL R [H JF & 4 15 & (homology directed repair,
HDR), ifij £ N7 £ donor DNAI, DNA XU i 24 4
WOR R A 1 3 8] 5 K i 7% 2 (non-homologous
end joining, NHEJ), 7 Wr % &b 4 A\ Bk 2K 58 5]
Bt. CRISPR/Cas9 &% n] HI{E7r 187 J), fEFL A4
PN AR R G AR ) S [ )51, B IR 3 26 R 2 O 4 S
%[38'39](@3A)0

2 CRISPR/Cas9TE B4+ HIE [ 4wmiE
CRISPR/Cas9 2 Zi 52 T 5 ¥ 1 5 s 1

BREEA N . MR ey FRRE 2 R S, R h X LA
KRG /NZE S B DL KR FL B AE N K Sh i it

AT RGeS

20134 SHANSE MO it % 1+ CRISPR/Cas9f1)
sgRNA I A 1] i B 7K i HH 1) Os PDSHE R H 3Rk A5
FIRHRPLIE , X & FF CRISPR/Cas9 & 4t & /U6 7K
FEBEAT RN 4180 . SOYKEE W%t i () SPS G
DRIEAT 2875 , {15 25 0k 75 AR 35 1k A2 o ) ol J) A e ek
FE B, MTER = 3 A E P P2 &, IESE T CRISPR/
Cas9TEFEYIAR N AT LAREAT i 24 1) 2 R i T4, o
AR T RAEY) (FEKFE. B8R, K. FHil.
FI 3RS0 I = s AP0 e 7 TH A %5 R R,

HWANGZE P11 H 5 K] 7 51 TN sgRNA,
S TR S 2 A R R AT AR, B s AR
1£59.4%. CONGZEEIGF CasOBkAT i 40 Joi B 2 Yo Ry L,
SN 3 DR 2 22 AN s AT G, TR RH T
CRISPR/Cas9i AR n] ZFE A2 i& 1% . NIU
S WITE R KR & s it s e, R A SR 4 i i
JiG 0 6 452 AR F CRISPR/Cas9-sgRNA K A )13 5
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FIEERERIMAG T, X Ppar-gFl Rag 1T/ KT 9
B, ARSI R R S MR A, (RIS A ST
2N tAR A B G m] ar I 0 B BE S, Bl CRISPR/
Cas9 Z 4t ] FH T R A S5 W 5L R A 48 1m] 1 1 2y, 6
ERKESYIERNA T . 20174 NIUSE HIF] A
CRISPR/Cas9ii b5 J R 4T 4 41 i H K 41 () PERV
BRI D KGR 4 S99 B (porcine endog-
enous retroviruses, PERVs), H.il it R4 fio F& A8 F57 AR
4 PERVs K JG M40 M RN BERE T 5, FERuh
A2 7% H PERVS KU IR /N, 1X— S50 B D FEAIK T
T E PR F M B G RS, O AR AR A H
Ipae

3 CRISPR/Cas9TEETR AT PRV EE MRS
28 BN 510 AN B 4R R 5 K, CRISPR/

Cas9 R G fE A — A58 K FIRNA G| F [FIDNAKE 7] °F

BIERERRYT T A & B M DTERe.

3.1 CRISPR/Cas9Ri i FiaITiE& &R

CRISPR/Cas9 £ 4t i@ ik H. 4233 51 it 7 2R sL Blie
57 H 1, DUEAE R HENLE 72 A R (duchenne muscular
dystrophy, DMD) >} ], DMD#& — it Ji & T A 44 L
PR 20 IR XG% B B 3845 99 . BENGTSSONZE 015y
5| 1] FH CRISPR/SpCas9 % %t FCRISPR/SaCas9 % 4t
X DMDY S 155 784 /N Blmdx? 44 P (9 DMD 3 R 33k 4T
A% [ Ja A F IR AH 2% 9% B (adeno-associated virus,
AAVE B A B B4R R A 57, DARAE /N SRR N
PR RIVE AR E A, A MEMDMD/N R 1L
A % 45 . NELSONZE 5153 71 5 CRISPR/SaCas9 Al
sgRNA%E NAAVIE 5 84 1, i H AAV-CRISPR
DK G 8 R G0 A 1) B Bk moe 5 2L /N SR DMD EE R 23
FSHMNE T, RIXT WR IR WP EG RO, R
i 3ok % ko S N AAV-CRISPR % % (1387 42 /N B —4F
Je i B ) 2 R R HAR NP 4
TR RIS, XA EMRERENE F72A RRH
.

