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Protein engineering of DNA targeting type II CRISPR/Cas systems
LIANG Liya, LIU Rongming
(School of Bioengineering, Dalian University of Technology, Dalian 116024, Liaoning, China)

Abstract: With different types of nucleases, genome editing technologies have opened up the possibility for targeting
and modifying specific gene sequences, which show potential applications in basic and applied aspects of
biotechnology research. Zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENSs) are
artificial proteins generated by fusing a specific DNA-binding domain with a restriction enzyme Fokl DNA-cleavage
domain, which arise from their ability to customize the DNA-binding domain for recognition of targeting sequences
and cleaving them by the Fokl domain. However, the design and construction of such a system are time consuming,
laborious and costly. Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated (Cas)

protein is a unique acquired immune system of bacteria or archaea. Since researchers constructed the CRISPR/Cas
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system for gene editing, its high efficiency has revolutionized a variety of fields such as life sciences, bioengineering,

biomedicine, food, and agricultural sciences. However, the CRISPR/Cas system still has some challenges, such as off-

target effect and limited PAM site recognition range, which limit its further applications. In order to solve these

problems, molecular engineering of Cas proteins has become an important strategy for developing and optimizing
CRISPR/Cas systems. In this study, with CRISPR/Cas9 and CRISPR/Casl2a selected as representative examples for
DNA-targeting Class II CRISPR/Cas systems, we focus on the optimization and modification methods, and progress of

Cas9 and Casl2a proteins achieved within recent years, such as Cas protein engineering for improved on-target

specificity and expanded PAM scopes, developing new functions using CRISPR/Cas systems as gene targeting tools,

and introducing exogenous protein domains to regulate CRISPR/Cas functions. These studies have generated a series of

high-specificity and high-precision CRISPR/Cas systems, which have greatly expanded their functions and scopes, and

made important contributions to the wide-range applications of CRISPR/Cas systems.

Protein engineering
of Cas protein for
altered PAM
specificity

Keywords: CRISPR; Cas9; Casl2a; Cas protein engineering; gene editing
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FEHEAR, Stk gn) BT [R5 = 20 0 2 [ 4w 4 T AL
FH LG, DRLBE ) R AR b G . 2 DR o A% TR T
FE NS BERERN (meganuclease) '\ £

TRIZIRIG (ZFNs) ™. S B0E R RS R 7 1% TR
(TALEND P! g% 119 #0043 1) B (19 6 [m] S 8 &2
(CRISPRO A K A (Cas) . Hep, EAIKL R
HBeBE A R SR E 1 DNA 41 (AJIA 12~40 bp) ,
EHE 2 7 B BRI 7 B YR R B 1 1 e S
ZFNs fl TALEN #B /2 i DNA &5 & 45 #4458 F1 DNA 1]
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DNA &5 & 45k, mI LA e il 4o 38 i) A7 55047 18
Sl BIY), (HZIX PR TR RS S AR, A
RIS R AE O B Y 50 T8 1 45 A 8 € DNA T
5| If) #% 2 W8 ZFNs. TALEN #HEt, CRISPR/Cas %
A% FH R RNA FPAUAE e R Al oo, AR
C N 11 AN N = SN 1 2 v 2
WY WM. st B3N SEDIEN
WRBLH 7R R A, IR T X R R
(I EENLE], CRISPR/Cas & i ilvid K JE N T #
— AW N s TR, HulH 2 5 T 2 g
UM RN UYL R g e L B
FAG T RN g A U AU . B T CRISPR/
Cas 5 Gurt AW BL 5 F0 AL P R e I HESIAE L
2020 4 & 1) i DR A 7 280k 45 1 55 T CRISPR/
Cas R 4t M & K 9 4 12 2 < B N Jennifer A. Doudna
#(#52 F1 Emmanuelle Charpentier (4%

(e 2L H, BHE 1% CRISPR/Cas & 4t
BT TIRANIWISE . AR M A A b R T
% #11 CRISPR/Cas £4t, XL R4 Cas #5145
PRI RE IEZE 4% %) B . CRISPR/Cas 2470 N 1 2%
AL, 1 2K ARG A05K CRISPR-Cas 4 [A] Ji (1) 2]
90%, JFHAFLETAFEMAE G E TR (22,
T I JXCRISPR/Cas R4t & Z EHHE &4, H
4~T7A> Cas HE ALK A%, PRIAFIFAEA R 15 &
HE AT RS L R 44 . 11 28 CRISPR/Cas & 4t 2
ZIUReEARREA, 51 RKRGMEL, 1%
CRISPR/Cas R 4t ™ %) T oti& . b4, 1%
CRISPR/Cas % 4i f¢ % 18 it DNA XUk B %¢ (DNA
double-strand breaks, DSBs) [ 77 2% ) #) ¥ 8 /7
5. Bk, %F 128 CRISPR/Cas % 4t [ 3 [K] 4 45
THRHFKERN iz, fF Cas9. Casl2a/ble.
Casl3a/b/c. Cas® ¢ Casl2k & 120 Hooh [ 2%
CRISPR/Cas % %; 1 # [71] DNA A% 2 P % 1% ilg /2
Cas9 fll Cas12a, ‘B A1#} & H nuclease (NUC) Al
recognition (REC) lobes ZHE P 4549 (1),
Horp 5 PAM 7 iR i) AH G 19 &5 44 35 (PI. WED
&) EHA7T NUC lobe, 535 [F 4 45 5 A1 5%
4 Fsk (REC3%5) FE A7 T REC lobe (B 1,
X b A% R g B T R R B/ Cas B 2 31 DNA R
Bl A FPIEIMER, A BT E e gtk
17 HE 1 Cas B R W] DLt — P42 /& Cas EE 1)

AR EMERE P, A, CasEAME A LAEE
i 4 R 25 CRISPR AE A — Mk R e AL ) T A .
HEHE X} Cas9 J Cas12a % BRI 45 44 _F i,
X} Cas 8 F R BEAL SUEAT € AR, ff Cas R K
2:DNA BIYIRE ), T RTEM Cas [ (dCas9
dCasl12a) 1hSRREMEER M 454 B bnfr i, WRFEE
Hofth Dy RE 45 #3k, WT T CRISPR/Cas % 4t 1) 1)
fg 2 i IR L AL X Cas B T S B0E
F EJE DL Cas9 Ml Casl12a & AN H AR AT HEFT, M
WFF AT XL Cas AR EEH (B 1D BLAAEH]
WL T E—B 0 7 fE P AR SR fE R )
IT 25 % [n] DNA ) Cas 25 4 (Cas9 Fll Cas12a) HI1L
e B 77 A O R AT RGN R S A, A
. Cas 8 H 1) AR S0 32 28 D5 g 4 A e 1
2% PAM R I BE 775 LA CRISPR/Cas &G 1E N Al
N LRI R UIRE; 456 4R 4% CRISPR/
Cas R NRE . XL 50 TAE B 3E 52+ 1 X Cas £
FI 454 K& Dhfe ERAHL, 215 T CRISPR/Cas & 4t
PRI R T HMNHEE .

1 TRAEHSGE Cas 8 H LB kg ESE ]
G it

1.1 CasERAIREANERSERFESRM

e K FEE 11 25 K] 9 4 72 S 30 CRISPR/Cas R4
N RETSE, JCH AR R BRNR YT T M R
e A EE 110 2 K] 2 8 A A SIZ 6 = I I R 1) o E T
$&o SR, CRISPR/Cas 3 %t 1 Hk K 4 4B ) 5 — &
MEZe 2 5 ESE U DNA 7 HIAEBC 45 &, 51 e Pl i
IR RAR, BB AR AR Coff-target) , AT i A&
ANEL R RS . R, i T AR s Cas B2 E
DLPE iy S8 ) R e e A T TR R 2 — o XA
PRI 78 TAE T AR BE A 55 T R A, Rk By A
P TT .

B — MR LT Cas 81 ) df R 45 1) 1) B M Bl
PR R duE ik (R D).

FE T Cas9 5 Cas12a 85 W dp R 45 14, #2908 e
L8 n) e JEEE m) DNA AH BARE AL 2L, (EF N
[ 14 (alanine scanning) . ¥ Fl1 58 4% 25 J7 vk it 47
SE RAS, 454 on-target [ off-target FUCRAG I, F
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(b) The structure of AsCas12a and gRINA

Bl 1 Streptococcus pyogenes Cas9 5 crRNA 14 DNA B & ¥ k458 (PDB: 4008) #1
Acidaminococcus sp. Cas12a 5 crRNA FIIEE DNA & W A 45 % (PDB: 5B43) ¢
Fig.1 Crystal structures of the complexes of Streptococcus pyogenes Cas9 (PDB: 4008) and
Acidaminococcus sp. Cas12a (PDB: 5B43) with guide RNA and target DNA ©
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Table 1 Engineering Cas proteins for improved on-target specificity using rational/semi-rational design based on protein crystal
structures
ey i RAE UG B £ 1 I PAM ﬁgﬁf% Z25 3k
FETHEHL

SpCas9-HF1 N497A/R661A/Q695A/Q926A REC3, RuvC3 NGG 19 [31]

eSpCas9(1.1) K848A/K1003A/R1060A HNH, RuvC3 (nt-groove) NGG 19 [32-33]
HypaCas9 N692A/M694A/Q695A/H698A REC3 NGG 19 [33]
SuperFi-Cas9 Y1010D/Y1013D/Y1016D/V1018D/ RuvC NGG 4.06% [34]

R1019D/Q1027D/K1031D

hscCas9-v1.2 N14A/R765A/R447A/S845D RECI1, RuvC, HNH NGG 1.67 [35]
SaCas9-HF R245A/N413A/N419A/R654A REC, RuvC3 NNGRRT 2 [36]
endsCas12a-HF1 N282AY RECI TTYN, VITV, TRTV 1.89 [23]

(DenAsCas12a also contains the E174R/S542R/K548R mutations,

which can expand PAM compatibility

@the improvement of the ratio of amplitudes for on-target and off-target product formed using SperFi-Cas9 and SpCas9.

