iM% b B 2025% $70% £ 16 #: 2449 ~ 2467 ¢ OPIER2E) 2okt
ENEEARELE SCIENCE CHINA PRESS
CrossMark

& click for updates

e M g i R Sl B LR E 5 Ji

AR, TRIAE, R, TRAR R #ERE
BRI KA Rl f b, WG O A W G PR AR S5 1 K B S0 2, M 510642

* X Z A, E-mail: lotichen@scau.edu.cn; xiexianrong@scau.edu.cn

2023-12-25 Wk, 2024-05-10 1&10], 2024-05-13 4357, 2024-05-14 W& R &
[EE4E| ﬁi@ﬂigﬁawmzzz, 31991223)%‘?%

% CRISPR/CasEF 4% A S H B HE. MEGHFRY, CRAEGHFGHMER SR, 7 Z A TE
A5 EXp T MMt R REIOR. MAELRRERAN AR, HHWCTENEEERGR,
WA LR HE. BRAEAN. RNAGBEXAFENEARETE. AR EARERATEATH, N
REFRAZGENERNFE TR, AHALEFETL) L EsgRNAK R R REE, DK G Sl 8 m R A0 i 52
WA EME. BAl, SR TERTAREESE R ZWE LRI HEIFE R R0 &8 T fu 7 %,
FERXETATURAME G EFAFGE L RWEREREER. AXHENATAREAGE T AN XA R,
EASRTATERGENESEIT. BARRMTRMN T E5HB TR, ALy T ARG ER

LN ERESE

FeHlR]  CRISPR/Cas, 3 [H 435, ¥ 5% 1, ¥, % 540, &N T 2

AR (] B J6 9] SC L &2 J7 8 (clustered  regularly
interspaced short palindromic repeats, CRISPR)/CRISPR
AH &2 1 (CRISPR-associated, Cas)R G2 12 HET
240 T LA B ity 240 T R PR 2 v B — B CRISPR ¥ &2 7 471 1l
CasTHFAARCIITS, FES HMARRIENL, HEf
M PSRRI R E . AR ARG,
CRISPRIFHN s A TiE 5%, BB S| T RNA(single
guide RNA, sgRNA), Casf[14:7EsgRNAT S X4k
KRTRHEA T, JT CastE AT LI7EsgRNAT | F F
X4 E B AL R P BCIEAT RS R VI B RE i, 2 i
CRISPR/Cas £ Gt it )k 5 g T HOZ #i gl %2,
LIRS ST A . RNAGERSGED,
TR IRERTTE < BE23R7 M Sl W) i3t 1% 24 R 45 45
1R,

FIJHCRISPR/Cas & G X Sl W HE A7 L A 24 4 2

HI, W A8 B Castl FIAH SR EFIEE s P 1 RHE, 4
AR Cas B 1 TN A PAM (protospacer adjacent
motif)FH] . HaiE AR IRIS Y . B S S A ORI 57
PELL R ) R AR AE IR Z, T8 5 ad i JE ]
S THANEE . HeAh, BfE R G TR
FH, X BE A G A ) S AR R I 1 2 RIBE . (R, R
SRR B, B IR IA AN RGN v A AR AL
B, DU SCEUAE PR A DU A M A T HE R 1 29T AR
A B, SR 2R R g s kit PR
ARSI AF C AR B T DL R T i, K
PR T R G S IR BT I RE M AR DR, AR SR
BLRZE T AT L R R AR, A
9PN e TEE LY g N RPN ol N O i)
T HA ¥, EECRISPR/Castk M 4kl R G40 T 2
5 25 B I ) PR AR
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1 CRISPR/CasI& gkt RS AR 4,

