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Abstract: Genome editing is an incredibly enabling synthetic biology technology. CRISPR genome editing
technology represents a technological revolution across all life sciences. However, currently CRISPR genome
editing technologies are still limited by many challenges, and other related technologies such as intelligent design,
expression and delivery systems are unable to meet requirements of applying CRISPR editing across medicine and
agriculture. For future genome editing technology developments, it is necessary to generate more accurate, efficient,
comprehensive and intelligent CRISPR genome editing technologies. Additionally, big data analyses and artificial
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intelligence approaches are essential towards developing novel subversive genome editing technologies that differ

from CRISPR approaches.

Key words: genome editing; synthetic biology; CRISPR; base editing; prime editing

1 EEAGHERARR

2 DR 20 G e i 3 DR 4L R S A W Ak B AT R
Wit S ks . AR RGN T MNEER
1% R I (ZFNs). 5 5% 0 I 1 FE 280N 9 1% B T
(TALEN) | i fi% K043 (8] f# %5 (] 5 # & (CRISPR) %
G = IRFEAR S (B ).

1.1 ZFNEAR

ZFEN FH A W BT 20 40 90 48, FHEA4
R TR BN SE &85 52 DNA 75 488 & 1 (ZFP)
FEHERE S MV E] DNA IR N VI Fok 1. R —
XT ER IR AR 45 A FF 5 DNA, B Fok T P/ %
iy B4R SR A, X DNA BT D117~ 4: DNA
XUEEWTZE (double strand breaks, DSBs). %3 A#E ]
gEa R, (HRILRGIRE DNA N8R 751 7
FUE N SCFE R E, R, At &
A M A K RIASE I FH o
1.2 TALEN#AR

TALEN $A P & B]F 2009 £€, 55 ZFN A1,
PR F . — B4 2 H 33~35 NMRIAERINE L
BTG, AT 12 B AN 13 S AN AT AR g L R i
F A TR G I 45 A DNA FE 41 it # g 12 £ A
13 A AR T AR S R IR AR A, BRG] LLBR A JLF
7] DNA J7 %1 5 — #4372 IR i V4% 12 9 D) il
Fok I. ¥ TALEN 55 & (1) 2 W8 AL A5 Mg al — 2

X

CRISPR % %
4

CRISPR#:%  CRISPR
W E
4

CRISPR# &

B

CRISPR
BAGH  HAGE 35

02012 02013 02016 02019 02019

B AR RS R AT R, AT SRELIE R R IA T
¥, 5 ZFN fHtL, TALEN ¥4 RiE, Hik. Wik
BN S, MERGHES, ef eSS
AR T A, HE, TALEN SiRMEB NE 2,
PSR SRR 15 o
1.3 CRISPRE AR

CRISPR £ %4 " 1 M4uE sl 4B ) “ s &
G, T 2012 FEPE Ik, FERON B AT e 5 Ak
[ 3[R 2H 9 48 T H. AH L+ ZFN Al TALEN # R,
CRISPR i R L. WAk KR & T 9mtE H s
B, S Z T MR 2 A0, Ry 4
T AR A BL 22 W 78 1) 4B . CRISPR AH X AR 7E
2013, 2015 £ 2017 565 4% Science Z2E V1K
RIERB 2z —, FF3R1S 2020 FE R DURIL 23,
1.3.1 {54 CRISPR#E A

CRISPR 24105 H ) DNA J B UL (1 )
5 RNA (sgRNA) DL K H A % R B D REY Cas 2.
153 RNA 5| 5 Cas £ (456807 4, V)EIHE DNA,
7= DSB 45, Ik 5 A 10 e R YR R i B
(non-homologous end-joining, NHEJ) Y # 15 & & 1)
6] 5 #4115 & (homology-directed repair, HDR) 2% J5
XAATEE . NHET S/ it %k i E
B/ Fr B4y, HDR 5 2 DL PR B E AN SN
R [R5 7 S S B AR AT S4B 72358 7 4i i b
(AN B FE VLA YDA ), HDR 0% ik T