SEAH IR R M B JBE (Leber congenital amaurosis,
LCA)& —Fl st A VAL I IS0 A2, H 22 30 i e
P b B AN TR 55 R AR 5| RS 1), A WLIKT A RPE6S A
CEP290W i L Rl [ R A%, 1697 341 IR 2 R M B 2
AI(LCA2) T B3l i LUXTURNAYT 72255 45 717 A 5248
[FIRPEG55E K [RIAAV IR AH 2G5 55 v 5 N RR 99 i ¢
bR A, AT AE HHr 2L 3R 18 IR & [ RPE6S5 3k

DAL, DA FiE 2 Bl 00 i) A8 D) €2 25 4 P 10 B Ak ik B3R 97
RO BRI SEAA IS R 1 BB IEE 108 (LCA10) 18
LB HILCA2MIRIT B 12, /2 N 5] ILCA10/) %%
A BN CEP290% 85 7 5 35K, ok ¥ CEP29013 %%
HEAAV BRI B R AT AL G I B R 7 v, T LA20204F
Editas Medicine 2y 7 247 1 697 %, F HHAAV
B H ARG CRISPR/SaCas9 AllsgRN A i 2% 21 A\ AL 194 fis
Yk, ST CEP290587% 5L K] & - (1 I gk o
F 5 A1 TP 5 T CEP290%E R (1 1F 3 % ik, 14 3|
THITHHEHK,. XEeREplERERNAHN
CRISPRIE [K g 7 7%, IX TRIA T 2 56 R 4 4 7 ¥ 1)
—A BRI,

B 7 s 4143 T4 e, CRISPR/Cas9 R 44t T
MR BRI FLROIR N, N T 18 A% PR S
i MILAE TR U9, gy I A< 6 1 B- s ¥ 34 ML (transfu-
sion-dependent B-thalassemia, TDT)AIHEIR 41 P 7T
1 (Sickle cell disease, SCD)%s, HHTDTHISCDHA H
WG IT 7 RN LA sk 2 A7), 5 R Bl
IR HICVEARG , (H7E20205E 528 1 Shaetva @,
FRANGOULZ¥! i ) CRISPR/Cas95 £ # 138 1f. T
Y1 B ANAELZ0 L HH [ C D34 41 i 33 4T BCL 11 AKE R $EE [
UK, B[RO\ B R N DU BT S R LI 20 B
(7= Az, 1% ARG I8 B R UF iR T RUR, B a4k
O T B2 i TR T
3.2 CRISPR/Cas9R AT AT RS R M &R

TEVA T 3 85 B YL PR J5 T, 388 %5 14 FF} CRIS-
PR/Cas9 £ Gt 418 ] J 75 ik PRl T v 56 Ji 52 1) F A%
77 2, Bl : CRISPR/Cas9 £ %t 3 K 4 4 FH T
ADIS/HIV-1 13697, ) e B HIV 3 [7] 52 & CCRS
CXCRAT LA /D HIV-VUEGL IS bR R 28, S 2 hE
BE— 0 I BRI AR T HIV I #0051,

B4l J1 92 95 B-1(herpes simplex virus-1, HSV-
D2 LAy B8R T 3=, W) 5 e N 1) — b B 28 95
B, TS R ANBZ RN, MR O R, ARRKESR
i %¢, HSV-11E X #h1 22 2R 40 v & i) H 2L A AR .
ROEHM25023# 1 CRISPR/Cas9 £ G fEHS V-1 i &
ICPOEEA, PR N RAH MR HS V-1 B 4L %, AT
KB TR AE T IR

LT 9% 995 B (hepatitis B virus, HBV)/2& B A &
43 AUEEDNA I B, HBV7E 528 4% (1) fifi 41 i 4% v LA
A 1 A DNA(cceDNA) & il (1) 7 X AEAE, cccDNA
TEAN N RS IR e 2 S BB O Il 2R
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A, 1 — BAE AR G T 25908 2 S BB R 1)
5, PR I3 I e SR G I 248 B A ) cce DNAEE I IR
ERBEEN BRI K. MOYOSE ! H
CRISPR/Cas9fE A5 77 4 B A1 /)N SR P R S il I8
cccDNA, ik BRI 8 LR R I RCR .
3.3 CRISPR/Cas9F i FiaFr Mg A E
FES R IR T 71, FH CRISPR/Cas9mi b5
P40 AU FE T 85 [ -1(programmed cell death protein-1,
PD-1), 5K PD-15 K 10 TANHE P56 B N B R DY,
P 5 VR 4 R 2R B4, 20204 LUSE BUEF XS H 1
/Nl o i (non-small-cell lung cancer, NSCLC),
7E M S5 AR Y S [P0 R ER PD-110) TR, IR PR
FARE , TP G4 AE8.7%~31.2% 2 [7] H PD-1
FIEIKF-BH 5B B, 45 HH CRISPR/Cas93E K 4w 4R I T
B PR I R R FH 3l 7 2 AT AT Y, X — D o5
SRR VA T T — K .