M i 3% th e e 2 Ve Cas S . BFFE N @ il 4 iy
Cas 55 [ 1 & 7R 4544 I gRNA 1131 5 REC 25 #4935
I WED 45 i A2 42 B R & B0, Bk, Wk b
A 2 HE 31 R SOE R2 . DL SpCas9 £ N,
J. Keith Joung [#] B\ i i #iff 5T SpCas9-sgRNA-target
DNA 5 &2 454, 4%F Cas 25 11 5 DNA B #
1 H B REC 45 04 38k (1) DB A7 o, 1) FH T 2 B 4 4
J7H, R T e S 1 A% R 8 A2 4 SpCas9-HF 1
(N497A/R661A/Q695A/Q926A) , ER- ¥ T & T
70% [1] on-target 2 & [ [A] BF, A FH 2% EAT 2 2 10 )
off-target ¥14#i /7% (GUIDE-seq) Ff & & ¥l & 1
off-target L % . Tan Yuanyan Z5 4} %t SaCas9 & A
L8 1) DNA AH B AF FH ) 28 5 R ik ik i3E 47 iR
A%, P E SaCas9 HE R g iR KE e, 45 H R
SaCas9-HF 7E M 1) 15 A si i, 9 A7 s TE i
B, 6 AN AL R i BE S B B BEAR DY . dE o A
SpCas9 1 H W A5 Ky, RILAENUC M A — 4
i IE A MUTFE  (nt-groove), 31X/ X 35 AH ¢ 1 88
SERII S AR 17 DNA S5 A7 E A ELAE A s TR 4R
) B 23 ] 422 52 W) SpCas9-sgRNA-target DNA & & 1k
HIfasE e, Ik, nt-groove i 1) & A &5 1) 1 tB
2% 5 Wk [R] 4 B8 R R 14 DY . 2016 4, Zhang
Feng [#1 BA U0 i@ i 43 #7 SpCas9 HI &R H 454, X nt-
groove [X I 1 [) 31 Fh & B B ik 47 [ Alanine
Scanning RAZ, ¥ H 1) 2 DA BRZH#HATH
A, 33T eSpCas9(1.0)[SpCas9 (K810A/K1003A/
R1060A) ] Al eSpCas9 (1.1) [SpCas9 (K848A/

K1003A/R1060A) J. M, eSpCas9 (1.1) S5 4E
R SpCas9 1E 4 K 22 B [a] A7 st 1 25k D] 4 6 R0 26 A
Y, A B off-target B A FE B B FEMK. 2 )5,
Jennifer A. Doudna [#] B\ ™' 7£ 43 #T SpCas9-HF1 Hl
eSpCas9 (1.1) ¥E[AIfL f)5, fEREC3 X 1T R
A5 3 # # 7 HypaCas9 (N692A/M694A/Q695A/
H698A), 3 F|FH GUIDE-seq /7 i % HypaCas9 4
SpCas9-HF1 FleSpCas9 (1.1) Ho%, £ RFHIX
= IR IR G )RR SR PEAR 2 . 20224, Liu Jin
BN B FR 4 DNA BY UIES (1) Cas9 25 (4544, $E 1)
Cas9 A Z A4S, &it 7 10N S HERAER
Cas9 A1k, f ik 343 1) Cas9 A2 {K hscCas9-v1.2
(HSC1.2) W B & B# I off-target. [F]4F, David W.
Taylor 1B\ B4 FR 4 ¥4 VR HL 55 i BT SpCas9 & A 45
1, RAZ T RuvC 45 #3805 spacer I 18~20 il Sk £
BCAH G 7 N2 3L,  3R15 1Y SuperFi-Cas9 5 i 46
SpCas9 AH LG, W 7E CRAIE S # A R ANB R OL T
on-target/off-target FIFRME LLHE =1 1 4.06 15

55 R IEIREN X R AT B DT R0 R
T A A B R R A RO R DTV, AT DAR R E
8 AL I AT VR AN R AR B S B B L R AR AT PR
TGk, B E A off-target [ 58 AR A 43 B BR 25 R,
MNTIT AR AT o o B8 280 % . e e 1) Cas 21 1 RAR
& (F2).

Antonio Casini & ™' #) g T B BF 4 5 3 #k
(yeast reporter strain), 5 F & 7F % £ 1 3£ [K 2H 1)
TRPI M ADE2 3[R F 1% T on-target £l off-target #2
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Table 2 Engineering Cas protein for improved on-target specificity based on efficient selection in model strains
e R LI 1 45 4 B PAM )ﬁfg%% 225 R
PETHE AL
evoCas9 M495V/Y515N/K526E/H698Q REC3 NGG 9 [22]
HiFi Cas9 R691A REC3 NGG 2.46 [39]
xCas9-3.7 A262T/R324L/S4091/E480K/ REC1, REC2, REC3, PI NG, NNG, GAA, 0.29 [41-42]
E543D/M694I/E1219V® GAT and CAA

Sniper-Cas9 F539S/M7631/K890N REC3, RuvC2, HNH NGG 8.47 [37]
Opti-SpCas9 R661A/K1003H REC3, RuvC3 NGG 5 [43]
AsCas12a-K949A K949A BH TTTV 0.23 [44]
M44 TX_Casl2a ff) REC1 £ #4385 RECI TTTN 24 [40]

(D E1219V in xCas9-3.7 is one of the mutations for the expanded PAM compatibility.

AL, FEXT Cas9 82 F 9 REC3 X IHET 1 BEHLR
A2 J5, 8 Cas 85 [ JRA A S0 1 B B DR 2
) TRP1 FE PR3 AT ¥ Im) 2408, To 9% B8 /I 11 Cas9 £
R AR PR TG VA AR I B B R AR R AE . s TRPI AN
ADE2 BN H R A B R i, Wbk R A, KR
AFPRAFAE off-target; (A TRP1 3[R & A2 2 K 4 B
BRI AL, 3R U] R AR MR AE OR 47 47 7 1 1) 22 D] i
BIEIR, A A RAAAE, X Cas9 &
F RARARAE W8 AE R e e = 1) Cas B . I 0
T IF Rt — PG RGN evoCas9 HHH, 554G
Cas9 & FIFALL, 7E R ¥F 90% ) on-target %K (1 [F]
W, DR g A e MR = T 79 f o T E X
ICFE R g 0% 3R 45 (1 Cas & 1 W1 HiFi-Cas9.
Sniper-Cas9. Opti-SpCas9. xCas9-3.7 Z£ 4B 7E REC3
GEA IR S AL G M A E R (K2, HEH—K
HOE T IEM SRR, XERTSFEH CasEH S
L DNA & S e Rk, w8 mFyS
gRNA RRESE A VLECHT, IX 285 AF i AN A Ao e Hh 5
S0 DNA 454, S8 Cas 2 25 18] 45 1 5 Ab 7
AEBTUDIRAS, B & TH BR off-target B 5 B 0 #7,
R, X 26 SR AR JF 3% A A2 Cas £ 1 5 #2817 DNA
(456 R i, T ERIIE Cas 88 FLZE DR B A
') on-target 24 Z& [ [F] ), 0 BE 8 & {IK off-target [

1.2 CasERTIREWHIENEPAM I=IRAEE

FFAS K AR Cas 2 [ 1 PAM A7 252 & 52 1 B,
PL SpCas9 N # , SpCas9 & H ) PAM /& 41| /&

“NGG”, RMAFKAEMZG T “NGG” K& &
AR FEAE X — 58 AT- rich HIZEH) R 48 DA 2 —
SRR IR B )AL S, R TR AN R Cas 25 A 15K
W&, A LS I TR Ak 08 Cas 2 (R i PAM
PSR RE 77, B4 2R PAM A st 1) Bl 256 2 i
(3> LS 38 I 5k 2> PAM A7 51 B Ak 3
®= (KD,

