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Application Progress of the Type VI CRISPR-Cas System in Biomedicine
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Abstract The CRISPR-Cas systems are adaptive immune mechanisms that evolved in prokaryotes. They
employ RNA-guided nucleases to cleave specific foreign genetic material to achieve defense, and have been devel-
oped as important gene editing tools. Among them, the CRISPR-Cas13 (type VI CRISPR-Cas system) which relies
on a single effector protein for RNA-specific cleavage, enables gene editing without genomic alteration. With this
higher safety profile, it provides a new strategy for biomedical research and clinical treatment. This article system-
atically summarizes the classification of the CRISPR-Cas13 system and the structural characteristics of different
subtypes, reviews the applications of the CRISPR-Cas13 system in nucleic acid detection, gene editing and basic
scientific research, and summarizes optimization strategies for the CRISPR-Cas13 system. Additionally, the review
discusses current limitations and challenges of its application, and proposes future development directions, thereby

offering insights to guide clinical translation and further technological development.
Keywords CRISPR-Cas13 system; biomedicine; RNA editing; molecular detection
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IR RG(EET, AL, VAL S VI KR8 =2
G HZ A E RIS, 228 R (AT, VAL
5 VIED) UE i B — CasilUw 8 [ 5 A MEAZ IR V15
WD, BTN EEE S TN, 225 CRISPR-
Cas R4 L) 12 B T 25 DR 4 % e 53 2 4 6 55
FLA

VIZ CRISPR-Cas % 4t (R CRISPR-Cas13 R4t )
JB TR 2R ARG, PRI M ANE RNA . FLE R
PRy ALFE 3N B JE . crRNA(CRISPR RNA)
BOAS T RGP B, Casl. Cas23REUAIR )
AR BB AL O B, TR RS T TR R e A
(spacer), i ANCRISPRIF I LAJE i e id 12, HATK
LI KB 4> CRISPR-Cas13 R4t HH B Z casl . cas23:
[Al, X HLCRISPR-Cas13 & 4% 5 H A CRISPR-Cas &
GuILATE A BhH A JR G 3E RS EIRBOGHT (1) (8] 5% 7
FIU, F crRNA R B, CRISPR 5145 5 3% A A1
A& crRNA(pre-crRNA), Bfi J&5 pre-crRNA#E Cas13/11 1
N crRNA, 545 crRNABLEE 1N E 751 (re-
peat) 5 14N RIRE 71, HHET 7 RAEASN R W2 2 [8) 17
EZESF . A crRNAL H AR [ Cas134H 38 Al
ME G, ETIE, crRNAR A5 3 8] B 5 41
HAMPIRNAF B, B0E Cas 13 1A% R B E M 45 7 b4
fAEREAR RNA . [FI Cas1318 B A B U1%] (collateral
cleavage)ifi P, BIUIE 19 Cas13 1] [A] B % F AT &
RNAAT VI, 75 340 Mk NARHRIRAL

FHAT T 32 N - 2 6 20 2 4 1) 1184 CRISPR-
Cas Z 4t (Al CRISPR-Cas9 &4t ), CRISPR-Cas13 &
GAZ O RFIEAE T H AR ¥ V) H RNA . 1X —FF
PEMR 7 X ) T DNAZw 5 T R 2005 . #ig
b, Cas133 I 5 5 14 B 7 H AR RNASE IS R ER
I FE AR B AR R 4 DNA T4, (R B A v
fIE, X AH1FCas 13 RGP NTESE R G H BA H
(A 24 . RIS RINA S 48 m) 3 5t 3 = 77 sz

AT REAR RNAMIZIA R, WALia 7 208 . itk
4, Cas13HA Ay UIFIE I, Bt R IT K AR
A R E R AL A I TR, H AT, CRISPR-
Cas13 R4t O 1E 2 AR BR 5 43 i B B 382 3
ME. Bk, AR SCK E SRS Cas 13K IE I RE I 4514
Fehihi 2 CRISPR-Cas13 R4 1) BN H &, RGLR
IR HAE AW 2 0 B AR R 2w R
Pl e T R AL S o