Ak

A % CRISPR
2%
4

I ¥ > FE T 24 H 24
: CRISPR#%# % CRISPR#% % CRISPR#% % CRISPR% %
: 4 A A 4

CRISPR

Q1996 20000 Qo1 Q29 20200 o
e A . s 50 LEAPER TALEN# £ HHARAN  AIRGHR
DNA% ## #HA I 4 EE LR LEE LS
v v H
Sfa by e FABEH T SRR
(ZFNs) 2 Yy R 54 £ %
(TALEN)

Bl ERBRERALRNRE



1464 ERER A=

33%:

NHEJ, it T/ A H R A MG L. H AT
i FH Y Cas9 & H AT #E50&E V1% DNA FLAEK nCas9
BEYIENE LR dCas9, 5 HAThREE (A,
SEAT BISEAL A, T SEHLAE P I DR 4 [ 41
1.3.2  HEEEgEHEA

FAB HE 9 %5 (base editing, BE) 3= % FI] F Cas9
Ak (dCas9/nCas9) 5 it 2 My & 1 fil 5 1 B, P
— 58 Tl 1P D P e A T R 1 D i s e A% T PR
(C>T) T, g Mgt M2 04 A% R 5% 4K O 1 1B 04 A% iR
(A>G)™ ., 7 I A Ity sk 55 o 8 2 1) P 40 A ) &
DNA &5 290, 5 o s e it 2 R0 DR s g 1% 56 1k
IR BITE R B AURRIE 7 (AP) &5 A U 7 Bl
B, JEE IR e . R KA R, T
17 L s W i 8 S R PEE NS, 6 A il 35 0 2% T LA
SCHUT RARIE (] (A4 5 R AL an i, nr
P e o S e R S P OO B g R R R
W ARG AR H R B L), T P24 DNA SUEE K
#, WEHIADNA Y, BAWME, &, &
RUHIRE R
1.3.3 5] 348 M P g 4

W00 S 5 nCas9 R4, [AIIN7E 17 5 RNA
17 3" Sty S A H — B P B4 DAy 38 2 3% 1) 5 | P RVASEAR A4
#M5] F 94 (prime editor, PE) £ A ", AT RASZEL
AT TR 2 1] 0 5 4 LR B S 7 271 P 4 N 5
BX. # CRISPR R 415 #4145 & ] LLSL LAY A4

SV DNA FrBEfImE . g A e,

2 CRISPRE[FAIRIEFI A FIEHYE)RE K AR K
%R

CRISPR % [K 4H g 1R BUAR K e i, {HH
AT FLRE M e AT AN A DY K T THT i
ARG (£ 1),
2.1 CRISPREFERREIHAREEM
211 FERIAH R

H #7 CRISPR & [l 2H 2 %5 17 A 110 85 HE 14 A 2
T R P AE R I R B — A T R
sgRNA {KHi I F1 sgRNA JEMK AR . X T sgRNA K
AT, AR spacer AL i E AR
PE) Cas9 AR A, I % ik CRISPR £ 4t %5 5 0s 1)
A DABFAR L S0 20 U 5 5T sgRNA AR A ) fid
B, HATCYE BE RGP HIRIE . MRk iET 22
I TR B B AR, BE{GH5 ssDNA 53 RNA
M4 Re77, 3 PR AR L e e K7 U9 (H H A
fif T RATIE AR HEPE O R — e R B3
Wi 7R AR . AR ATE R AR TR TR, Wk
FEARE R FRE B & AR E gL DK 3
TANLERME AL, PR R4,
I R R V1 5 R R
2.1.2  FIF)YmiE

DR 2H Gt 25 0 PR T PR S AR BILAE AR 1 =)

<1 CRISPREFEHRBIEAMIERKLRE

L i) 7L

RAHS R T7 5

FEPE SRR B

il A G

ZI) R A7) 240 D ) 950 2 2 AR A1
5| T AR RR A

A % 4 A DI G

R

A F R TRESE AT AR R 4 8 R 5t

R R B . AT T BT RARE P g B R 4

R EE Rigdt, BRI, B m pt iRt ar A A 4k
HitbpegRNALEHY; RIZBERIBERMEN; RFEPENYEHE R LFRIEKT
REEREAE; BAATI DSBS HAR