M Cas-gRNA-target DNA ] & & 44 2k i Hm] DA
RIL, PAM PR 515 P1 45 K18 A WED 45 #4) 43k
BHEHEERAR™, 5% Cas 5 A 15 N 4 45 45
S AR X PAM A7 21 1R 5 BE 77 1 B0 th o AE
A 3 BR Ak P R S o RO O L T, B SRR PLL
WED %5 #) 15 50 % # /> Cas & A BHATRENL R AS, ff
FAASTR] PAM A7 55 B 1 (1) gRNA i i 15 51 Cas 25 1%
BSCEE R IR AR, SR JE I H A R A DL —
AL A PAM A7 55 R 5 B8 A B+ # © David
R. Liu [ A "> Fi) FH Wit B4 4 i B 3% 8233 4k (PACE)
(775 % 58 7 =R AES R 5 AE G PAM 51 1) 8
SpCas9 & AR . X ¥L SpCas9 5 [ 1AL 4K 58 18 1F
— 12 = CRISPR/Cas RSt AL VG, 78 N5k
H R A7 S 3E T 1.4 £% . Johnny H. Hu
& MY {8 PACE AR 8 T Cas9 8 A8 44 SC
(XCas9s), 18 i 77 1k FRAF (1) 1E 7] KA AL AT 9 fg
PAM 15 5156 BBl , [+ B B A T off-target (19 203K .
Zhang Feng [ B\ " 7£ K A1 B R kg 2 1 47 1) i ik
W77, USHAFREER (Amp) HuiEiik
B H AR, 8T AN AR AsCasl12a BT A H2 T
PAM (1] 60 ™2 FE /L, A3 FHP 3970 5 B3 2 1 0
M5 AsCas12a 84K 2 [B7E & Amp PP X
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Table 3 Engineering Cas proteins to change the nucleotide sequences of PAM

HR KA oA I 1 45 A Ja PAM i Sk
SpCas9” NGG [48]
xCas9-3.7 A262T/R324L/S4091/E480K/E543D/M6941/E1219V REC1,REC2,REC3,PI NG, NNG, GAA, [41]
GAT and CAA
SaCas9® NNGRRT? [8]
SaCas9 KKH E782K/N968K/R1015H PI NNNRRT [49]
vA2-wt SaCas9 b PTZEFIFI1 13 MRS S IR T 41 4 & 46 PI NNVRRN? [50]
AsCas12a/LbCas12a” TTTV [51]
AsCas12a S542R/K607R WED, PI TYCV? [44, 52]
AsCas12a S542R/K548V/N552R WED, PI TATV [44]
LbCas12a G532R/K595R WED, PI TYCV [44, 52]
LbCas12a G532R/K538V/Y542R WED, PI TATV [44]

(DThe original PAM is shown for the wild-type Cas9 and Cas12a from each organism

@R=A/G, V=G/A/C, Y=C/T.

R4 LIEACECE Cas & A 8GN B> PAM A7 3 B 5

Table 4 Engineering Cas proteins to increase or decrease the nucleotide number of PAM

EA KA S (1 45 K3 PAMEFA (L S ik
SpCas9” NGG [48]
SpCas9 VQR D1135V/R1335Q/T1337R WED, PI NGAN [53-55]

NGCG
SpCas9 EQR D1135E/R1335Q/T1337R WED, PI NGAG [53-54]
SpCas9 VRER D1135V/G1218R/R1335E/T1337R WED, PI NGCG [53-54]
Sp-Sr3Cas9 SpCas9 5 Sr3Cas9 1) PT 45 ¥ 3 & PI NGGNG [56]
SpCas9-NG R1335V/L1111R/D1135V/G1218R/E1219F/A1322R/T1337R WED, PI NG [57]
SpG DI1135L/S1136W/G1218K/E1219Q/R1335Q/T1337R WED, PI NGN [58]
SpRY SpG(A6IR/L1111R/A1322R/ /N1317R/ R1333P) BH, WED, PI NRN [58]
FnCas9® NGG [59]
RHA FnCas9 E1369R/E1449H/R1556A WED, PI YG? [60]

(D The original PAM is shown for the wild-type Cas9 and Casl2a.
@ Y=CIT.

Al I IRTELE R IE M R4S, il 46 RAS
3K 13 T AsCasl2a (S542R/K607R) F AsCasl2a
(S542R/K548V/NS552R) AN A4, 43 il Al U 51
TYCV F TATV I PAM i 5. (3%3). J. Keith Joung
A B FE KB FF B PR 7 — Bl R o R4,
DA %5 5 AL 5 M &5 R AE 9 CRISPR/Cas % 4t ) 42
R DUE IR BHT R PAM 07 55 1) Cas & (1 A2 7R RE %
FoBR RS R TR R, IR SRR O Ak 5 R A i AF
5 ORI E N EH Cas 85 H IE R AR B4R, 1007
i% 3 153 1) SpCas9 VQR. SpCas9 EQR }z SpCas9
VRER 724 &R 58 1 11 75 8 (1) PAM 47 55 H PAM {7 5
I H B m (R4,

PI 45 1445 5 PAM J7 4116 & B4 W AH B4 FH 56
%, Zhang Feng fll Osamu Nureki [41BA % ¥ S13Cas9
A1 SpCas9 [ PI 25t 5 i AT B, 7 S3Cas9 PI
S5 K3 1) SpCas9 7% 44 1] LL iR Jill S13Cas9 1] PAM £
MR BRERIBL B A 4R SaCas9 1 [R5
H, JF¥K SaCas9 1 P45 #4355 rh (1) {57 K X I 5
[F] Y5 Cas9 £ [ 1) AH G OR 57 X387 Bk A7 B 4, 14
BT 2R A Cas9 AR . T A4 2 1 Cas9 24 11
PAM R ) ¥ Ok 4B T 2S48, 5 SaCas9 A L,
PAM IR JVE Bl i 2 320 1 1648 (R 3D. 1Ak,
i s 5 PAM 7 81 B AR B S R R A7t 2
MR PAM A7 BRI BE I 72—, JGH R TR
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b PAM A 57 HIHC FE DL K7 F& CRISPR/Cas & 4t
]y [l A AR B Y. SpCas9 1) R1335
5 NGG PAM {55 =G M EAE T, @il
i SpCas9-NG RALK, A ff SpCas9-NG [ PAM J7
A NNGE? (£ 4). 522 2KML, Hisato Hirano
& @ FnCas9 T A 45 R I, R1556 5 NGG
PAM H 1565 =A™ G /& B AH TAE H & 2R A7 A1
I8 3k A4 £ RHA FnCas9 %48 /& (E1369R/E1449H/
R1556A) , W] f#f RHA FnCas9 ] PAM J5 41 4% Ny
YG (k4.

2 BACRISPR/Cas % g fF v 3k R @ fr
L HITRFDIhe

2.1 Fokl-dCas9 iz HERERIE

CRISPR/Cas % 4t . #% 1512 DNA 45& 87 V) fig
73, SR i B R AEAEBR ] T CRISPR/Cas & 4t
M aE— DR o ¥ e 5 IR 4 6 1) R S 1 DA ok 2D
U6 34 Xof 32 K] 4 % RO B2, J. Keith Joung A 7 2
% ZENs ¢ TALENs &5 14, ¥4 Fokl #% 1R i 5 2% 3% (1)
Cas9H [ (dCas9) Z5H LR Fokl-dCas9  (fdCas9) ,
dCas9 5 gRNA J¥ fi It & & 4 52 30 58 B8] 1) 58 £
Fokl 1% 1% W S 7 DNA 5% 81 1), 5 ZENs &
TALENs 251k, DNA W8 Wi % (DSB) 7% 2 W
AN HIGH) fdCas9 A RE LI . BT B> fdCas9 AN H
#% DSBfig /1, 7EHF 5 BE 290 Bl P 1 fdCas9 H
JG [l B % A2 off-target [ 1] BE PEFAK, ALtk ] S B
FLA AR e e 11 22 TR G

P fdCas9 5. G 1) 6] B )7 41 (spacer) 2 [H] (1]
PR IR AR [ 2 1, X5 Fokl #% R A1 dCas9 2 [A]
(45E T BV K. Fokl IREE 5 dCas9 EH N
Uiy 45 3 T LA A B TR i 8 AR (1) fdCas9, 5
dCas9 &5 [ 1) C uify 45 E5 I DU AR A L 28 2050 e 110 22k K i
B S N i LL GGGGS A il A & 32 3k
(linker) , spacer (/] [A] B 7] 7 13~18 bp Z [A] #E 47 ¥
1F 9, M LA XTEN A linker, spacer [ [8] B A] 7F 15~
39 bp Z [AIHEATH AT Y (H AP fdCas9 H o5t FHAR
(1) gRNA i ' DL R B ot 3k 1 #E H T 3 v 1)
Bk, B HAT AL, X fdCas9 5T 3% 3% 3 H LA
mRNA J& A # 17, AR KL ZBEZ & B

(ribonucleoprotein, RNP) & &) R id ik LA
R R Ym AR 8, T RNP 2 545 mRNA ML,
Ak — P R R g R I AR . AR, AR B
RNP & & W1E A fdCas9 ()15 TE 20, 1X 75 E X Cas9
w|EHATE B SE, A 2 & dCas9
(splitting dCas9) """, H/)MfjdCas9 (dSaCas9) ' %5 .