1 CRISPR-Cas13Z& %9
CRISPR-Cas13 R Gt )R N fiff A Cas13, N RNA

Sl FHZIR W VI, 7T 7E crRNAR) 5] 5 F K5 1t
W I EIE H b5 RNAFE S . H Al 2% 5 1 Cas 13
FEAE 2N FFEEATR, A4 Cas13al'0"2,
Cas13b"®, Cas13c!®. Cas13d". Casl3e. Casl3f.
Casl13g. Cas13h!l| Casl13i!"". Cas13j""). Casl3bt.
Cas13ct!'"™, Cas13X % Cas13Y!"&5, XLy (et
ISR 53 TSR, — 32 Cas13a/dK %, 4
fi Cas13a. Casl3c5 Cas13dWAL; 55— 72 Cas13b
KR, AIE— 53 23 30— J9Cas13b) 3 (B
$fi Cas13e % Cas13j %), 75—/ A Cas13bts 32 (£
FiCas13X. Cas13YZE/MAFUE H)(F 1),

2 Cas13ZFE B HVEEHHHIE

AN Cas13 81 H 1) P AR MRS, HIL =4E45
P B A B R AL o Cas13 8% (135 S 30 L 7R 11 XL
2, R (recognition, REC)H 5% B2 I (nucle-
ase, NUC)H 4 . BT Casl13 KRR i #B 2 A 24>
WE e 45 K35 (Helical-1. Helical-2)F1 24N 25 E A% A4
PR F A% A% R 25 4 (higher eukaryotes and pro-
karyotes nucleotide-binding, HEPN)&5 4435k (HEPN-1
HMIHEPN-2). Helical 45 F45 H1 o- iR e i, HDhRE S
crRNA PL R R R A AH O¢ . HEPN&S #4382 S0 AT

£1 FEICas13ZE AT R A4

Table 1 Characteristics of different Cas13 protein isoforms

Rk

Characteristics Casl3a Casl3b Cas13bt Casl3d
Size of protein (aa) 900-1 500 400-1 500 775-900 800-1 200
PFS requirements 3'-H 5'-D and 3'-NAN/NNA 5'-D No
Whether there is collateral cleavage activity Yes Yes Yes

Main applications Nucleic acid testing

Nucleic acid testing, gene editing (less)

Gene editing  Gene editing

aa: ZALWZ; PFS: B (1) b 5 5031
aa: amino acids; PFS: protospacer flanking sequence.



H /R F555: VIZUCRISPR-Cas R Gu (L AW 5 vp (¥ 37 3 Jje 883
CRISPR-Cas13
[ |
Casl3a/d Casl3b
crRNA
primary structure
5 3 5 3
Repeat Spacer Spacer Repeat
NUC lob REC lob NUC lobe
r REC lobe _l HEPN-1-1I . S Sl " ,
1 150 344 495,577 727 954 1 185198260325386 517 608 616 775
Protein HEPN-1-I Helical-lﬁ Helical-2' IS HEPN- 1 Lid  Helical-2 | HEPN-2
primary structure 4 A A 4 IDL1A [} 4 IDL2
NUC lobe Helical-1

NuC
lobe

Protein
tertiary structure =

REC
lobe

Helical-1

Casl3d PDB: 6e9f
NTD: N-Ui &5 F45k; REC: H51]; HEPN: 555 EUZ AW AN E A% AE VI IR

Cas13bt3 PDB: 7vtn

L 4RI NUC: I, IDL: S5FIKIRNE: 15 PDB: &R S 25 A A e
NTD: N-terminal domain; REC: recognition; HEPN: higher eukaryotes and prokaryotes nucleotide-binding domain; NUC: nuclease; IDL: interdomain
linker; PDB: Protein Data Bank.

[E1 CRISPR-Cas13d%%i K CRISPR-Cas13bt3 RSt HILEMHHE
Fig.1 Structural characteristics of the CRISPR-Cas13d system and the CRISPR-Cas13bt3 system

HEAR RNAD)EI % 0 Dy Re s BU AT OR 57 ¥ TU B
JER A . 5 A HEPNSS #9358 T ol -02-a3-04 1
WRTEHE T ANF] , Cas1385 1 1Y HEPNZE A3 B HE N o2-
03-04-al, o38RjE _FHA R RxxxxHIE T, s TE
PR 24 CasI 3HIIEIT, 2/ HEPNZE My AH B 581
TER AR, IX & Cas 1 3FEMRRNA L EL %,
Cas13 5 249 CAE — &5 W A 77 Xk
AR EZES (B 1), Casl3a/Casl3diN-4ii A N-
Uity 45 #43k (N-terminal domain, NTD), 25 crRNAZX
FREE R AR A 56 ; HEPN-145 438 11 4% Helical-145
K35y R 286y« 7 Cas13b/Cas13bt4y 32, 24
HEPNZS #4458, 45 %7 T N-3iis 5 C-3if; , NTD#% Lid45 44
BREAR, Lid%h fisk &K HrRN AR B DI g Helical-1
SER SN B 23 B R 34N 4 o 200 S erRNATH
HEAT B A77E 2 57, Cas13a/dfJcrRNA I ZEIR G5 R T