4TEME PAMAETE %2R A TR ECas9 F2H0HT 8 Cas B (155 7 A R AR HIPAMZR B 4 R 455
FERITEPAM T R [ Casifi A8 &
TR AN 2R AN 2 FIF ThaE 1 SDNAB IR EAN S A 2507 2T B0 AL w2 i 5 g 45 2
R AT A28 i 1) & RNASF G20 i S5 RNAFIS s R0 H &1 T RRNASE A, FE
i 3 CRISPRE #EH AR
DNA K F B A I 5 TR FERA ;. ¥ 80 AT K BEIDNAB L R 58
TR LE o 31k S AR R AL 1298 AR R 7RI RV T BT R ARI8 1% R 5
YNGR L ) % TP K LAmRNA-LNP A A 37 888506 4 R
WAEYE B R R G = T R AL AR e RS LB )%E; #37.CRISPR/Casli I R E B RNP B 541k
) e 45 7 A A 2R
JEAZ A A A 2 TR 2 A SR Y2H0 58 2 5 S WS R 1
WREME AL R HEATTN  FFHREEEE R LA ) TR e 25 R

BT 2

AN T BSS & KBRS S AT B REtb st




123

BARAR, &5 FERARBHAR KRR 1465

WIRASER, TS YA T . A R
RGNS, WESEERIFEATER. TFRF
B U (1B G 8 R G S il — D i /N oA g 1 1,
B ) O B — BRI i AN S S5 A . R RE
M, XFF PE &%, 7B RILAAN LR
Wyie) .
2.2 CRISPREFAMmEFH ARSI M
2.2.1 B Y40 [R5 2 RCRAR

5T CRISPR R 40415 11 [R] 5 8 25 n SLHURG 1
FIFE N M BR f2 B e, {H HDR 7E 3k 420 240 i A 1)
RAEMFBAK. R HATC A £ #dem HDR 0%
fIA AL 7 2, BR 4 NHEJ & 2 %42, {3 HDR
BERE. AR DNA &, (H %5677 KA HE DL
MSE B B4 HDR &A= e U, ok ] 2441
15O B s AL |, @R TRARE Eigs
WG /AT, PRI A F 1 HDR KA
(ISCERE IR 7, AT SE RS 4 G 40 1 B i A2 k4740
P 5 R E A 40 A R B ARSI ¥ TT R
FAPE S4By 7 S — 2D s HDR 0%
222 5| SYEMEK

PE 2 4 n S I 2 18] PO R A8 Je /s v B
P AT, BEARILREETE — e 2% FoR4 HDR
RCREMAR PRI, (H 1% 3R G0 B A7 15 808 A 4K 11 1)
a2 ok T 2Rl Ak pegRNA (prime editing
guide RNA) 45, FHRB T @A FE M CHE A |
PE i PE (300 37 55 3k 28 ] R /K- 56 - Bk 38 I PE
(gm0, AT P S T R FH 1 o
2.2.3  TRRAEW) 2 HE A R I G R A

WAEY 2 88 5 (> 3) 1 2 48 2R AR N UG,
A TR P B RSB T CRISPR AR — s 2w
8 ANIER Py RO T BEAEAR N IR IN R IE £ 4%
M5 RNA, BHRERSGBEENZE. A5 N DSB K
iEHIAR, W BE ™Y, WA BT £ 805 Mg .
2.3 CRISPREFAREHANWEEM
2.3.1 PAMIEE HH 57 R

S SpCas9-NG. SpG LL K SpRY SRR T K
{543 CRISPR/Cas9 [ i [A] g /7 51111 52T (protospacer
adjacent motif, PAM) # [v] Ui [ tH NGG #f J& | NG
FINA, EETTLIEML PAM R, (HiX L8k 7E
KA PAM _E g Ram v 22 e K W @it gt A%
BT AE, 20 TRRSOE HHT AL Cas9. F24 81 8L
Cas B2, (EFLREHLE A A PAM 58U F #5 ] L
R G, L AR CRAE S S M R R, TR
K TAL T PAM 53R () Cas #2384k, DL H AT