2.2 CRISPRa#1CRISPRi&%

CRISPR # 3% (CRISPRa) Al CRISPR T I
(CRISPRI) #& Fl| i dCas9 5 % 5 W& B+ (1l
VP64) 17 B H & 25 1 4 (41 KRAB-MeCP2) 7"
R, I IX e bR AR S R ) B RS BT X
(4 A R SEBLEL R 1) B 5 BB . BR T A4
B0 L2540 0, CRISPRa F1 CRISPRi 4% )72 N
HTFARBIAY ZSF . Zhao Huimin [4] P 7 F]
F % BF /4 40 %1 2% 4 RD2. RD5 1 RD11 #4) £ )
CRISPRi £4t, il hnl =R &% ERGI Fl
MNN9 ZEN 56, HERES THEMORKN &,
Dong Chen %5 " i Fi K % #F B (1) % 5% B800E R 7
SoxS R93A # % f) CRISPRa X} 4 Z. I & ik 1%
BEAT I, LT OREMEE. dhAk, EEEE Y
AR 7 B s Th S B T % F CRISPR R 4E 1)
BE PR R

i1 T CRISPRa A1 CRISPRi % % i) Mk — m] AP B
JGAETE gRNA L spacer #7541, Kk, wILLEIHIF
A gRNA SCEE MM 22 36 DR 40 J2 T 30 AT il i
(1 s R 42 o TR 2 HT A U A K i R b i T
4= L ZH V6 B 1) sgRNA P, 454 CRISPRi 3 A
TE K FT 17 4 25 TR 261 3 LAY 07 3 2 0 S T I
VIR AL B, BRI — 2D TR A s R
THFAR A . Alex Marson 4] PA ] H CRISPRa
CRISPRi i AR AN T 4 b (3 2 J3 A3 R AT
TR, RILT B E A 40 A R T R ) A
FE R, N T 40HE B S CAR-T 40 i Th &g A 15 42 it
T RR SR T

2.3 ETFCRISPR/Cas ZEHRERERMNES
fwig

CRISPR/Cas % 4t [ % 1) %1 5 [K 4 J¥ 1 DSB.
SR, R4 g R I T DSB 2 5 8 5 A
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Y I DNA R BB g o 5 A S5 5 R T 4 i oK
g % 038 . ik, David R. Liu BIBA " & T
Hf vz wE Bk AL g 45 4% (cytosinebase editor, CBE) ,
P CRISPR/Cas H 4t 3t AT £ K€ Air, HAHKH DSB
175 X C-GE A T-A, [EF A3 DNA K
BIskI . Gh. 15— ZE = AR A g 4 25
(BE1, BE2, BE3) #tfkitfE, 5 i 2 i
(cytidine deaminase) #H 3% ] dCas9 ¥ 4% B | nCas9
(nickase Cas9, DI10A), [FIf£E Cas & H ) C v
4 UGI (uracil DNA glycosylase inhibitor), B 14
SO U B E ERGEEREE, - SiRa
AR AR ", Z J5, David R. Liu BB\ " %} BE3
linker 2 11 DA J2 UGL 0 & 47 T Ak, 3 20 1¥) BE4
HAFESRmENE, Hindel MR —D K.
TE A6 38 B #1207 CBE )ik #£ 7, David R. Liu [
BN P9 SRR T R RE DA T S g 4 2% (adenosinebase
editor, ABE), AL T-ABKNC-G, XX T K
00 R A 7 1 3 R VR T B TV E T
5 CBEANIFE, ABE AT Z UGLK T #1E £ AR
i, T ABE (1% 4% fk 32 B 45 i #F 15 nCas9 A 3%
i) TadA 25 H, FH$FUAEZR L 750 ABE#ET T
LR, R AR ABET.10 B 3 g 45 AL
FA[IK 50% Yo 2020 5K ALAEE B R B T &
YEFF K C-to-A~ C-to-G Bl 3 A7 i (1) BLAR 35 o 4 T L
(CGBE)., ZJi, David R. Liu. Britt Adamson &
Jonathan S. Weissman [H B\ 7”7 & 15 F] H & il &
CRISPRI ik, PRI C-to-G Y 45 2R (1 3[R I
TF & %2 AN H i CGBEs, {E LR b, i VR & 2%
S 777 & T CGBE-Hive K58, A J% Th T3 il
CGBE 4w % .

David R. Liu [ A "™ J& T nCas9 (H840A) F1
WA SRR R A R, DL s S RNA
(pegRNA) & T 5 — 0% F % 8 K 1& (prime
PE) . PE A S 3 22 5 5 1) A #E 4 N 5 A
Kk, 5 CRISPR/Cas R4t LL, PE % DSBHIAJ
SRR, Bt B TRE e et A
mAE R g AR, PE LRWES— Sk, @i
AL IS B S g, A8 F — % nCas9 & 5] 5 RNA 87 1)
BB e ARREAREE, Z5H IR 1k pegRNA 1) 3/3i [X 43k

editing,

%7715, 1E PE 1 off-target AR [ 36 il |-, i 3L A
GRS T 3~4 5 Y. 25, David R. Liu
H1BA K 3 DNA #i L2 2 (MMR) £ BR{IK PE 250
FH4E 5 indel FIAE . UL, ZBIBAAEfE H PE 34T
LR R iy, 1) A Ik I 2 58 1) MMIR 10| 2 1 2D
MMR X} PE (1) 51, & DR 9 48 0 R 48 i 7 1% ™
[ ] AMIFFE N B AEXT PE BEAT R Gifhitb, Hbw
K85 A A5 2= 57 HT B ) A5 2 AN 7K A8 P9 YR AL 5
R, K I Y Primer binding site (PBS) ) T, fH N
30 °CIy,  Jk D] 2 48 A% % de s o B X pegRNA
(Dual-pegRNA) 5 % LU 51 pegRNA £ [l 4 45 2 %
e 7345, JEITR T Y pegRNA ¥ it W ik
PlantPegDesigner, A fii FH 2 $& fit % 0 W 11 7 %
BT T A1 PBS J7 5 B 1T FI XL pegRNA RIS, HF
NG — B K T Y pegRNA 5% 11 ¥k
PlantPegDesigner. 1% %3k 7] DL oA fifi ] 35 4 fit 5 %
) pegRNA WL #E. Wit HHERE 75, T AL H &R
O T E RS PE pegRNA ™, Jay Shendure [41BA ™ F
& ¥ PRIME-Del /7%, 1% 771248 H — %} pegRNA #
) ASERR B 5 AE TR S, AT S G 10 kb [ DNA it
g, G R B T & 30%. 5 Dual-pegRNA J7
LA LE, PRIME-Del ££ 4 F B 25 R A2 KM | 2%
FH ™, 2022 45, David R. Liu A ™7 FF & XX
%6 S 9w % (twin prime editing, twinPE), W] 517
RURF I 22 AR A B ZH & (site-specific serine
recombinase), fE A A4 M J& D5 2H B D) B 5 5.6 kb
(Y1 J5i R DNA Bk 4 51 81 40 kb [f) DNA 8 {7 . PE 5
Base editor # 7] LAFE A K DSB 1% It T 58 i 2=
G, X0 TR N AR 4 3R AT i RS R 2 DR
w|RA T TAEME, BARTIZR T mERE b
B OBBIA . GnEE T BRHISE A, HARRZIRA
T S AR R 1R 9T 78 B T (R 5D,

3 &HiaHh & CRISPR/Cas #&

SR

A

\}

3.1 #& Anti-CRISPREHRiET5 CRISPR/Cas
Thee

CRISPR/Cas % 4t & i 41 18 S %2 U2 B 415 400 1
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#5 CRISPR/Cas £ 45 Base editor. PE [ LL%
Table 5 Comparison among CRISPR/Cas, base editor, and PE

ES CRISPR/Cas Base editor PE
Class/Type Type Il Type Il Type Il
17 Fr A1 4K 5 /bp 19~23 15~20 8~15
DNA i 77 30 £ DSB #J HDR 76 DSB i 5 & 4t 72 DSB ff] HDR
On-target = B 1%
Off-target BAK fi& i
EZVASE ke ALIA 9 fir 45 A3k 31 47 ) A IA 347 45
S FH ¥ F NN N /RG] NN/ /RG] NN/ iR/ R G

B R K AN R DNA N AR B9 B 8 & 48, 1 Anti-
CRISPR 1 /2 W 1 74 5 41 B K H 3 [ 33 4k o 7 B 1)
Sl FBE 9 BFXEASE Y CRISPR/Cas 2 4%, Anti-
CRISPR #& [ 0] L ik A [7] 77 24 ] CRISPR/Cas
IhEE ©*, Anti-CRISPR & (4 Acr Il A1 7] DL B 45245
& Cas9 85 [ 1) HNH 45 #4380, MM 41 il Cas9 1)
DNA B4 68 /7, A Acr T A1 AT LLEE fB % &
Cas9 & [ R . Acr [T A2 3 i 5 PI 45 #3831
1l PAM [ BT 1 T Js S B AT BEL T PAM 7 £ iR
Al IR 38 DNA 256 47 /i BL 5 HNH 4514 35
AHEHAF I k404 DNA 5 CRISPR/Cas 45 &, 277
[f] 41l CRISPR/Cas ThgE ““o Acr [l A4 5 Acr Il A2
DhaeRAl, Acr [l A48 A 7E A IEE & 98 15 PAM
FHEAL M, FF5 RuvC 45/ 380HH B AR F #01 Cas9 2%
F A JE DR g B 05 v O eAh, Acr T A13. Acr I
Al4 A1 Acr Il A15 7898 B 12 [£ 1K Cas9 £5 H ) DNA
BIYIRE 7 P Horb, Acr [T A13 #1#] CRISPR/Cas %
G550 DNA 456, Acr Il A14 7] L5 T Cas9
AR R AR T RS, Acr [T ALS BT B
#] Cas9 5 gRNA & i — T AR,
Doudna [ B\ ™ A1 Joseph Bondy-Denomy [ A **
KT = Anti-CRISPR 5 1 (AcrVAl. AcrVA4.
AcrVA5), W] DL FLAN Y40 i b # ] Cas12a H)3%
o Hofr, AcrVAL BE % BY V) 5 Casl2a 45 & 1
crRNA 1 ] spacer /& 51| ¥, i AcrVA4 fE % 5
LbCasl2a. crRNA JE B ) — 50 & & W L &
LbCas12a. crRNA Fll dsDNA & & () = 70 5 & W) 45
A, ZJ7 T4 crRNA 5 ¥ 7 DNA HAMNE X, M
1M #) CRISPR/Cas & 4t 4w D fig "'*'. AcrVAS il
1%t Cas12a 8 A #EAT 2 BEAAE i K 52 1 PAM 1K
5, MMM CRISPR/Cas 5 #E ] DNA [ 4 & 1,

Jennifer A.