5'¥i (5'-repeat-spacer-3"), 1 Cas13bZX J& crRNA ] 2%
PRG54 W A7 T 335 (5'-spacer-repeat-3) . T =1 K 4514
I, Casl13a/dy 32 5 I RECH HINTD 5 Helical- 145
Fy3E ¥4 i, NUCH 1 HEPN-1. HEPN-2A Helical-2
SERIBE i ; Cas13b73 3 8 H ¥ RECH: H Helical-1
Helical-2 M1 Lid 45 #3844 i, NUCH- i1 HEPN-1 .
HEPN-245 /38 il . Cas132K 15 crRNAK 2 7%
B, Cas13b7r XX &)1 1 Xl T Cas13a/d M7 AL
HEFERL,

3 CRISPR-Cas13A Gt fEizB& AN P RN A
3.1 fRIEHN

Cas 138 [H ) B 717 V) 135 14 & CRISPR-Cas13
RGN TR ) S sEpL . SE T okig ik, o
8 TEAS DU AR 28 mh I N 5 S iy A 1R o 5 A 1) B
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Fig.2 Biomedical applications of CRISPR-Cas13 system

RNA(single-stranded ribonucleic acid, ssSRNA){EA
BT, 4 crRNA S $EAR RNA AN &, Cas 134K
T IRIDOCIRES , I TTRECRT AN (72 615 5 (&
2)s

ZHANGHEPI 20174 15 (A& 7 T CRISPR-
Cas13[1) SHERLOCK (specific high-sensitivity enzy-
matic reporter unlocking) R4t. Z ARG A T HA
1 5 A B9 1 (recombinase polymerase amplification,
RPA) 5 T7TH S BOR, FEAE BBk e 1. "R
B . AR S B AR, , 9 CRISPR-Cas13 )
Wk D N FH 3958 1 B4 Al . % HIBN T 2018444k
SHERLOCK #4t, JF &% i SHERLOCKv2 # %t ), %
F G I DY TE Bt S I B 2 BEAR AT, IR 4
& Bl Csm6, K5 5 REUESET 356, mlkailse
PR R A2 amol/LIAEA . [FI4E, 1Z B 3t — 5 H
% ¥ HUDSON(heating uniformly for detection using
SHERLOCK outputs) &4t 2%, % & 4t v] B 32 MR TR

TR BRI R, FEA AL PR B, X B8 7 RAIKC,
T B R 2 W

20204, COVID-19 RIATHESD T PR . R
BARECA S W 7 R . ARIZTI-SANZ S P4TF
& ¥ SHINE(SHERLOCK and HUDSON integrated
nucleic acid evaluation) 24, iHid ¥4 SHERLOCK 5
HUDSON#Z Rt A SARS-CoV-2K A f2E . 7E 5041
BAE BWREA T, SHINER) RBEIE 90%. H5 57
PEI£100%, AU R 950 min, & 52T T2
fE. IAh, FT CRISPR-Cas13affy i B I 5 AR b4
T 2B 497 7 (hepatitis B virus, HBV)®, A
3k IR IE 995 8 (human papilloma virus, HPV), 12
HRR R Y RS R B PO R AV R P4
TRIE AR . ACKERMANZ: PO 2 7 CARMEN-
Casl13(combinatorial arrayed reactions for multiplexed

evaluation of nucleic acids combined with Cas13) &4,

Z ARG LA Cas13FNFFLIESES Fr, A SEE 16950 A
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KA B S 105 L BBV ZH 3 91 ) [R5 il Ay
TREEPUE R A SR TR LA . KAMINSKIZ PHESF
KT —FpIT CRISPR-Cas13 /) 2% B B At HE /= Wy
2, 1ZOTVEN] [ED R B IR BRI A BK 298
J7i #E DNA. B4 # DNA Ktk K7 CXCHRL A&
9(C-X-C motif chemokine ligands 9, CXCL9) mRNA7K
FHIAAL, I AR AL T BEE I e B S5 F
SANA:RIE LR AR S