1.1 CRISPR/CasJENgaiH RN @ Mk g

FIDNASRNAYH L AP LK, AfTMAR
15 IEXTDNAMIRNARY 7 T4, DIRG9 H AT
AR, B —ACEE I G 2 A HE A% R B (zinc-finger nuclease,
ZFN)HAR, ‘Bt Fok T MAZER N UIB4R: A L R 21
R o7 B 7 A AUE KT 24 (double-strand  break, DSB)"'”,
T o A P [R] PR EE2H (homology  directed repair,
HDR) 53 [F] 5 K ¥ 1% 2 (non-homologous  end joining,
NHED) BB 5 i 72 58 ot SN DN A Ry g . 2
i Famia e O nORRHI AN ZEN 2 15 48 A4 Xk DA ) 232 1) 1] 752,
AR Z B e E YRR AT R g R R R
TAL(transcription activator-like)${Uv F-5Fok 1 #% R
A T T 2 1) i S B0 TR~ RE AN, A% B2 i (transcrip-
tion activator-like effector nuclease, TALEN). TALEN#H;
ARIFIRERERS 7ESE 2 7= 4:DSB, I SCBIHEH iR,
RS TT R A B SR AR R BN ER,  H A H
R B A M LA ke A o DAL ] i 54 )

CRISPRF G st — il ey PR <7 14 T 2 31 1 56 4
ASTR) A [T B e A0 AR HE S AL R S 91, i 4 B F oy
A R PTG s B4 3 AR R B AL ) v i) — 358
SR FERZ CRISPRAESEH, T 413 BUHICRISPR
A BRI LN Ky CasFEIH, HWicas] cas2 cas455. XLukt
PR 45 B Cas U0 25 1 LA R B 41 A, 7ECRISPR
R R IR RE". AR X B CasRiN 5 11194
BB CRISPR A& Gi4Class [ MliClass 1T, #IEEHAEF
X FER 5 T 62 A (types 1 ~VI). ZEIXPIZECRISPR
249, Class 1 (types I, I, V)FFE L0 AW R4
W AR IREEDIEE, MiClass 1T (types 1T, V,
VD HF57E B —Cas#Un 25 H 5 AN sgRN AT 8 [
AORRREESIAE . S, RS B T SR B K e AT A
BT B-CASPAZ R 25 Fa 335 1Y) IZECRISPR R 4, #1145
RNAE I RNAYIFIRE ). X — & FBCasl 4B IR
JE 5 T B A 43 2 T JSCRISPRDAE T 4 M A A R 5
40 S HATE 2424830 T 2 CRISPRRSEHY
{RSNDNAYIEIRE 7, (2 H HIE FAZ A BEAS = AL
ER T Yk TR R G198 LS TClass 11 -Type
Tl #iClass 1T1-Type V HJSpCas9FilAsCasl2aty 3",
DL ER2FP CasB i & A IR, IR R T 24
LN G T HAR, JFRGEIRIC T ZFNFITALENS 19
LRI 2 SR,

2450

PhCas9MICas 1 25¢ 15 1 TR -5, #F5E
N GO T (a7 S A S DR B3, T2 SR AR A U
MR H G40 E, JFR T RERS FSEE UEE FIIDNAK
F BB TRE B 58 1 — R A gl T B HAT, Bk
Y A% (base editors, BEs) ] SZE X 4Pl L E 4T 4312
PRI 572, BEsf 45 Jd 185 I 5 ik i 45 4 (cytosine
base editor, CBE)**, JiHZn4 fig 54546 %% (adenine base
editor, ABE)7>7°0, i m i A 46 i 5L 4 4 2% (cy tosine
transversion base editor, CGBE )" 1 i M5 i I K04 5 i
FLYRiE A% (saturated targeted endogenetic mutagenesis
editor, STEME)™. £F X450 (5L - BEff A, ST A
RIFR T 2654k (prime editor, PE)™ VI K46 AFTHE
(gene targeting, GT)"". TERFFY T WIBAL I, FE i £
(plant epigenetic editors, PEEs)iZ¥i i A R i) & AR
SRR TEPY. Cas13a(Type  VI)A] LA TRNA
G Ay, (A ST RORE B RN 58 0 T4 40
AIRNATHFAR(RNA interference, RNAI). IlL4), 4141
3 S DR 48 (tissue-specific gene editing, TSGE)"”
FIHET-CRISPRAG Y (A PR AR 45 T HABAE F B 56 3%
MIMHZ, 3T CRISPRAYEEH 4 RGO NN IIT R
Z P DR R4 D 245 L S B R A A ) B A T B