FI F A% % 1] Anti-CRISPR & [1 5 CRISPR/Cas
R4 4 n] TR CRISPR/Cas I THRE . O FEAK
off-target. £ N 4420 i i i 2 I 3 3% Acr Il A4 2R
H AJ PLLE AN P&k CRISPR/Cas i on-target 24 % [ [A]
i 9% b off-target 19 & 42 M. Acr I AS AT DLBH & [%
6K 85 g i B 2 4 2% BE3 A1 i M 04 i ik 45 48 2%
ABE7.10 [ off-target "™, @41k CRISPR/Cas & 4t
MA R R M . 75 A MR i A 3 3o 5 B s 3% Acr TT 2
Ml Acr I A4 H, FI/EAF N CRISPR/Cas9 2 K 4
B R R E B, AR ARG ek N s o o 40 i 7 A 1)
BUHER, REBHEBRDRER", @IFWET
dCas9 fJ T. 2. . CRISPRa #1 CRISPRi &% L& 4/
2N T A B R BB ) BRI R sk R, Hod
Mario A. Marchisio [ BA "7 i i # Anti-CRISPR &
15 CRISPRi % 4t % &t i AR Wy 1% 4%, A
dSpCas9 5 H fil & % 1 4 25 5 MXI1 JE &% 1)
CRISPRi £4t, A &M 7 EEAKIRIE. Ul
S RIE Acr L A2 F1 Acr Il A4, CRISPRi
RGRA, RO ARARERR, @05
B R AK KT AT A I A P S A A M e P
4b, Anti-CRISPR & H it 7] PL M. A 2 8 95 2 T
CRISPR/Cas [ 2 [K 9k 2l " 1 5 2 (R gl f& 27
Kl CRISPR/Cas &4 1 55 T4

3.2 $% CasERHiIET CRISPR/Cas gt

Casl2a 5 Cas9 [FlJ& T I B Cas TE [, &
BE—ANRBI (REC) M—MZEREEH (NUC)
CE D, @ik — 28 1 2 8 7T 20 8 AN [5) 1) 45 1)
1 B ', Yuta Nihongaki &5 " % it 7 — M/ 241
Casl2a 5 [, %8 M H N K Fl C R b B ik,
XAy % Cas12a 85 A 7] LAIE S A6 715 5 Z RS
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P38 DL R i 5 B A 45 MY 38R S B Cas12a I3
PRI 1 TN o S o & A= e B A Wb 1
[ 2 A 9 48 1. H FAST (a far-red light-activated
split-Cas9) FR 45, W H|H I 20 0% 4% 73 24 1) Cas9
K gt R, (EARSNEE IR 2 Bl 7L 30 1) 41 il
S T R R ) Dl A R R G

UK Cas9 & B AR i i =5 20 iR AH OC 9 25
(rAAVs) A% 38 (1) 5 RIE T B A ] B 2 52 21 BRI,
T I N R s A 7 2, AT BLYk)s Cas9 B 1)
Rf, 4R SpCas9 AREC2 LA f SpCas9 A REC3 &
Ak, 5 R SpCas9 AH EU i 1 Kl T B &>
T e K 2 g R A BN 70 oy LB I R 2 5 R 3
JTEARSE A, A SaCas9 8 11 HNH Al REC 45 #4 42k
HEAT Mk, F45 6 53 2 SaCas9 K it & 8 H 1 77 5
i/MERHIC, M5 Fok 1 B ARLA FRIAR AT B Ih
SCILDNA B[R BT ), 45 5 s i 458 51 1 45 1 35
A, AR RS AAV e B8R AT i 1B ik
T HE DR ) e SR AT

4 REiHREE

2 SC3E i %) T 2R 8 7] DNA ff) Cas 28 1 (Cas9
Al Cas12a) B TAEAL s #EAT AL 70 25, FER T
T 4E K 11 240 5] DNA () CRISPR/Cas % [F % #5 & 4t
ke, HoAfHE Cas B A 1) TRE A Ui 18 T 55
i 457 e R S % PAML IR RE /5 DA CRISPR/Cas
ROGMENERENM TRIF R DIGE: 4585 kE
[ i ¥ CRISPR/Cas R Py fig . XUt g R T
Cas B A &5 WK (& 1 . 98 0 B 2 2 RE % s2 Bl
CRISPR/Cas R 4t ifi 1+ 5 573 P LA K Th e i e 22,
WRIE T AT E R @R, T HBERR
W|TEMT K. EREFEGT R, WA ks
R SR B B, 2025 3R E R VRT3
BRI B 1794004, A ORFFIGE, 2027 R E
B R YE 97 T 34 BB AT Ok B 500 {2t A2 A . T
CRISPR-Cas % 444 2> 751X A~ i F5 v i 21 58 81 22 1)
YERL, 2020 4F i L & ] CRISPR/Cas9 & 4t 4 48 A\
P20 PR I PR AR 25 SR A O, e R R AR
X RS AE N B it B3, PEA T CRISPR/Cas9
i [ PD-1 55 R 1A [ A8 1 DL SR T 48 i v
I7 % A% 1 AR /N G i s ) A AR, WIBAIESE T

CRISPR/Cas9 A &1 T 4L ¥ 22 41 (AR
0.05%, /T HE R AL 1.69%) o XX T3 —
T LT CRISPR (R A S AR SMGEITIRAE T )
XA, Ak L £ 8 A CRISPR A I PR
55 o 112 T CRISPR % 225 DR 2H 2 0 152 A 19 4 S 12
WM VR O e R R . T, AREEAN
S 0L [ BT JE T fl A Cas9 FTRE S5 N L A
(sleeping beauty transposase, SB) ] DNA %5 & 1
PAI % Cas9-N57, A S H [a] DA KR & A s A\
12 kb ) DNA f7Bt, FFRH+ CAR-T 40 9 i
It Ak, fE Cas9-N57 1 & #it Cas9 & [ 4 AsCpfl
(4sCas12a) M CjCas9 J& B I 7 7Y 1% I it HL 45
FAL ) Th e . S A HF BT W R . A U
TREX2 5 Cas9 fil & 14 2 Cas9TX B H] T CAR-T
g o ] %%, 7E A2 CAR-T 20 ¥E LL i 1 o R
Cas9TX R B 55 417 ] 5 ] s 6 L 8 o % € 4k ) oL 1)
. X EEWTIT TAER B, CRISPR/Cas £ 4t Tk
R 2 RN, AT — 2 I K Bk T CRISPR/
Cas RS A MIIEIT 7=

%L T CRISPR/Cas % 4t 1) 5k DX 9 48 T A 0T &
MARAAAE4E 2L, Base editor. PEZF T H BIR A
R = BN AT 5%, SR T off-target [ A7 7E BA S B
FR) 5 D] G %8 200 2 AT SR 75 L2 F 0 3 A1 TRE 2k DR 9 48 T
FLidk— 5 gtk B "ol UK, CRISPR/Cas R4 H!
EFXT gRNA [ TR SUE L DA IS TR 2 iR .
CEM R R LN, gRNA KFHIMRAL 7 LK
AT AR A 5 200 AT B S I IR G R DA K
HALRCR . Dewran D. Kocak %5 M jli i 4E K gRNA
A1, A gRNA & BRI 5 S B & Kb s &%
J% hairpin-sgRNA, JF£ 3] H gRNA 5 2 7] /5 4] (1) F
5t 45 A VF N MR BR hairpin 19 87 &L, MO B T
spCas9. SaCas9. SaCas9-KKH. LbCasl2a #
AsCas12aiX FLFl AN [E] 1) Cas & H IR K dm B 6E /7,
f8 1X 88 Cas #7125 X 20 455 e MR 3R T 1 55 1%
Ak, I LAk Cas B E A1 gRNA (7] #8240 i 1) 4%
B, AT DASR 5 e R R IR AP BT Cas9 J
AR A Sniper-Cas9 18 i A~ [7] 11 328 3125 5 =0 A A4 4
JiL PR AN [ 32 ) o7 ik AT 50, &5 SR R B RINP [ 3
1% 75 3] B S5 k)N off-target IR B, X BB A AT
# W] CRISPR/Cas & 4t ) #EAL 2 — DB IMA LR,
BT 2MuusE T, suE AR R, KK
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W 2 b7 VA 1 R R Gt ) ol 5 e ok 2k
— 5 $2 J+ CRISPR/Cas & Gk 7 1 . R A% 4
ko Ak, PEAIFEEE IK5) % 3L T CRISPR/Cas R4t
8 B T BRI R Rl B4 R AW
CRISPR/Cas 5 4t [ FF & A £ 0 oK ok B 22 (1) R & T
], MM 52, CRISPR/Cas % 4t It & Bl LA M T g
PETF R, FRFER Gt . B A 4 2 55 AT 1) 2
PERME, 3 — B T AT AR i AR A 1
FORBEE, R T AEMRE . R K H AR G
BB & B . Bl % ¥ % CRISPR/Cas T B [ FF &
FARA, B2 AN ) Fg B2 G150 14 h 50 N SR 4
By AR AR,

[1] ZEKONYTE U, BACMAN S R, SMITH J, et al. Mitochondrial
targeted meganuclease as a platform to eliminate mutant mtD-
NA in vivo[J]. Nature Communications, 2021, 12: 3210.