H A% T CRISPR-Cas13 R Gt {1 AL A T4 2 11
AR IR o BEFEN B3 TR T XS SARS-
CoV-2. AR 7 # (human immunodeficiency
virus, HIV). N8 2 55 (hepatitis C virus, HCV).
BASH TS — R DA IR & ke s
YO BB R 28 PR A P, AN LV AR rh PRosk 5 T &
IR CE 20 3 AL S50 PR A it 15 BE TR P2 B 7R,
254 (5 TR Uis 4%, BT CRISPR-Cas 131K &4t
AT AT 1008 A, R T~ Bz s A= 7 s
DUREXS A= 4 2 4 B o
3.2 R

SEIL RINALE V& 40 i P 1 S0 40 0 5 A7 W] AR AL
MM LAY F IR B AT e . RIE T Cas13
5 A (deactivated Cas13, dCas13)5 % Y5 T B
[F) 8 FH AT S IS 2 A 9 RN AR AT AR AL 5 (B 2)
WANG% PYF & T 3T CRISPR-Cas 13 5 4t I 75 41
5 Y6 TR A 44 A2 H KR (live-cell fluorescent in situ
hybridization, LiveFISH). 1% AT W12 Hohbn
10 SR A% B BRIREE, SCIL T X 2 M 2 20 4 o 5 5%
M BB ER, ZBOARIE B8 5L G AR B 1Y 1
A5 Tk TR R 22 7 e ) JB B o FE MR AL |
YANGZE P — i e T RNABUER I H R 4ERE, 4%
dCas13 5 ANF %G 8 BEAT R IE, TR R 1 &
T BGH KT I X RNA R R 48, A RE S M ds
L Z T ThBE RNA, JyBIF 785 9 AH 5 e s A ) I 23
AR T A ML A . XU PO CRISPR-
Cas1341 3 B RNAFRICH AR 5 A MUK 5 (1 5 5
A[AR X F Be ik & 458 (SunTag) M 45 7, 7RIS 40 A
BB 10k gk L5 41 RNA B S8 B8, N
RN S AT A 2 DR 2 56 B R 4 5 v 19 40 7 B 42
b7 H RS, 1K LT CRISPR-dCas13 1)
Y SR LA AR AN 73 B RNAB) S AL 1 42 fit
TH IR TR, oA — 2 JF R 7 RNAIG
PRSI T L2258 T R

3.3 HETCRISPR-Cas1389#EE 16 MA RO B
S5Hkbk

JE£T CRISPR-Cas 13 il 44 5 1 B KA 35 /2
PAETE, AENBUZRM TR, RS S5k
P TP A S B0 BRI R, H L R
JE SRS ) &b E——qPCRAEL , AT 2585 BT,
AR Cas13 AT X 3 AS[AI S AL B, {H LA IR S P 1
IR B Ay W%, AP ERR T 25 A AL, Casl3
RAERIMI AR R R tEie2s, SRS T
CRISPR-Cas13 il 4 R it — 0 N A o

4 CRISPR-Cas13R G EIGKIATT FHIN
ke
4.1 IRFRRE
CRISPR-Cas 5 Gt £ i 4% A= Hh w] H- A 40 K A%
RN, 1K — RARPUR BTG R A AR L sh P &
FEPURTEE IR TR AL . R PURER AT
W R MK 2 IR« U & B B AR
PEAAENT, M5 T It , CRISPR-Cas13 R4 75 5 T
A B M crRINA B AT S8 X6 975 253 1 #E [ 410
Hil(E12), N ERIRTT I RE T A BOR A%
FREIJEZE B¥FF /& ) CARVER(Cas13-assisted
restriction of viral expression and readout) £ 4 F| HJ
Cas 132 [ [A] i S2BU% 58 RNA IR 58038, A%
AL sSRN A B IR I K% 8 () v 7 $2 43t 1 38 -
G EFRHIEIE RS # , ABBOTTZS PNIESZ CRISPR-
Cas13 R G 1 2% f# SARS-CoV-2 J& At F- 7 4
JH HF 4 FE R 98 S5 B (influenza A virus, IAV)IZI .
BLANCHARDZEMF| F Cas13afE /N i 56 B AL o
B F IR T 1AV S SARS-CoV-2 (RGN, 36E T
HAEBN YA N BB EEIT 2. 758 5499 % (dengue
virus, DENV)I5J7 J71H , BASU%E W i i i 44 K i
¥ (lipid nanoparticle, LNP)i#i%crRNA 54 Cas13a
I mRNA, 7595 5 0% 88 24 (DENV-2)F1 34
(DENV-3) 1)/ RAE B A | 32 5w I 35 B AR T I35
BRI, JRRER T /N BRAZVE I [R], AT A I PR A 4
P SEIOAKHRE
CRISPR-Cas13 &AM v] ELHAEH T RNA
B, 10 A I S ) DNAJK 5% 5% 5% ) RN A SEE 6 25
P RN . YINSEH2R] H Cas 13 W] HIV-197
FERNA, E WD TR FERE, W 7 HIV
WA S H . MCCOULLOUGHZE )i i Cas13b
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#U I HBVY% 2 RNA, 18 HepG24H 1 /3 i () HBeAg 5
HBsAg s 7K FFEAK95%; 78/ BB b 1% SR g 7]
1 15 HBs AgZK - B#AE50% o
4.2 RNA%E