1.2 ARICRISPR/Casi S 1 s SR

CRISPR/Cas R 4] 1Z A7 AE T U A= W1 L B0
hrp, VeI R MR RRI AR,
CRISPRZ: 5 A NIE AT 3B, BISMIEDNAZK
IFRBIBT B, CRISPRIED J4E 1K M0 T Fr B AL [a] A1
JEDNARI TR B, % ARG EEHTE I, & T TRk, R
T IR & B E S N gl T B 7EARZ CRISPR
ARG, HAS AN ERIRET 2, B2
Cas9(Class I type IT). Casl2(Class II type V). Casl3
(Class II type VI)FiCascade-Cas3(Class I type 1).

He N FH T Sl AE ) 40 B i) CRISPR/Cas O A% R i,
Cas9%E 17 ZA/EcrRNA(CRISPR  RNA)filtracrRNA
(trans-activating crRNA)BFH S T IFAE e o E VI #
DNARUEE(K1()). HARK)IZ, sgRNAH crRNA FlltracrR-
NAZ R, T T B3 R 21 FIA 55 Caso i (11,
HCRISPRA G L IFIIRENT, Cas9t I HIgRNATE i—
MEH-RNAE A1K, Cas9fk HBEIHAIPAM(protospa-
cer adjacent motif, 5'-NGG-3")F%), TEsgRNARYEEL T,
Cas9E FHH BN TPAMBIE . 5sgRNA B AMIJDNA
XEEIFUIEIE DSB. FiJ5, Eid 40 WNHEJ={HDR &
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sgRNA
(a) g

Cas9

crRNA

Cas7
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B 1 ZETCRISPRAYEE G AYFEEA FHHFEE . (a) CRISPR/Cas9fFE FH YA B, (b) CRISPR/Cas12/F FH A 54 (c) CRISPR/Cas13

Ve BYFEA F 3 (d) CRISPR/Cascade-Cas3F FHAYEEAS Jr B

Figure 1 Basic principles and features of major CRISPR-based editors. (a) Basic principle of CRISPR/Cas9 action. (b) Basic principle of CRISPR/
Cas12 action. (c) Basic principle of CRISPR/Cas13 action. (d) Basic principle of CRISPR/Cascade-Cas3 action

SEEAEIPER, RS0, sAL T | ARSI A B 2K (inser-
tion and deletion, Indel)JE RASHD 2 A Bl T e L5 A4 32 4 1M
WINRERIRDY. CasoffE iR 2 PR IIRELENA, 14
HNHAIRuvC PS5, 33 (A5 H TR B hn i A1)
N ATz, P, TR B A A Sk o I E R T
ARBREE A S HOAREE BAMY AR B bREE. B, S8 R R
PR EFLE R B PR BRI & ) Cas9 Y] 1 Fif(Cas9 nick-
ase, nCas9; DI10ATLHS40A)MIJ I CasOH ik i (dead
Cas9, dCas9; DI10AFTHS40A)RENS T R i i/ HRNAR|
AR A, 8 FHnCas9FIdCasOfil & &0 8
TR B 45 R it 4R T 55 AIOCRISPR T HAR"". (i
EERE, HUHEC R LAt EseBIA IR IR
AR LSRR, AR R 400N 2R 22 AT, 20h 8 UL
[11SpCas9fti40% > IscBZE [ &AL 1EIS200/1S605%%
JE R T AL TR, X 48 FHRNAR |3 A% TR B9l Tk
#1BA A 24 OMEGA (obligate mobile element-guided ac-
tivity), HH1OgeulscB7E AJSEEH L gl P3RS T4.4%
fiEeRRY. JE T OgeulseBIW R [ B A BT &
— RV R T, XSt A S A 5L T AR
FHki7E(adeno-associated virus, AAV)FEIHIFERZH TR
FFET B Z2% 7% (tomato spotted wilt virus, TSWV)[1
R LD S O ARAT BT A R, (075 [N 2 R R RE R 4
TR Rl — 2 .