[2] CARROLL D. Genome engineering with zinc-finger nucleases[J].
Genetics, 2011, 188(4): 773-782.

[3] NEMUDRYIA A, VALETDINOVA K R, MEDVEDEV S P, et al.
TALEN and CRISPR/Cas genome editing systems: tools of dis-
covery[J]. Acta Naturae, 2014, 6(3): 19-40.

[4] RAN F A, HSU P D, WRIGHT J, et al. Genome engineering
using the CRISPR-Cas9 system[J]. Nature Protocols, 2013,
8(11): 2281-2308.

[5] EPINAT J C, ARNOULD S, CHAMES P, et al. A novel engi-
neered meganuclease induces homologous recombination in
yeast and mammalian cells[J]. Nucleic Acids Research, 2003,
31(11): 2952-2962.

[6] GAJ T, GERSBACH C A, BARBARS C F III, et al. ZFN,
TALEN, and CRISPR/Cas-based methods for genome engi-
neering[J]. Trends in Biotechnology, 2013, 31(7): 397-405.

[77 WANGH X, LIM Q, LEE C M, et al. CRISPR/Cas9-based ge-
nome editing for disease modeling and therapy: challenges and
opportunities for nonviral delivery[J]. Chemical Reviews,

2017, 117(15): 9874-9906.

[8] JIANG W Y, BIKARD D, COX D, et al. RNA-guided editing
of bacterial genomes using CRISPR-Cas systems[J]. Nature
Biotechnology, 2013, 31(3): 233-239.

[9] LIU X, GALLAY C, KJOS M, et al. High-throughput CRIS-
PRi phenotyping identifies new essential genes in Streptococ-
cus pneumoniae[J]. Molecular Systems Biology, 2017, 13(5): 931.

[10] WANG T M, GUAN C G, GUO J H, et al. Pooled CRISPR in-

terference screening enables genome-scale functional genom-

ics study in bacteria with superior performance[J]. Nature

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

Communications, 2018, 9: 2475.

DONG C, FONTANA J, PATEL A, et al. Synthetic CRISPR-
Cas gene activators for transcriptional reprogramming in bacte-
ria[J]. Nature Communications, 2018, 9: 2489.

ANZALONE A V, KOBLAN L W, LIU D R. Genome editing
with CRISPR-Cas nucleases, base editors, transposases and
prime editors[J]. Nature Biotechnology, 2020, 38(7): 824-844.
CHO S I, LEE S H, MOK YG, et al. Targeted A-to-G base edit-
ing in human mitochondrial DNA with programmable deami-
nases[J]. Cell, 2022, 185(10): 1764-1776.¢12.

DREISSIG S, SCHIML S, SCHINDELE P, et al. Live-cell
CRISPR imaging in plants reveals dynamic telomere move-
ments[J]. The Plant Journal, 2017, 91(4): 565-573.

MAASS P G, BARUTCU A R, SHECHNER D M, et al. Spa-
tiotemporal allele organization by allele-specific CRISPR live-
cell imaging (SNP-CLING)[J]. Nature Structural & Molecular
Biology, 2018, 25(2): 176-184.

LIU X S, WU H, KRZISCH M, et al. Rescue of fragile X syn-
drome neurons by DNA methylation editing of the FMR/ gene[J].
Cell, 2018, 172(5): 979-992.¢6.

KANG J G, PARK J S, KO J H, et al. Regulation of gene ex-
pression by altered promoter methylation using a CRISPR/
Cas9-mediated epigenetic editing system[J]. Scientific Reports,
2019, 9: 11960.

SHMAKOV S, SMARGON A, SCOTT D, et al. Diversity and
evolution of class 2 CRISPR-Cas systems[J]. Nature Reviews
Microbiology, 2017, 15(3): 169-182.

BARRANGOU R, GERSBACH C A. Expanding the CRISPR
toolbox: targeting RNA with Cas13b[J]. Molecular Cell, 2017,
65(4): 582-584.

PAUSCH P, AL-SHAYEB B, BISOM-RAPP E, et al. CRISPR-
Cas® from huge phages is a hypercompact genome editor[J].
Science, 2020, 369(6501): 333-337.

STRECKER J, LADHA A, GARDNER Z, et al. RNA-guided
DNA insertion with CRISPR-associated transposases[J]. Sci-
ence, 2019, 365(6448): 48-53.

CASINI A, OLIVIERI M, PETRIS G, et al. A highly specific
SpCas9 variant is identified by in vivo screening in yeast[J].
Nature Biotechnology, 2018, 36(3): 265-271.

KLEINSTIVER B P, SOUSA A A, WALTON R T, et al. Engi-
neered CRISPR-Casl2a variants with increased activities and
improved targeting ranges for gene, epigenetic and base editing[J].
Nature Biotechnology, 2019, 37(3): 276-282.

GAUDELLI N M, KOMOR A C, REES H A, et al. Program-
mable base editing of AT to G+C in genomic DNA without
DNA cleavage[J]. Nature, 2017, 551(7681): 464-471.

HUANG T P, NEWBY G A, LIU D R. Precision genome edit-
ing using cytosine and adenine base editors in mammalian cells[J].

Nature Protocols, 2021, 16(2): 1089-1128.



098 BREME F45

[26] LIU R M, LIANG LY, FREED E F, et al. Directed evolution 1224.
of CRISPR/cas systems for precise gene editing[J]. Trends in [40] LIUR M, LIANG L L, FREED E, et al. Synthetic chimeric nu-
Biotechnology, 2021, 39(3): 262-273. cleases function for efficient genome editing[J]. Nature Com-

[27] HIRANO S, ABUDAYYEH O O, GOOTENBERG J S, et al. munications, 2019, 10: 5524.

Structural basis for the promiscuous PAM recognition by Cory- [41] HU J H, MILLER S M, GEURTS M H, et al. Evolved Cas9
nebacterium diphtheriae Cas9[J]. Nature Communications, variants with broad PAM compatibility and high DNA specific-
2019, 10: 1968. ity[J]. Nature, 2018, 556(7699): 57-63.

[28] SWARTS D C, JINEK M. Cas9 versus Cas12a/Cpfl: structure- [42] GUO M H, REN K, ZHU Y W, et al. Structural insights into a
function comparisons and implications for genome editing[J]. high fidelity variant of SpCas9[J]. Cell Research, 2019, 29(3):
Wiley Interdisciplinary Reviews: RNA, 2018, 9(5): e1481. 183-192.

[29] ANDERS C, NIEWOEHNER O, DUERST A, et al. Structural [43] CHOI G C G, ZHOU P, YUEN C T L, et al. Combinatorial mu-
basis of PAM-dependent target DNA recognition by the Cas9 tagenesis en masse optimizes the genome editing activities of
endonuclease[J]. Nature, 2014, 513(7519): 569-573. SpCas9[J]. Nature Methods, 2019, 16(8): 722-730.

[30] SWARTS D C, VAN DER OOST J, JINEK M. Structural basis [44] GAOLY,COXDBT,YAN W X, et al. Engineered Cpfl vari-
for guide RNA processing and seed-dependent DNA targeting ants with altered PAM specificities[J]. Nature Biotechnology,
by CRISPR-Casl2a[J]. Molecular Cell, 2017, 66(2): 221- 2017, 35(8): 789-792.
233.¢4. [45] TSAI S Q, WYVEKENS N, KHAYTER C, et al. Dimeric

[31] KLEINSTIVER B P, PATTANAYAK V, PREW M S, et al. CRISPR RNA-guided FokI nucleases for highly specific ge-
High-fidelity CRISPR-Cas9 nucleases with no detectable ge- nome editing[J]. Nature Biotechnology, 2014, 32(6): 569-576.
nome-wide off-target effects[J]. Nature, 2016, 529(7587): [46] CHATTERJEE P, JAKIMO N, JACOBSON J M. Minimal
490-495. PAM specificity of a highly similar SpCas9 ortholog[J]. Sci-

[32] SLAYMAKER I M, GAO LY, ZETSCHE B, et al. Rationally ence Advances, 2018, 4(10): eaau0766.
engineered Cas9 nucleases with improved specificity[J]. Sci- [47] TOTH E, CZENE B C, KULCSAR P I, et al. Mb- and FnCpfl
ence, 2016, 351(6268): 84-88. nucleases are active in mammalian cells: activities and PAM

[33] CHEN J S, DAGDAS Y S, KLEINSTIVER B P, et al. En- preferences of four wild-type Cpfl nucleases and of their al-
hanced proofreading governs CRISPR-Cas9 targeting accuracy[J]. tered PAM specificity variants[J]. Nucleic Acids Research,
Nature, 2017, 550(7676): 407-410. 2018, 46(19): 10272-10285.