B TR0 R A0 5 U1 # RNA R R, CRISPR-
Cas13 RAREW B B gm 2 i, i) 2 R 2 Ff
RNAZmHE AR (B12). HARIMNE , i Cas13 FEZH
F RNAREE, 1 2% 7 Cas13 U AT /5 RNA BT B2
5 WRIE T B YR S R s B
42.1 RNASK&  CRISPR-Casl3 &%/ FHIRNA
g AR AR AR B AL PR VR T R R B T AR
77 20224, ZHENG#5*Yjd it CRISPR-RfxCas13d 5
G [A) Tme [P A, I TR 7 Beh/)N GRS Btk
SAEBAEENT Jp5i gk . 20234F , LIZE R SR A
CRISPR-Cas13X(hfCas13X.1) R G4l [1] i & Ube3a-
ATS RNA, f Ube3aZRik /KT E 2 5/NR 4 oo
BER Ube3atf 41K, A RAE T IHRIEARBLE
TERER . %I BAIE B 1T CasRx(RfxCas13d)# ] ik
VEGFA mRNA, #i| 1 #0014 ik 2 B8 2F 1L % (cho-
roidal neovascularization, CNV)HJFE G, SEHEL 1 4E#
AH P 35 BE AR P (age-related macular degeneration,
AMD)IA T,

7E 83 VA J7 Ais, , CRISPR-Cas134r 5 RNA
AR AR NG E . ZHAOSE ¥R 1k
[ CRISPR-Cas13a % 4 ik KRAS-G12D mRNA, 7£
Jike i e A Y /N B AR S B T M R A RS 1) R 3 A D
TIEU% "9F % 7 MEGA(multiplexed effector guide
arrays) R4, LA RN T % S AT ] mFE 10
W, FENJEACTAN P se il 7 e & Al HoK R
(1) 22 B R DA R AR, DA hE S e iy T Se it 7 aH T vE .

CRISPR-Cas13[ I 45 [ X A% FRIX AN i 2 1) 58
Gef T, R XZREA 5 Tidix (U615 /N RNA
R B, TRRISIEPERZE ) AR )% SR
& . S22 HIEL, CRISPR-Cas13 =4 DL R
. 5 —, CRISPR-CasI37ERF 5 H AL H, W
Cas 13X 85 [ BBl 56 45 T S0 AR JEC 4 1 V) 1 2 2R
FEEALU, 55— T CRISPR-Cas 13[4 ff RNAR
I A e, RS E B E KR
B =, AT R KR 7 EEAE B 240 M A 1R BRI
CRISPR-Cas13 H & B A %8 , [ 32 21 $E 40 i A
HIRE R /N, Ak, CRISPR-Cas13 8K IR
AT LI IEAS TR T RNARS %, 18 AT #E{T RNA

T o
422 RNA#LBRE  #IKdCas13 RG0S5k
U AR IR R G, T ST SR 2 KT (RS BRSO 6
H AT, 2P0 280 1) RN AR 9 55 25 A% D &
A I8 H T DI Rew 78 5 BRIR T -

20174F, Tk HIBN PO R | REPAIR(RNA
editing for programmable A to I replacement) R 4t, i
I dCas 1345 [l 1 i 2 B AD AR2HE [ &5 5 2|V 7L 50
VIdnpu L A, SEIL T AR IR gmiE . Z RS
— B+ REPAIRV2 R 40, HogmiE e R 57t 7
919%, HARRRZE /N, BRI TR HIEIE T, 20204,
LIU%PIF R | REPAIRX 241, K F CasRx{E & 42,
Z R A RCR SR TR AR, SR
Al Tk Pk i # dCAs13 5 ADAR2(J&
TR = RS, M T R SEBLCE U
RESCUE(RNA editing for specific C to U exchange)
R, ARG FENAFCEULAZINZ B
. HUANGZ P K 1)) CURE(C to U RNA editor)
Y4 75 K APOBEC3A(apolipoprotein B mRNA
editing enzyme catalytic polypeptide-like 3A)5
dCas13fler, AUOREE 17 M it G 1, 8 S 1 R EF
TR R, 2 D TR SCRAR I A