CRISPR £ [K2H % R Gi %t PAM [ PR .
2.3.2  BRSEEIR A

] A1 7E 200 B BN 240 i ok 32k R e e W 1k
B, AIAEHE L U AR R AP 47 55, FE4 5 DNA
FHIAEE , feb Szl C>A 5 C>G [Ffig 3t @i ',
i, #FIE A>G PR R T, FESRIE
R Jot 56 I e DNA B 5L GG (hAAG) FH T A
=T B LY B, T R AP AL s, B RE 2 SE
A>T 8% A>SC (BRI Wi e, A4k, AT 5 T Bl 56 B e
ARG HIRAENE], BlE R IRAEE B 8 n AL 1)
REEE I, 454 DNA &5 IR I K8 B4 m 2 el
FEEH A
233 FRE4HARAS B R A gm R

W2 hEm . YR E ISR R B R
SR OB 12 S ERE R e A 28 N SE Rk, 22
YA A R . H AT AR [ 40 A8 g 2 B
A TALEN $A SR8 ), CRISPR HAR H1F RNA
SN ) B — BRI R . i s RNA LR
4 EH 510517 RNA 808 (1, JF & 0] BLX 40 i
PG % (1) CRISPR $7 A 4 i 8% 2h AL HF 78 PA S A B
A S U B B S
2.3.4 HIMDNAKF BHEAFEA

FI A 3 [7] 95 8 20 38 1T DNA K A BUsd N & 4E
B HL 2% 5 7= 45 DSBSk F= 1. FH HoAh
7Y 1) DNA A& 53 42 B8 A B 10 3 J38 R Sk
T P R R A N AR o o ke i R 2 G SR A 1
HET7I, B, w7 R EAL ARV T RS
B[ Tn7-CRISPR-Cas %% """, M SZ3 DNA K
Fr BN 2 AN B R ) ) B 4 N DA R AN
YRR BN
2.3.5  FEYFE R n iR AH oy R S F AR I RE A AL

FE R AH G 4R 20 o0 % RN G SR A 2 R F AR T
FE A AW N A g i s 'S 2, B ik b
WIEARATHE . RS G BHL AT, AN
). AR SRR 22 R BRI e UG — M
T BT AL R A R gn iR Ak, (AR
RN TR 2 B ) R SRR ARG, Rt SR A2
FAE R B R T RO OZ I S B R AR
RIN, 1tk WUS. BBM. GRF 5% GRF-GIF %%
DR 7 AT B A2 JE 22 A T3 2R TR R 4 o b 1 P A
2 PO AN, AR AT T A A R AR AT R
LB AE KR AT IR AT Se Bk A AR L8 5 Y,
GO T AR G AR L U SRR, B
32 (S FH A5



1466 ERER A=

33%:

F—J5H, FERFAF R AV FECHT A R
IR R A gma 2 oy, SCILRT AL . AT B SIS
Fr 1A 5% F [R] TR A A5t P e [R] 4 s 200 i A 0 e 224 i
WR M E B E. i, TaERk2 A FeikiER A
) RNA 975 2 4% /4 3% 2% CRISPR/Cas 40 73, W] LA
TEMRE, /NZE LR RS e g P o d ik
AR RPN, A B g A 18 A% 5 A Xt
Y1 2R B IR RN S AR R DR B AR R BR Ml S5 4k, 4l
KA R (WK ) Bl 22 n] DU 2 Ry it
Fi Be g b s pi s BT, R iz s e T A
REL) 525 R 4 o A AT AR TR A 40 R IS
2.3.6 U FLBh I R dH Y iR 20 o) i 0%

Wi 7L 20 A DR 2 2 0 R B 1 32 O T L AR
WAL, %2 9w T B S ONCR I 4). CRISPR
ARG 1) Cas 8 H 3N ALY 40 i 1) % nT LA
DNA. RNA R, [A45 RNA 340 1) 7% 2
37 DNA J RNA. #&1f, AeLiFiEs, CRISPR
RGHARMEF NG, —HHEHTHSFEX,
R R ENZE, RN BT A S 1R
RN PRI B R ek 45 & . B RTi%I%E CRISPR R4
JPEEEAA RN, RGP,