FAN, B Z A Type VJCas12FK &
H, Cas125CH5 1Y — %L pg 51 1A JhRE (%) 4R 2 S, A
{8, N, Cas12ZRAIANE FKZ H A& RuvCEEH

38, FE D) FIDNABUE R — LIV G40 B 38 77 22 Nuc
W2, AR EIDNA XU I TCTk [ iy
VI, X FEDNARE K R U1 E ™A Jh e R v (&
1(b)). #B5rCas12iE KL 5t dnCas12a N7 i tractRNA,
H A B H&MN T.erRNAREE 1, X ffifHCas12a LA H S
FTRMEArRNAM. 5 CasO AR 19 & Cas 1 25 12K 1
FHHG5" T-richIPAMT A, X i HAr— s 4
5 DR L i L 330 F- Cas9™ Y. Cas 2GR BT 32 3 T
WLNFTE, W5 AR Cas 120 FEE T T HA4E
FUZHE, AT F5 BRI E A e — Ll R Y
25Ky, WCas12mMlCas12kH 45 AE LA i RuvCLE 4
R Cas 1252 WA BEAE g — Tl A JEG B0} S5 DR 2
T AT I 2, IXTREN T CasrE—2En H FA A .
RNAZ 8 &—Fh X 5 FRNAiFICRISPRi(CRISPR
interference) ¥ AR, FH AT — LU Eag T RS 1A M)
RNA#Cas®h [1 MW Cas 135 JEHE FISR L. Cas135 5
FH1A W~ HEPNAZ RG2S A 5, i) B i) 325 37 (pro-
tospacer flanking sequence, PFS)7E 4 fitd N A FH i) fiw 4
R, HEFERNARGEE 2N (E (). B, Casl3
EHEA SR UIEIRIEE, BRI UI B ELERRNARY
[] i B AL BT )44 22 H Il T 1Y B85 RN A (single  strand
RNA, ssRNA) . 33c—4 5 i T HAR — e RN A
LR YR IR, BRI T HAE G R H . A A1 BA
it T hfCas13d, A AKFEAR T X ssRNAFY 55 5 it e
73, 145 Cas 135 1647 B2 B H T RN AL 1Y i R 16
P KBRS R PR — 1 R Cas 13 E
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FF R AR ) 50, 336 — BB A I AR IR T A R
MIVER.  EAME— S L IS 0 3 B X DN A B 32
Sk oy PR EZ ARG IR ISETS, Cas13XIRNAY R
Al Rk A B B T A RO,

CRISPR Type [R Gt Fecas5 cas8 Fl cas73EH K
K BIFH RN R B O SE R G450, FerRNA 5151
Cascade BGY), ZE GYETIRSFCas3 i TDNAY]
I THARE(& 1(d)). Cascade-Cas3TELE G0 153 i BT AH G
S~6 ML TR A2 i LR, PP AR B ] 1Y,
SHEAFNTSHE R Bedif b, X —4ptE i3 Cas-
cade-Cas3 R G # v H T 7 BE B SE I s, WFsE A
i@ T Type I -ChYyCascade-Cas35ZHH T K 3k434 kb
OB, teoh, S 1 -ER | -DRGRRES TRIT
& fiCascade R ZH I I T shi g a2,

R ERBIPURR RS, BT A — RSN
Gt TH, Bt T e m iR SR, g —
BEHH B /NG Cas B H WNTsc BAI Tnp B b FH I F &
B AL, AR 0k DA G 8 T 238 36 T Bt 1 ok 4
Y.