B, Wi TN B3R T 2T mini-dCas13X )
RNA I P4 3 2 5 (mini-dCas13X-mediated RNA
adenine base editing, mxABE) %I, F Ik W H
T RIVE FRA RE NEAG N AR, R T HiL
FARE AMEIE . ARATEE— BT A s 2 AH
i B (adeno-associated virus, AAV)AE A6 12 [ 1
588 mini-dCas13X RNAB# I % 45 2% (enhanced mini-
dCas13X RNA base editor, emxABE), 7 H T
I7 5 Otof ™  RAS A FLHIWT T35k, B/ RS Y v s
BT 21 80% I IR EVH FARE, Jyiz i fe fit
THBIFIF B,
423 RNAB 4 mRNAGESEME B2 85 T Ak
mRNA (pre-mRNA) 1l =0 AE A o 4 5 1 7 4% 5%
G 4% S A BT 3 R 7 A AR, AT R E Ak
TR O R . I8 K dCas13 5 0 2T 1 B
SAANE B TR, T 45 G FF 1% crRNA, 1]
KON T4 % 1 RNABY 3% 4% . KONERMANN
S U8 dCasRx 5 BY 4% Jo 1 i 5 I #E 1] BY 34 o 2t
B, T3 7 s R B A e 7 BT, e
SRATRRME 7 MERY& . fEER E, DU
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5 BOFJ T T CRISPR-Cas 13/ A\ T8 2 [H 1
(CASFx), 1% &4t v] [l i 7% 5 AN A A0 8 7 1A 5 5
TIBR, 1558 PR L 25 Gohe 8 AT 4 20 v R D
W T SMN2AN R FTI BT, I 1 R AF (1) 3 FH v
77. FIFLISZE P& T CRAFT(CRISPR assisted
mRNA fragment trans-splicing) R4, K AME %
RNA F B e BT 42 5 3 U 1% pre-mRNA, 7E 2 il
FLANW AR o 1O YR P mRNA K B 9
H, ZRGH T EARFEIERE. ERIEX B
JmRNAYE AR | B #5540

424 FWFEFREIE N-FIEREF (V-methyl-
adenosine, m°A)2& M L3N RNA KL s A o 5 DL ()
MR B 2 — o XA RNASL S meAE
WEAT N T PR AR PR % . WILSONSE P it
4 dCas135 L R g S5 M3t &, SEB 1 0HRR 2
mRNANT f R Al meA B, B — 7 simC A T R
FEE [ &l LIFFPIT K 15T dCas13bi) 2 H
FEA T A, 2 T H AT AE 25 BRI mRNA ) meAZ
I, 38 I 0E % J A2 K PR 52 4 (epidermal growth fac-
tor receptor, EGFR)¥% s A FIMYCHE K (1 2 34k 40
e 20 PRI BE . XTAZE 0 dRfxCas13d%) 1) 5 F 3
AR IR R R A, JT R AT R 4 A% B
JL R P I R 5 N B2 B mO AU B4 0L 1) W 3%
HIET G XU —B %t 17 % K meA
4T & (FKBP*-dCas13b-ALK), i i Shield-14> 1
(IR INEL 2 BRI T meARB IR Bh A 4% .

5-F 3 ffg M5 g (5-methylcytosine, m°C)A&) 125
i T RNAH B2 A, /£ RNAD)Re s 5 4k
BRIEH K EREIER . ZHANGEE & 72T
dRfxCas13df) 20 m’CI2 1M R 4t (reengineered m°C
modification system, RCMS), A &} % 4 12 #% 5 A 5K
P msCH Ak 5025 H AL B 1 IR TR TR 42, b
AN RNANL s mSCIEAR I B P2 Dh e de 4t 1B A+
RFE.