[34] BRAVO J P K, LIU M S, HIBSHMAN G N, et al. Structural [48] CONG L, RAN F A, COX D, et al. Multiplex genome engi-
basis for mismatch surveillance by CRISPR-Cas9[J]. Nature, neering using CRISPR/Cas systems[J]. Science, 2013, 339(6121):
2022, 603(7900): 343-347. 819-823.

[35] ZUO Z C, BABU K, GANGULY C, et al. Rational engineering [49] KLEINSTIVER B P, PREW M S, TSAI S Q, et al. Broadening
of CRISPR-Cas9 nuclease to attenuate position-dependent off- the targeting range of Staphylococcus aureus CRISPR-Cas9 by
target effects[J]. The CRISPR Journal, 2022, 5(2): 329-340. modifying PAM recognition[J]. Nature Biotechnology, 2015,

[36] TANY Y, CHUAHY, BAO S, et al. Rationally engineered 33(12): 1293-1298.

Staphylococcus aureus Cas9 nucleases with high genome-wide [S0] MADC,XUZM, ZHANG ZY, et al. Engineer chimeric Cas9
specificity[J]. Proceedings of the National Academy of Scienc- to expand PAM recognition based on evolutionary information[J].
es of the United States of America, 2019, 116(42): 20969- Nature Communications, 2019, 10: 560.

20976. [51] ZETSCHE B, GOOTENBERG J S, ABUDAYYEH O O, et al.

[37] LEEJ K, JEONG E, LEE J, et al. Directed evolution of CRIS- Cpfl is a single RNA-guided endonuclease of a class 2 CRIS-
PR-Cas9 to increase its specificity[J]. Nature Communications, PR-Cas system[J]. Cell, 2015, 163(3): 759-771.

2018, 9: 3048. [52] VILLIGER L, GRISCH-CHAN H M, LINDSAY H, et al.

[38] SINGH D, WANG Y B, MALLON J, et al. Mechanisms of im- Treatment of a metabolic liver disease by in vivo genome base
proved specificity of engineered Cas9s revealed by single-mol- editing in adult mice[J]. Nature Medicine, 2018, 24(10): 1519-
ecule FRET analysis[J]. Nature Structural & Molecular Biolo- 1525.
gy, 2018, 25(4): 347-354. [53] KLEINSTIVER B P, PREW M S, TSAI S Q, et al. Engineered

[39] VAKULSKAS C A, DEVER D P, RETTIG G R, et al. A high- CRISPR-Cas9 nucleases with altered PAM specificities[J]. Na-
fidelity Cas9 mutant delivered as a ribonucleoprotein complex ture, 2015, 523(7561): 481-485.
enables efficient gene editing in human hematopoietic stem [54] HIRANO S, NISHIMASU H, ISHITANI R, et al. Structural ba-

and progenitor cells[J]. Nature Medicine, 2018, 24(8): 1216-

sis for the altered PAM specificities of engineered CRISPR-



% 4% www.synbioj.com

099

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Cas9[J]. Molecular Cell, 2016, 61(6): 886-894.

HU X X, MENG X B, LIU Q, et al. Increasing the efficiency
of CRISPR-Cas9-VQR precise genome editing in rice[J]. Plant
Biotechnology Journal, 2018, 16(1): 292-297.

NISHIMAS U H, RAN F A, HSU P D, et al. Crystal structure
of Casg in complex with guide RNA and target DNA[J]. Cell,
2014, 156(5): 935-949.

NISHIMASU H, SHI X, ISHIGURO S, et al. Engineered
CRISPR-Cas9 nuclease with expanded targeting space[J]. Sci-
ence, 2018, 361(6408): 1259-1262.

WALTON R T, CHRISTIE K A, WHITTAKER M N, et al. Un-
constrained genome targeting with near-PAMless engineered
CRISPR-Cas9 variants[J]. Science, 2020, 368(6488): 290-296.
HSU P D, LANDER E S, ZHANG F. Development and appli-
cations of CRISPR-Cas9 for genome engineering[J]. Cell,
2014, 157(6): 1262-1278.

HIRANO H, GOOTENBERG J S, HORII T, et al. Structure
and engineering of Francisella novicida Cas9[J]. Cell, 2016,
164(5): 950-961.

YAMAMOTO A, ISHIDA T, YOSHIMURA M, et al. Develop-
ing heritable mutations in Arabidopsis thaliana using a modi-
fied CRISPR/Cas9 toolkit comprising PAM-altered Cas9 vari-
ants and gRNAs[J]. Plant and Cell Physiology, 2019, 60(10):
2255-2262.

MILLER S M, WANG T N, RANDOLPH P B, et al. Continu-
ous evolution of SpCas9 variants compatible with non-G PAMs[J].
Nature Biotechnology, 2020, 38(4): 471-481.

GUILINGER J P, THOMPSON D B, LIU D R. Fusion of cata-
lytically inactive Cas9 to FokI nuclease improves the specificity
of genome modification[J]. Nature Biotechnology, 2014, 32(6):
577-582.

AOUIDA M, EID A, ALI Z, et al. Efficient fdCas9 synthetic
endonuclease with improved specificity for precise genome en-
gineering[J]. PLoS One, 2015, 10(7): e0133373.

WYVEKENS N, TOPKAR V V, KHAYTER C, et al. Dimeric
CRISPR RNA-guided FokI-dCas9 nucleases directed by trun-
cated gRNAs for highly specific genome editing[J]. Human
Gene Therapy, 2015, 26(7): 425-431.

TERAO M, TAMANO M, HARA S, et al. Utilization of the
CRISPR/Cas9 system for the efficient production of mutant
mice using crRNA/tracrRNA with Cas9 nickase and FoklI-
dCas9[J]. Experimental Animals, 2016, 65(3): 275-283.

MA D C, PENG S G, HUANG W R, et al. Rational design of
mini-Cas9 for transcriptional activation[J]. ACS Synthetic Biol-
ogy, 2018, 7(4): 978-985.

HAVLICEK S, SHEN Y, ALPAGU Y, et al. Re-engineered
RNA-guided FokI-nucleases for improved genome editing in

human cells[J]. Molecular Therapy, 2017, 25(2): 342-355.

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

(82]

[83]

KONERMANN S, BRIGHAM M D, TREVINO A E, et al. Ge-
nome-scale transcriptional activation by an engineered CRIS-
PR-Cas9 complex[J]. Nature, 2015, 517(7536): 583-588.
PEREZ-PINERA P, KOCAK D D, VOCKLEY C M, et al.
RNA-guided gene activation by CRISPR-Cas9-based transcrip-
tion factors[J]. Nature Methods, 2013, 10(10): 973-976.

YEO N C, CHAVEZ A, LANCE-BYRNE A, et al. An en-
hanced CRISPR repressor for targeted mammalian gene regula-
tion[J]. Nature Methods, 2018, 15(8): 611-616.

LIAN J Z, HAMEDIRAD M, HU S M, et al. Combinatorial
metabolic engineering using an orthogonal tri-functional CRIS-
PR system[J]. Nature Communications, 2017, 8: 1688.
BEHLER J, VIJAY D, HESS W R. CRISPR-based technolo-
gies for metabolic engineering in cyanobacteria[J]. Trends in
Biotechnology, 2018, 36(10): 996-1010.

TONG Y J, CHARUSANTI P, ZHANG L X, et al. CRISPR-
Cas9 based engineering of actinomycetal genomes[J]. ACS
Synthetic Biology, 2015, 4(9): 1020-1029.

SCHMIDT R, STEINHART Z, LAYEGHI M, et al. CRISPR
activation and interference screens decode stimulation responses
in primary human T cells[J]. Science, 2022, 375(6580):
eabj4008.

KOMOR A C, KIM Y B, PACKER M 8§, et al. Programmable
editing of a target base in genomic DNA without double-strand-
ed DNA cleavage[J]. Nature, 2016, 533(7603): 420-424.
KOMOR A C, ZHAO K T, PACKER M S, et al. Improved
base excision repair inhibition and bacteriophage Mu Gam pro-
tein yields C: G-to-T: A base editors with higher efficiency and
product purity[J]. Science Advances, 2017, 3(8): eaao4774.
ZHAO D D, L1J, LI S W, et al. Glycosylase base editors en-
able C-to-A and C-to-G base changes[J]. Nature Biotechnolo-
gy, 2021, 39(1): 35-40.

KOBLAN L W, ARBAB M, SHEN M W), et al. Efficient C*G-
to-G+C base editors developed using CRISPRi screens, target-
library analysis, and machine learning[J]. Nature Biotechnolo-
gy, 2021, 39(11): 1414-1425.

ANZALONE A 'V, RANDOLPH P B, DAVIS J R, et al. Search-
and-replace genome editing without double-strand breaks or
donor DNA[J]. Nature, 2019, 576(7785): 149-157.