2 RS

2.1 SO g EECERN R

B AR RCRIGTE R AL e gz R rh, BRI i
ISR A A SRR AR I T A L. B2

F1 OEARSETTIA

Table 1 Common tools for designing targets

CastR %M1 CastE[1KiLiE. sgRNAJFBI+. #
FRIFF . sgRNAJFFIRHIE LA S G o i v #2324~
D& s > BRSE R, AR 3RS TR Cas9
FEMH, AT AR FUBLF A A AT 2 T O AR
2 B A iE Y. AR I, ARFSIGC
B E R AR A AR, WK GCH &
B I ) HAT AR e i R Y, Ge e
65%~80% Z [A] £ N AP AR AU, G 8o mT
At 5 sgRNARIPAMIT R S GC Ay Bk 5 TEARSE, 4
sgRNAFUFR A3 5 R 51 M TS, H AR A gm a0 8
50, B A WFFE K FDNA B4R F NG5 e 23 5 0 5 T
Gt AR T,

2.2 JEPBRERIHABE R

S gt b B AR FE DI R SRR . sgRNAKIA &
AIBETT LS R BE R B S0 . oA S AR A
PREM AT, AR, RGBT HBh
DR i O S AT R T, BRI N R AR, i R
T LI RVRN N 7 AR, i A I PN g i o R T £
ML ERk. BRT, B ZFE AR R AR A T
HA8%|JF %, WNCRISPROR. CHOPCHOP. CRISPR
RGEN Tools. CRISPR-GE. CRISPR-PZ* %3k 1).

CRISPR RGEN Toolsf&—~1] %11 CRISPR/Cas-
ZFNLL S TALEN#E s (7R 2 T HAf, AR T Gt
BT BT SRR SRR g 4R A5 ] 5

TH 5

P32t 30k

AU 100N FR AY SR 20 L K 300 Cas B (A B HARIAR, Sy #

CRISPROR LR W AT IR {3 https://crispor.tefor.net/ [60]
LRI 100 YR AYEEIN A, ATEHECas9. Casl2. Cas13LIM
CHOPCHOP TALENZEPH g T H., nl LM aibe . @A G S DBk https://chopchop.cbu.uib.no/ [61]
PEATHE AT
065 10015 4O Cas 2 11 KHAS K, XAt bitpss v rgenome
CRISPR RGEN Tools R+ FRAHFESHH RSG5 HEATHE BT, 38 AT 2 B4 R ik . 8 ' [58,62,63]
gt net/cas-designer/
v
AT A0FPHE ) R ST Z L N 20, 7T | 8 Y CasHRRF
CRISPR-GE A THOLG T, MR TR PSR R PPA IR 5 A http://skl.scau.edu.cn/ [59]
AR A T R
A1 5 82 MY T FE A, T BEFECas9. Cpfl2EfCasii (H & o
CRISPR-P 2.0 SR THL A R, PO R http://crispr.hzau.edu.cn/CRISPR2/ [64]
AR I 100 A S R 41 A K 1 7R Cas R 17 S HAR (s, T ) L
CCTop T L B o7 https://cctop.cos.uni-heidelberg.de/ [65]
Ay A GFPILA L N NER b5 o
CRISPRscan @22 IR A HALLLRT B Casih FRIUE &, B RAE https://www.crisprscan.org/ [66]

HARTENZE ERYACE, BN B BB 5
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P A

AREEFRES] . Pifh. PAMIFIZE(5 BB F T AT, 4
HRRE P AIVE N AT AR ST A, WoR IR )
EINE . sgRNAFFIAIGCE . Out-of-frame Score
ZE M., [RIBTA]H Cas-Offinder B 55 W A4S 1 B 40
EAENE R IR FE PR 2 B B R 91, CRISPR
RGEN  Tools H Aif & SCRFFE I 100> B A Py Py ) ik
RIZH rP i 0, iR W] B 2t 40P AN ] () Cas B 11 1
HXT R FIPAMIT A, AE T P AR #0340 (R R PR i
BB R CasFE 1, I A 8RR 7 A sgRNA.
CRISPR-GE FH XML B+ BB &« 2 AHE