N'-H B R (N -methyladenosine, m'A)/& —
3 A7 AE HLaT 30 B RNAE i . XTEZE IR 2 T
REMOVER(reengineered m'A modification valid
eraser) 24, A dCas13d45 5Pk LB R A m' A%
i, RS E R T BRI MALATIM PRUNE]
RNA R FE M . XIESFEC3E— DI K 1 M i 1R
(abscisic acid, ABA)E S A1 m'A 2 AL AL R
gr, WS IR T ER# S dCas13b 5 m'A 2

F AL ALKBH3, SEHL 1 % A58 RNA m'AfE
2 bR, JEIE R ) Z R AR ATPA IV ATPSDI
mRNA, {23 T ATPSD A [F3R3, 38655 T i /&g 241 a1
PRI TG . A, A AT 25 B AN 5 46 Rl
BRI, Rz R S0E B R e TR d i F
15 25 F AL g, LT SEIGHRE 2 R 5 IR
R
4.3 CRISPR-Cas13 A%t IE K M A B9k AR

Hi SR CRISPR-Cas13 R A EPIRRE IR Ge . Fh3%
WS, RNAZ S5 HI A BB 5t, HAHSR
W7 R 2 Ab T sh WA AL s 4l i /K, B AT A 2300t
FUHEN G PRARIG B B - B 06F 397 2 I8 1t 5 84 A 5 1
¥ PEAZ 14 (neovascular age-related macular degenera-
tion, nAMD)[IRNAZw #7677 (HG202, H #ikbF IR
DA X MECP23E R B 5 275 4iE(MECP2 duplica-
tion syndrome, MDS) ] RNA% #1697 [HG204, H
HII AL T8 2451 PR A58 FH I (investigational new drug,
IND)Mr Bt 1. BbAk, H 697 OTOF(Otoferlin)3& K] Fh
Q829X FEALAH K ) LB WT J140 5 I RNA G 4T 153k
FDA JLB WL 259 55 #% (rare pediatric disease des-
ignation, RPDD) 59 ). 25 % #% (orphan drug designa-
tion, ODD)X E I\ E . 5 CRISPR-Cas13 R Zt K
A BB I SR A AR JLANTT T

F-RARGBE M. HENHTERES
J7 %R R EEA AAV. LNP. % 7 #E Bk
(virus-like particle, VLP). LNPHJALHAE T 4= 7= 1
By RRUARAR. s R PG, AT RO, HE
TR T N g B s 3L S8 B R ) AN R, s
EZR MRS, VLPRIIL AL T 0] B30 %4
K A (ribonucleoprotein, RNP). A H &, o]
I TR 52 T 38 B B8 [m) 1419, (B VLP I il %
MAREE A ORGP0k T RN R B, BEEY
I RS A BE B . b, LNPAIVLPYYJE T I i
Ik, M Cas1 3% X RNA, JHAEK A MESm4E, K
PARTE PR P B8 A7 B 8] 4 B B2 52 10 Cas 13 YR TT 280K
HLNPAIVLPHILL, AAVIRH %24 KRURIENEE
P, BN N CRISPR-Cas13 & 4% 8 A& 1 2
PRIT TRl AR AS [T B AAV ()88 B fm T 22
S fAR R ) 3o 35 ) I AL LS8 A AV 35 1 B R Bk AR
1E T H AR R Z RG], EBRN4.7 Kb, TiHE I
Cas138 AR, AR T8 A AAVIEAT 44
Wik, iXH#4) T CRISPR-Cas13 R GifE 4k N B 4%
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BATER G CAUWZMAE N TIREZ D
PR Cas 1381 [, I8 I X 2% 3 PRI A B0 1EAT TR N 42
I, S GRS, RO 2 /MR 5

H RN . Cas13H8 HHA W)
FNEE, PRI AE D) HE R 1 [R] I 3 2 D70 350 40 0 v )
HABRNAGE AL, S B AEDFIES, Bt H e 2
filJH dCas13 5 HAth B2 1 45 5 54T RNAGHH, LB G
B DI S P R R DU o

FE=RKMAGMEZ 2 A L. AT Cas9
M WIRARIG ”, Cas13FEEW BG4 R
T7RCR . XA IT 7 AR BAT PR (A
AT AT A 1R, Q22 TR S 1 2 BRI Cas 1310
PR, CasI3MFIEM. gHRCR . IFLRN S5y
THI 2 75 AR AL, A R 3K 28 i 5 K 300 00 00
VRN Z .