YR I U ¥ 2 AL AE W 2 FLIE AN B B
%, LIS REH TR gy, i aHE
AR TT DL T4 9 40 i A e, AF O A0 M A 4514
I HIEEAL, A4 R IE TG40 e . i
RIBIRRCR R, (RS TTRE AR EUR . BRI XU,
FAMREE AL IR, LIRSS EE (AAV) H
RE D1 HAN KT 4.7 kb [f) DNA 751, 1R HE S IR s
iR RAE RO WIS, Bk, JFREGE KU
WA (R AT B BE B DL S /N B4R ) CRISPR
i ARG AR R E . YRR T R
() R SR M2 0 T 46 1 IR L 30 P 48 3 325 77 T R 4%
YEFH - B2 mRNA B jed 2 v () BRod SR AN & M
mRNA- Jlg T 9K KL (LNP) $oR3RAG T REHT 5T,
HHABFE R Sk AR, LNP B 24, K%
P E e, ARREA SRR A, B T B T B A
RIS . LA mRNA-LNP A2 A K K
VA FLh P 3 DR 4 e T Lk ak rh R P B
2.3.7 WAEYNERHERGRE RS

B 77 FUR 2 1 5T CRISPR/Cas [
i} 2235 SR S B R A e oh BV, R AR
I %) 5 R 2 2 e ) 5 S IR A A o (%) A DA %
PN RIS AL A e A P2 XA R AR, E
T ST PR TR A, T 7 B B A A

e S, XHR 2 AR A RAE R e — N E R
HIEE I E CU VA R /B (L E R G o (2
RGN LR 2 gl TR P, PR 7 128 3 5 4R TR
WIRh () R G R o X 7 B o 2 ot A
TERG AR, FELEET CRISPR B
T HHE &) (ribonucleoproteins) % 4k F 7 14 5 A 1)
B A gmtE RS
2.3.8  JEAZGUAE P EE R i SE0E R

JE AL AP 3 B T R CRISPR 1 ] &
g5, ARSI PR R R Y, @l iid] RNA
A T8 11 T Gy B o R sy R 1) o 2 TR PR 3 3 o TG
FEIE KRG, HETOURIES] T AsiA B35
WG T SE RN P U AR 3 TR ) e 2 SR B
KK, ZARGHEEHIETFEET LU, FFAleEE
B RIRFE) A R R R TR B R, [ B 75 O
e B 22 B ST TR R A TR I SRS oK
2.4 CRISPREFEA BRI E gEM

RUE R A gn i &) 2 B T % Fh A= P 4n
M, fER e LA gL RIWE R WA+ 0iE
(JLHEBEYANH ). HLaRS )18 T AR
JR M B S T SRR, B AT LSS A ) 7R R A
S E 7 A7) R 23K TN S 5 THD ) 8 e I L ARE R T
P U530, B IR A G S ML B 3] A AR —
Fermy DL o B R 4H G R R 0 IR 0 . R T R
FIREAL 1 B 35 X 2 G0 AN AN [7) 32 18] 4 4 B R 1 K
A, 2a NTERIAEEE SRS, oLk
P T 2 IR A 4 B A R T T G 25 8 D R
BRI 5, R A R TR R 7 T E A
AL RS IR T 2R Re AL BTt

3 HbBERBRERARPORELR

CRISPR 544 g 4k DRI 2H 2 5 A ) M R AR
RET K A 5 23k 7 BH 50— HAE 0T R AR
#i T CRISPR (1781 BB R A gmE b AR, 91 o) 1)
7 RNA 1 55 P9 5 it 2 5 5 B H br RNA g 58 19
LEAPER i AR B7 B K A 52 P 51 R 1 £ 45 440 51 5 4%
2 P V)RR R B, T i P 7 P YR A% TR A R
4% ADAR J2 APOBEC F ki H 5%, KA LA
#Agt CRISPR 2 4 1Ml L4 ) H 3X L6 il S i3k A7 FE D6 20,
iR 5 RIAVATE . ADAR J&—RTE RN K AL T
Iz RIK I IR E A BE, eI RNA 701 iR
HAZWHE (S G) K. WM, XAE
b SNk R R WU B BE 8 HE 5 Al i N JE
ADAR # ] RNA (ADAR-recruiting RNA, arRNA),