Herp ol B AR EEER P S A TR &R, B S A XN
PAMIW T A 8 457 80 S AR SEAR IR AN A B . GC
L SR S sgRN AR AR IEEL . 7 X hy 3 R 40
FP A B A S T A RS 05 455 8, [RIAE, CRISPR-
GE T HE 2 X GCH it 7 (>80%) s i R (<25%) . #
ARSI THNEL . 5 sgRNAA 14 L2 e b fY K 40
BRI AT RARIC, AN HUT P s 2k B,
CRISPR-GE T H. H Hi ] S8 1 405 Sl A 4y 1 2 P 40
JEH, ] PR LR LA K SR AR A SR 225 i R A i
40 51T, [RmE, CRISPR-GE T HA Al IR T I 5%
FERLH 0 7 8 EAT 0 S BET T, FECas 8l (e £ 7 i,
CRISPR-GEH Hif N # 554 # AU SpCas9. FnCpfl.
AsCpfl FILbCpfliX4Fh CasE (H, [FH} 2 Al A
CRISPR-GE T-HH [ & X Cast [ 0FHE, B AT &1
PAMJT41 . PAMJF 317650 5 b1 J7 1] DA R 55 4
CRISPR-GEZ: T4 A W5 BXT R 9 EA 740 B b
B, R A RSP, H LT X SRR
A0SR T HA 5 CRISPR-P, 1% T ELAY B H AR AS
CRISPR-P 2.0V 782 MEYIE I 2H, (145
TOKFE WREZANC ARG ERERLEA, £
FFCas9. Cpfl MBI 14 PAMIS AU (1 48 1 1
Th, A R DU R AL T E B AT AL B 28
B, TS AL T LS A T S R AR AR . GC
Frad IR A0 BB S S E R, BTG
A0S, AT EsgRNA 20 4546 43 by AT s 40
Y5 7= A A TR A A2 %) T .

23 PGS ENIE SRR AR TR

YA, KT CRISPR/Cas T BT HF & 1 BA0 Ik 2 it
Z Y5 g i 2 5 B0 B IR 4 R AT B0 0

FIT Horp, PARRFEARAERR T kAR R IR T
AT FEFF IR e A 5 | ARG 1, (S SRk $e
HIZE. Hehh, PRl g BA AT EtE, T o
rh, X I B R T ) B A AT i O A A
BRIy — L. DRI LR S R ) B AT, B
R IRILA T RS2, A S B e R
FE RN EAER TR A8 5 SRR 1) AR
AR S 7T ESER e, ek T 2R
BT TH, WBE-Hive'™ . DeepBaseEditor®”.
BE-DICT!""/45 T L AT J5100 i L 5 ) SO 3 A e 0 o
DI R 56 W 553408 (#2). CRISPR RGEN  ToolsH i BE-
Designerfi Bt ) % CRISPR-GE i [{) BE-targetfi i 4 ]
XP PR 43 HT AR FE 91 o B s A, i 0 e
F DL R Bl EE 5878 Ja i s HE R 728 Ak, [ Sl o o) by 4y Ao
PRI Ve ZE 1 7 4527 BE-DesignerfSidi il
110042 % H R 241 L) K 2081 [F] Cas 2 11 14 BB 4
ARG AL, BEtargetB i1 5 502 1S5 £ A
LA KSpCas9. SpCas9-NG. FnCpfl. AsCpfl. LbCpfl
W ULE CasB AN HERE, [RIA SR 2 XPAMZERL, 4
FEPAMIT A 7. PSR E LRGBS 1, I
Ah, THICHRER TS B 20 0 e 9 A T s i i
it FH X6 T EL A T B R AT T Y R BRI AT L
R A G 4 2 11 R S0 2 A8 A s 55 WL A%y R A
UGS, DASE S ST ReR.