4 CRISPR/Cas97E H ftt 75 HE A9 K A

CRISPR/Cas9if it ## 37 sgRNA % [K 41 X 7E
4 56 IR 2 v 2 0 0 AN I DR R R A 4 5 TR A
KAEFH , 75 4 25 DR 4 ey o 328 7 1D AT AR 1) B
JoT AN DA 4 A (X 38 . Bk T AR R DNA, 36 0] DLEE ]
microRNA. IncRNAZERNAF %5, WANGE: POF|
FH LT 2H 2 1) CRISPR/Cas9Th A Jk [K 41 2 7
BRI T 4 I DR S ) A4 R A B A 0 e
(cyclin-dependent kinases, CDKs) 7] G /& W& 7E 1) i
TBITHE AL, Ho CDK7/E AR s 3R08, XA
ST IR TR E A .

i L 7E Cas9 I RuvC A HNH S5 K 45% o [ 1 5
AP RAE (H840A . DI10A), BEit i —Fh <3t
T-”Cas9(dead Cas9, dCas9), 1% [ 1] 5 DNAL: &, 4
BA IR YIS 1 (K1 3B) . dCas9E 1] LA FH
18 45 435k (kriippel-associated box, KRAB)fl &, SZI
B RN ST RS, PR CRISPRF-4 (CRISPR
interference, CRISPRi) & 4t , HILRTTER/KF- 0% &
TAL G RNATAR P, filG e s B0 R 7 (1 VP64
p65. VP16)774: CRISPRELE 5 4t (CRISPR activa-
tion, CRISPRa) "] HI T-HUEIE R RIL, 9 1 S 4Fth 2
I Rk K, L = e s B0E Bl VPR(VP64-
p65-Rta)*’'SunTagki ik 5] FH SAM R G2 MS2 k& K
gh 1915 dCas9#t 4T @& . CRISPRi/CRISPRaft] H
(1) 2 ST EL PR VIR 258 R ) e S A ) R e S, B

dCas9 -5 A [A] 1 2B 25 1 fil 5 111 375 CRISPR/Cas9
e N T 5 DA ) e s A (CRIPSR) . B3k
WUE (CRISPRa) WAL 42 F0 58 58 A S5 7 11T -
CRIPSRifll CRISPRa#: CRIPSR/Cas9 & 4t ifij 4 5k
FIE—H 5. B 1 1E4L i, CRISPRaik ] LLiE
Tkt P 905 3 R P TS S I — SR (1 AR TR T 5
dCas9 572 uhric (U0 GFP)Rl & 774 RNA 5| S HI A7
RURE R S R R G0, FH T AT LA B Y AR m)
DNAF 41, L&A 2 FCRISPRANM (% R Gt K
A I bR ic 38 B 2 AN FE R 2047 55 Y, DREISSIGEE: (¢
() BN A5 FH 79 A dCas9 [R5 420 7 A8 47 17 248 i kst 28]
AH B s RL (1) 32 By, X6 A I3 40 e R e 65T 3 ) 7 R
W

5 RE

2020410 H , DOUDNAAI CHARPENTIER [A[ %}
CRISPREL Kl g BB HE A 1) DT R 4% T 1 DURA 2
X RS CRISPRIE: DA g 817 AR T30 ok H kg vy U
5 DR e 2 R ) RO R A e N S AR T R R
[t 1 B K5I RE , CRISPR/Cas9 £ 404 Jk (K] () 52
EME R T4 R R = & SR e e, %
T BNEE R G 7 TH AR I, DAROR TR T HH i)
R 2, B2 T Z B LLA B — Le5s
) A, EL RETS 22 4 o A A X — JE R w1 H.
TR R NZSTHIG IR, . TR 4RI R, IR
SE T TH HHTE N SIS A0 B A 72 A 5 /N 1 ot SR A0 g R PR
TR, W SLAYMAKERZE S 1 85 () 5
4 SpCas9(eSpCas9), CHENZE i it SpCas9 T REC315,
H s RAR BT ARSI Y Cas97 5744 (Hypa-Cas9),
WALTONZE 1% 1 H &8 1 K (1) Cas978 & SpG Al
SpRY %5, IX LEARAA 1R T 2 % CRISPR/Cas9 T Hidt
ATHI R, LB G o S SR ik 2 A RUIR YT ik
. MEERIE TAEEAIX T CRISPR/CasO R R A
WrHBIRN | AT 75 VR R AN RE b e A B 41
2, BN <R w2 L A2 A CRISPR/Cas9
ARG T NG R EE R, X iy s e
A 7RSSR s, AT g R AR 8
FEAFR . B Bk R G 48 BRI (2 2E 1 40 i
% ThEgdE k. SRS W SR KR, BE
CRISPR/Cas9 R4t fE R T H A A W ek, AAE A
PORFER R AR, 78 HAth 4138, CRISPR/Cas9tH RE 12
B BA R AR S AR
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