%lz,ﬁﬁ ﬁ;ﬁ/\, %3

B R AR SRR

1467

RV R7E — 2 40 IR A S A rp SE B R A R HE TR G
# B, R H X /N FR A LEAPER 175, BT %
DB R 1 KYET Hurler 25 & 1F & & 1Y o-L- AL HE
T B g ik FA 4 D . FH EL DNA 4%, RNA %% A 7
BN I R FP AT K APERGAS, X PP A 5
TR g gy U e vk BT Re s LR g, mr
I T RIS 1 B A 0 2 T VR AR B 7 AU )
M. B4k, H1T WK ADAR K APOBEC [ % ik
HZ BT R, AT BUz F AR fIEOR
OV N RNA [ ) G 8 9540, DT 6 AT 2 R 40
Gt [ AB T I ShAS AR DR AN AT g g .

Aok, BEEFERAFHUE BT R
WM HEARABIE D, BRAE 5 2R 5 ok i
ZHERNARBRASWRI s H—TJ7H, HEAN
TAERBEAKPELE, N TR AgmERAR
WK N AT RE

B Bt ab R K 3 AU IR B X E A

(& £ X #

[1] Kim YG, Cha J, Chandrasegaran S. Hybrid restriction
enzymes: zinc finger fusions to Fok I cleavage domain.
Proc Natl Acad Sci U S A, 1996, 93: 1156-60

[2] Boch J, Scholze H, Schornack S, et al. Breaking the code
of DNA binding specificity of TAL-type III effectors.
Science, 2009, 326: 1509-12

[3] Moscou MJ, Bogdanove AJ. A simple cipher governs
DNA recognition by TAL effectors. Science, 2009, 326:
1501

[4] Jinek M, Chylinski K, Fonfara I, et al. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science, 2012, 337: 816-21

[5] Wyman C, Kanaar R. DNA double-strand break repair:
all's well that ends well. Annu Rev Genet, 2006, 40: 363-
83

[6] Komor AC, Kim YB, Packer MS, et al. Programmable
editing of a target base in genomic DNA without double-
stranded DNA cleavage. Nature, 2016, 533: 420-4

[7] Nishida K, Arazoe T, Yachie N, et al. Targeted nucleotide
editing using hybrid prokaryotic and vertebrate adaptive
immune systems. Science, 2016, 353: 8729

[8] Gaudelli NM, Komor AC, Rees HA, et al. Programmable
base editing of A*T to G*C in genomic DNA without
DNA cleavage. Nature, 2017, 551: 464-71

[9] Kurt IC, Zhou R, Iyer S, et al. CRISPR C-to-G base
editors for inducing targeted DNA transversions in human
cells. Nat Biotechnol, 2021, 39: 41-6

[10] Zhao D, LiJ, Li S, et al. Glycosylase base editors enable
C-to-A and C-to-G base changes. Nat Biotechnol, 2021,
39:35-40

[11] Anzalone AV, Randolph PB, Davis JR, et al. Search-and-

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[29]

[30]

replace genome editing without double-strand breaks or
donor DNA. Nature, 2019, 576: 149-57

Klompe SE, Vo PLH, Halpin-Healy TS, et al. Transposon-
encoded CRISPR-Cas systems direct RNA-guided DNA
integration. Nature, 2019, 571: 219-25

Strecker J, Ladha A, Gardner Z, et al. RNA-guided DNA
insertion with CRISPR-associated transposases. Science,
2019, 365: 48-53

Kim D, Luk K, Wolfe SA, et al. Evaluating and enhancing
target specificity of gene-editing nucleases and
deaminases. Annu Rev Biochem, 2019, 88: 191-220
Arbab M, Shen MW, Mok B, et al. Determinants of base
editing outcomes from target library analysis and machine
learning. Cell, 2020, 182: 463-80