XS, ARV, pegRNARYBIXT
FPERG MR A BN ™™, HATXPER
i pegRNAT Y T H B A PnB  Designer”.
PlantPegDesigner ", L}2CRISPR RGEN Tools 11
PE-Designer . E.. 7EPE-Designer T E.H', i AZF% 1
FEHN LA K R e TR 7 51, BRI A5 217 91 rha]
TR SRR, AN E . GCE AL
TE I BEASE ph 210%), PE-Designer T. E.H H i o] £ 5
1100575 B K20 LR 1 5T T 0 S 4 1 Cas B 11,
FHP AT 3T Ir g 0 4 R A SRR 3 9 (R R A, %
R 2% S HH AR PAMIF 8¢ Cas B 1, k4T
PERGEHHE s T

LinZ5 A% MiprimerZ & {37 /5 (prime binding site,
PBS)5DNAFK T, 4130 °CHIpegRNA T $2 5 PE R F 71
YRR, JF AP A 21 pegRNAPER 4t H:
AR B & T U A B pegRNAPER G, Xf
I, WA —25TF & T PlantPegDesignerfE £k T H.,
AL ) B PE S e S 90 PR BT T B = 1 M A pegR -
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F2 BERERBURESHEEHESRTIA
Table 2 Common target design tools for base editing and prime editing
T.H A o 5y SR
SCHFCBE. ABEFICGBESif# v, Ml ik #4#id 100240
BE-Designer R ZH VA T2 200 AN [R] Cas 2R 11 ) gl Sk gt 2R 4, 45 SRR IL&(3EMR  http://www.rgenome.net/be-designer/ [62]
Al WAL R
ARSI RS LA, ST LRI 51
BE-Hive TR e PR S e 4 SR A T TR (5 55 B RN ), ) st T30 2 4 https://www.crisprbehive.design/
JREFER AR
PEBEABEL AR 2 5, BN
DeepBaseEditor FTiEFEABELL K CEBPY ﬁﬁ%:ﬁ i rf‘c/%f'“’ HNRSER A7) https://deepcrispr.info/DeepBaseEditor/ [69]
IRECE &S
{15 502 S5 SER A (EZ YY), 1T A E LPAMITSI . B A5
BEtarget FPFK BESRERR A, SRS PP R skt S5 E S E AR http://skl.scau.edu.cn/betarget/ [71]
Al TR LR R
ST 1 00 N ™ =
ATEFER 100 PHFRHIZE PR, cisGenBank, Snapgenesk https://bioinfor.yzu.edu.cn/software/crispr- [72]

CRISPR-BETS
R AT AL F IR

FORECasT-BE

PnB Designer

Fastatft XSCPFROMIA, T2 TRl A 5| AZ

BETHRBL ) X% ABEFICBEAS- S A 4w AR FNES AR HEAT 1
N, AL TR Fr) PHERS PR i (Pearson A &1 1E0.5051)0.95 2 i)
SCRFPEFIERHAE AR R4, & 61 SH L P, ATARAE ]
T U AR S L 53 R

bets

https://partslab.sanger.ac.uk/FORECasT-BE [73]

LT TpegRNA #E#:00 T H, &L 1001353 H A L K

PE-Designer

ISP St R CasEE 1, SRALETA FTRERY B AR5

pegRNAZEMIFES. AIYIO5]S RNA FFHI%%(EE
FEH T YIpegRNABL T, AIZERE M pegRNANENE,

PlantPegDesigner
[l L% LAY 1 )

BRI TR GCHE R A A IE PBSF 41,

https://fgcz-shiny.uzh.ch/PnBDesigner/ [75]
http://www.rgenome.net/pe-designer/ [63]
http://www.plantgenomeediting.net/ [76]

NA, TEHI AW ST, L EPAMITA. (1]
PP S B . PBSK EAF 4 Fi 245, PlantPegDe-
signerZ> TEAEAR P A 4B AT 64 7 S48 1R S5, B
AR EMPBSIF, Jf HARcK . T,HL&GC
PN A IEPBSIT A, [HEh IR I PBS Y 1 ik
17519t $Em T alpegRNA BB HEYE.