NELSON J W, RANDOLPH P B, SHEN S P, et al. Engineered
pegRNAs improve prime editing efficiency[J]. Nature Biotech-
nology, 2022, 40(3): 402-410.

CHEN P J, HUSSMANN J A, YAN J, et al. Enhanced prime
editing systems by manipulating cellular determinants of edit-
ing outcomes[J]. Cell, 2021, 184(22): 5635-5652.€29.

LIN Q P, JIN S, ZONG Y, et al. High-efficiency prime editing
with optimized, paired pegRNAs in plants[J]. Nature Biotech-
nology, 2021, 39(8): 923-927.



100 BREME F45

[84] CHOI J, CHEN W, SUITER C C, et al. Precise genomic dele- [99] KNOTT G J, THORNTON B W, LOBBA M J, et al. Broad-
tions using paired prime editing[J]. Nature Biotechnology, spectrum enzymatic inhibition of CRISPR-Casl2a[J]. Nature
2022, 40(2): 218-226. Structural & Molecular Biology, 2019, 26(4): 315-321.

[85] ANZALONE A V, GAO X D, PODRACKY C J, et al. Pro- [100] PENG R C, LI Z T, XU Y, et al. Structural insight into multi-
grammable deletion, replacement, integration and inversion of stage inhibition of CRISPR-Casl2a by AcrVA4[J]. Proceed-
large DNA sequences with twin prime editing[J]. Nature Bio- ings of the National Academy of Sciences of the United States
technology, 2022, 40(5): 731-740. of America, 2019, 116(38): 18928-18936.

[86] KOBLAN L W, DOMAN J L, WILSON C, et al. Improving cy- [101] DONG LY, GUAN XY, LIN N, et al. An anti-CRISPR pro-
tidine and adenine base editors by expression optimization and tein disables type V Casl2a by acetylation[J]. Nature Structur-
ancestral reconstruction[J]. Nature Biotechnology, 2018, 36(9): al & Molecular Biology, 2019, 26(4): 308-314.

843-846. [102] SHIN J, JIANG F G, LIU J J, et al. Disabling Cas9 by an anti-

[87] ARBAB M, SHEN M W, MOK B, et al. Determinants of base CRISPR DNA  mimic[J]. Science Advances, 2017, 3(7):
editing outcomes from target library analysis and machine €1701620.

; . 103] LIANG M M, SUI T T, LIU Z Q, et al. AcrlIAS5 suppresses
learning[J]. Cell, 2020, 182(2): 463-480.¢30. [

[88] WIJSMAN M, SWIAT M A, MARQUES W L, et al. A toolkit base editors and reduces their off-target effects[J]. Cells, 2020,
for rapid CRISPR-SpCas9 assisted construction of hexose- 9(8): 1786. . _
transport-deficient Saccharomyces cerevisiae strains[J]. FEMS [104] LI C, PSATHA 2’ GSIL S, et a:j‘ HI;AdSBS Cade;ow/rgs \;ector

expressing anti-CRISPR peptides decreases CRISPR/Cas9 tox-
Yeast Research, 2018, 19(1): foy107.
icity in h hematopoietic st 11s[J]. Molecular Th -
[89] YUAN Q C, GAO X. Multiplex base- and prime-editing with ;l yhmd l;l:l:; 'emla];)p 01le 1¢ stem 20(?1;[](1 39(()) chllar crapy
t t : - .
drive-and-process CRISPR arrays[J]. Nature Communications, [105] LIeJ (;(IS_J , thiUPZfoosien ’ | A, . CRISPR-based b
5 s , et al. Anti- -based bio-
2022, 13:2771.
o sensors in the yeast S. cerevisiae[J]. Journal of Biological Engi-
[90] RAUCH B J, SILVIS M R, HULTQUIST J F, et al. Inhibition
. . . neering, 2018, 12: 11.
of CRISPR-Cas9 with bacteriophage proteins[J]. Cell, 2017,
[106] BASGALL E M, GOETTING S C, GOECKEL M E, et al.
168(1/2): 150-158.¢10.
Gene drive inhibition by the anti-CRISPR proteins AcrlIA2
[91] HE F, BHOOBALAN-CHITTY Y, VAN L B, et al. Anti-CRIS- ) ) )
and AcrllA4 in Saccharomyces cerevisiae[J]. Microbiology,
PR proteins encoded by archaeal lytic viruses inhibit subtype I-
2018, 164(4): 464-474.
D immunity[J]. Nature Microbiology, 2018, 3(4): 461-469. .
[107] BUBECK F, HOFFMANN M D, HARTEVELD Z, et al. Engi-
[92] STANLEY S Y, MAXWELL K L. Phage-encoded anti-CRIS- . . .
neered anti-CRISPR proteins for optogenetic control of CRIS-
PR def J.A 1 Revi f Genetics, 2018, 52: 445-464.
efenses(J]. Annual Review of Genetics PR-Cas9[J]. Nature Methods, 2018, 15(11): 924-927.
NA B A, KARAMBELKAR S, MAHENDRA t al.

(93] Osu ’ S, Coeta [108] JOHNSTON R K, SEAMON K J, SAADA E A, et al. Use of
Listeria phages induce Cas9 degradation to protect lysogenic anti-CRISPR protein ActlIA4 as a capture ligand for CRISPR/
genomesJ]. Cell Host & Microbe, 2020, 28(1): 31-40.¢9. Cas9 detection[J]. Biosensors & Bioelectronics, 2019, 141:

[94] LIUL,YINM L, WANG M, et al. Phage AcrlIA2 DNA mimicry: 111361
Structural basis of the CRISPR and anti-CRISPR arms race[J]. [109] JIANG F G, DOUDNA J A. CRISPR-cas9 structures and mech-
Molecular Cell, 2019, 73(3): 611-620.¢3. anisms[J]. Annual Review of Biophysics, 2017, 46: 505-529.

[95] YANG H, PATEL D J. Inhibition mechanism of an anti-CRIS- [110] NIHONGAKI Y, OTABE T, UEDA Y, et al. A split CRISPR-
PR suppressor AcrllA4 targeting SpyCas9[J]. Molecular Cell, Cpfl platform for inducible genome editing and gene activation[J].
2017, 67(1): 117-127.¢5. Nature Chemical Biology, 2019, 15(9): 882-888.

[96] WATTERS K E, SHIVRAM H, FELLMANN C, et al. Potent [111] YUY H, WU X, GUAN N Z, et al. Engineering a far-red light-
CRISPR-Cas9 inhibitors from Staphylococcus genomes[J]. Pro- activated split-Cas9 system for remote-controlled genome edit-
ceedings of the National Academy of Sciences of the United ing of internal organs and tumors[J]. Science Advances, 2020, 6
States of America, 2020, 117(12): 6531-6539. (28): eabb1777.

[97] WATTERS K E, FELLMANN C, BAI H B, et al. Systematic [112] SUNG K, PARK J, KIM Y, et al. Target specificity of Cas9 nu-
discovery of natural CRISPR-Casl2a inhibitors[J]. Science, clease via DNA rearrangement regulated by the REC2 domain[J].
2018, 362(6411): 236-239. Journal of the American Chemical Society, 2018, 140(25):

[98] MARINO N D, ZHANG J Y, BORGES A L, et al. Discovery 7778-7781.

of widespread type I and type V CRISPR-Cas inhibitors[J]. Sci-
ence, 2018, 362(6411): 240-242.

[113]

LUY, XUE J X, DENG T, et al. Safety and feasibility of CRIS-

PR-edited T cells in patients with refractory non-small-cell



$4% www.synbioj.com 101

lung cancer[J]. Nature Medicine, 2020, 26(5): 732-740. BIRAEE : XY (1985—), 55, 1
[114] MA S F, WANG X L, HU Y F, et al. Enhancing site-specific &, Bk WAL (1D @k B CRIS-
PR M g AL R A 10 R R 5 R 5 (D
JE I CRISPR i [F 21 4 48 T 4 5 & T K
SR s O 4 T R D Re T -5 2 R
BT (OB T & R AEM AL
i ERRE A R v B A =
E-mail: rongming_liu@dlut.edu.cn

DNA integration by a Cas9 nuclease fused with a DNA donor-
binding domain[J]. Nucleic Acids Research, 2020, 48(18):
10590-10601.

[115] YINJH,LURS, XIN C C, et al. Cas9 exo-endonuclease elim-

inates chromosomal translocations during genome editing[J].
Nature Communications, 2022, 13: 1204.
[116] ZUO E W, SUNY D, WEI W, et al. Cytosine base editor gener-

F—1EE: RWIT(1987—), %, il
etk C N i W IS ER P Tk N
BA AR LR
E-mail: liya liang@dlut.edu.cn

ates substantial off-target single-nucleotide variants in mouse
embryos[J]. Science, 2019, 364(6437): 289-292.

[117] YIN H, SONG C Q, SURESH 8, et al. Partial DNA-guided
Cas9 enables genome editing with reduced off-target activity[J].
Nature Chemical Biology, 2018, 14(3): 311-316.

[118] KOCAK D D, JOSEPHS E A, BHANDARKAR V, et al. In-
creasing the specificity of CRISPR systems with engineered
RNA secondary structures[J]. Nature Biotechnology, 2019,
37(6): 657-666.