Jeong YK, Song B, Bae S. Current status and challenges
of DNA base editing tools. Mol Ther, 2020, 28: 1938-52
Anzalone AV, Koblan LW, Liu DR. Genome editing with
CRISPR-Cas nucleases, base editors, transposases and
prime editors. Nat Biotechnol, 2020, 38: 824-44

Chen K, Wang Y, Zhang R, et al. CRISPR/Cas genome
editing and precision plant breeding in agriculture. Annu
Rev Plant Biol, 2019, 70: 667-97

Tang XD, Gao F, Liu MJ, et al. Methods for enhancing
clustered regularly interspaced short palindromic repeats/
Cas9-mediated homology-directed repair efficiency. Front
Genet, 2019, 10: 551

Gao C. Genome engineering for crop improvement and
future agriculture. Cell, 2021, 184: 1621-35

Zhang Y, Wang J, Wang Z, et al. A gRNA-tRNA array for
CRISPR-Cas9 based rapid multiplexed genome editing in
Saccharomyces cerevisiae. Nat Commun, 2019, 10: 1053
Banno S, Nishida K, Arazoe T, et al. Deaminase-mediated
multiplex genome editing in Escherichia coli. Nat
Microbiol, 2018, 3: 423-9

Mok BY, De Moraes MH, Zeng J, et al. A bacterial
cytidine deaminase toxin enables CRISPR-free
mitochondrial base editing. Nature, 2020, 583: 631-7
Maher MF, Nasti RA, Vollbrecht M, et al. Plant gene
editing through de novo induction of meristems. Nat
Biotechnol, 2020, 38: 84-9

Zhu H, Li C, Gao C. Applications of CRISPR-Cas in
agriculture and plant biotechnology. Nat Rev Mol Cell
Biol, 2020, 21: 661-77

Oh Y, Kim H, Kim SG. Virus-induced plant genome
editing. Curr Opin Plant Biol, 2021, 60: 101992

Demirer GS, Zhang H, Matos JL, et al. High aspect ratio
nanomaterials enable delivery of functional genetic
material without DNA integration in mature plants. Nat
Nanotechnol, 2019, 14: 456-64

Kwak SY, Lew TTS, Sweeney CJ, et al. Chloroplast-
selective gene delivery and expression in planta using
chitosan-complexed single-walled carbon nanotube
carriers. Nat Nanotechnol, 2019, 14: 447-55

Doudna JA. The promise and challenge of therapeutic
genome editing. Nature, 2020, 578: 229-36

Porto EM, Komor AC, Slaymaker IM, et al. Base editing:
advances and therapeutic opportunities. Nat Rev Drug



1468

G gEEd

33%:

[31]

Discov, 2020, 19: 839-59

Wang Q, Coleman JJ. Progress and challenges:
development and implementation of CRISPR/Cas9
technology in filamentous fungi. Comput Struct
Biotechnol J, 2019, 17: 761-9

Jiang W, Bikard D, Cox D, et al. RNA-guided editing of
bacterial genomes using CRISPR-Cas systems. Nat
Biotechnol, 2013, 31: 233-9

Qi LS, Larson MH, Gilbert LA, et al. Repurposing
CRISPR as an RNA-guided platform for sequence-specific
control of gene expression. Cell, 2013, 152: 1173-83
Zhang X, Wang J, Cheng Q, et al. Multiplex gene
regulation by CRISPR-ddCpfl. Cell Discov, 2017, 3:

[33]

[36]

[37]

[38]

17018

Ho HI, Fang JR, Cheung J, et al. Programmable CRISPR-
Cas transcriptional activation in bacteria. Mol Syst Biol,
2020, 16: €9427

Allen F, Crepaldi L, Alsinet C, et al. Predicting the
mutations generated by repair of Cas9-induced double-
strand breaks. Nat Biotechnol, 2019, 37: 64-72

Qu L, YiZ, Zhu S, et al. Programmable RNA editing by
recruiting endogenous ADAR using engineered RNAs.
Nat Biotechnol, 2019, 37: 1059-69

Xu S, Cao S, Zou B, et al. An alternative novel tool for
DNA editing without target sequence limitation: the
structure-guided nuclease. Genome Biol, 2016, 17: 186