3 JEPRIGuHE S S

IR g e A 0 5 e A D) B P A DSB,  FE AR
SNERER, BB E ITENHENT, R A
BEE ) i 2 sl A AR D v 4. M ik 28
AR ) 3B 7 36 R EORT 4 A A0 A 6 A e ek G ) o
T BRI 7 3. FE AR, AR g e e P AR
R NIUE LY s SRt g R T B B4 S SEA (A
AR FRe A RASFIRUEE A 5 Y, sl iy 5t AR W 4k e
kg A TP RAE, AR R —%
Juta kA T RAR M 7 — AR RAS, WEEA RAF 25
PR Qe ORI Rt T AR E A P IR —3 5 —
FERANK G TR 5 15 5 1 B A AR B G, WS
FERN 15, 2 BRh L RS fE L A,
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e IR A, T IE AL 2, MELLBARIX
Sawrl NI SR RN ol e L ER WD o 5 P ey
B A SRR L KR R (2 AR P A, ST AR
DUFP I 735, AT LARE— 20 AR IR B 22 5 I T 28 A 1y e
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Table 3 Comparison of different detection methods
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Table 4 Comparison of Sanger sequencing mutation analysis tools
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Table 5 Comparison of next-generation sequencing analysis tools
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Table 6 Characteristics of off-target detection methods
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Figure 2 The principle of DISCOVER-seq
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The CRISPR/Cas-based gene editing system, owing to its simplicity and high efficiency, has emerged as a revolutionary
technology in the field of life sciences. This technology has been widely employed in gene-functional studies, medical
research, and genetic improvement in plants and animals. Recently, various gene editing tools have been derived with the
continuous improvement of the gene editing systems, including gene knockout, base editing, prime editing, replacement
and insertion, and RNA editing. Use of this CRISPR/Cas systems to conduct gene editing experiments in eukaryotes
involves a series of steps, including the design of single guide RNAs (sgRNAs), preparation of expression cassette(s),
delivery of the Cas-sgRNA component or vector, detection of editing results, and potential off-target sites. Among these
steps, appropriate gene editing tools should be selected based on research needs. In addition, the efficiency and off-target
properties of sgRNA must be fully considered, as well as the cost and reliability of subsequent detection of target mutations
and off-targets. Various bioinformatics tools and methods have been developed for assisting the target design, off-target
evaluation and editing outcome detection that greatly facilitate the performance of gene editing.

In this review, we first provide a concise overview of the types, principles and features of existing CRISPR/Cas-based
gene editing tools and compare the differences of major editors with diverse CRISPR/Cas nucleases. We next give a
comprehensive introduction of the factors influencing editing efficiency and available bioinformatics tools to design target
sites, a key step of choosing appropriate target sites(s) for the Cas nucleases. With the wide applications of gene editing
technologies in different research fields ranging from individual editing to high-throughput mutant screening, a reliable and
cost-effective method is of significance for detecting the editing results. Therefore, we further focus on the comparison of
currently methods to evaluate the editing outcomes, including sequencing-independent detection methods, and tools by
directly analyzing Sanger or next generation sequencing files. The advantages and limits of these analysis tools are
systematically compared in this review. In addition, we summarize the possible reasons that might cause off-target of
sgRNAs and introduce bioinformatics tools to evaluate the off-target potential of sgRNAs.

We also discuss the existing problems and perspective of the methods and auxiliary tools for CRISPR/Cas-based gene
editing in eukaryotes. With the discovery and use of more Cas nucleases or other editors, their distinct editing properties
and efficiency have to been considered, and thus the development of corresponding design tools need to take these editors’
characteristics info full consideration. In the future, more smart platforms that integrate automatic methods and tools
assisting researchers to perform all steps of gene editing design and experiments would be greatly accelerate the application
of gene editing technologies in basic researches and genetic improvement.

Overall, this review can provide feasible references for facilitating the usage of gene editing experiments by utilizing
these methods and tools.

CRISPR/Cas, gene editing, target design, off-target, target detection, bioinformatics tools
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