5 CRISPR-Cas13R R AEEAAAF P HIN A
5.1 WMNEMK7FERIEEER

TETEAN AL A Bh AR T RNA-E (A 5 ELAE R 48 A2 43
TV FI TR — A EEPRAL . ZHANGSE VT
% T CRUIS(CRISPR-based RNA-United Interacting Sys-
tem)F A, i # 4 CRISPR-Cas13 & 48 5 5 AT 48
A, K400 ARiCHE PafA 5 dCas13afili & 3Ri5, HF
H PafAX#E RNABEATFRIC, %55 H 1 JUMETY DNA
151097 0% JE 4 A% RN A(noncoding RNA activated by
DNA damage, NORAD)ZE 525 . HANZEUUTF R T
J£T CRISPR-Cas13 [T it S AP 2 (ascorbate
peroxidase 2, APEX2)FRici 50 , W] 7ESE4H M HO0HRr &
RNAFIAH BAE & A AT brid . il e m A
Kk fiff RNA(human telomerase RNA, hTR), 1% 4]\
S8 T H LA S hTRIEH &R B 5T, IESE 7 hTREE
A AT S g R B 2 S K A e SIS 1

CRISPR-Cas13 R it 4 5§ RNAAT AT
HIAE 7T . DIAO%E 7% | sarID(sgRNA scaffold as-
sisted RNA-RNA interaction detection) /5y, i il %
5 dCas13 Je AT RNAZw4E SN, SEHL 7 K BE RS
i RNA(long non-coding RNA, IncRNA)-5 H Al RNA
3T HAE B ORI, i AR E T 2 PR e
RNABEAEWFTT.
5.2 RNAFfFIE

IncRNAFEMTFL BV L R 4 o 4 B 7, AR
T T HOR I R, A7 X P 37 IncRNA 5 A0l &

R AR R E R, XTI, LIANGZ P T
CRISPR-Cas13¥fiik iR, RGERIT T 216 2001 In-
CRNAGR IS ST\ 40 i F0&E BLPE R s2 e, B %
EH T 778 B IneRNASS T+, B8iiE 7 78 g v
Fik. SALEAKHIINCRNA, X EIncRNA ] {F A ¥
() IR b S P BT A IR 9T $E 55 . WANGES MI7EFL
JRA0AR A HEAT T Cas13ddr S TR A Ik, &
N T 8444 5 FL IR AH OC HLRE 1 52 e 41 g 3 B 1)
IncRNA, FHE it — IR 7 DIReseuEp 7t . 1X L8
W5t B T CRISPR-Cas13 % 4t £E IncRNA I E i %k
MR EAERE .

AN, ZHANGZES%f CRISPR-Cas13d R 4L ik AT
TR, ik crRNA, 5= 5 7 51K N 24 ntff)
crRNA 5 Cas13di# 17 518 &I IRRNA(circular RNA,
circRNA) D ReffiiE, ik 75 R H ke 245
PEAH OGP cireRNA . 1B 7TiE B T CRISPR-Cas13 5
Gt =B BT 7T circRNATH RE A 205 1
5.3 EIEAE

TE % 5% Ja /KPR 1 R 4% B 1 ol 3R 0K % ik 9 4
MR FA5 5 SR Zh &Pl 2 0EZ, A H
B ) R T R R Rl ) TR B AR
OTOUPALZESE 1 ¥ dCasRx 5 B AL 46 K T IF3
A, T dCasRx-IF3 &2 45, DAL HE 2 mRNA)
B E) B IOE . dCasRx-1F3 2 48 1] LUfs A5 £ (075
JEEE FImRNA M FRIE AP HE 21,345, 38 n] PLEGE N
TR LacZBERFRIE , (FHFRIE KT B 2,665 ; 1M 21%
F G ) mRNA PRI AZ R A 45 B 67 B U] 2 41 1) 30 28
RIS 2. CAO%E TR T CRISPR-dCasRx-SIN-
EB2H AR, %7V REE FO 1 5 2 R oo AF, AT ER T
ZRE A RIFRIE K, Hodr, SN E RIZRIE K AT
T 70%, YRS F BE0E SR v m s, R A
ZEORBE 2 PRSI FE Y. . APOSTOLOPOULOS
& USIFF ) CRISPROFE A, 1X /2 —FiJE T dCas1311)
BIRUIBRE AR, TEBIIR MM B, dCas13iBid &5 &
mRNAFEAL SO A BB, PELAS R0 4 1) 43 4 i
2, M BE i B0 2R 46, K B 3B I8 5 1 5 dCas 13/l
G, DR TR RO . S EAR N E A
Wy rb TR PR ) A SR DR U BRI T AR A T R

6 CRISPR-Cas13Z G4t
Cas1375 [ % 1 crRN AN 5 0 8 [ b e 5
RNA L RREEIE M. SRTT, FLAESShRIH b 32 80 1)
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DIEICR WA A7 E BRI R S A T i 15 5 1) R ),
IR b 7% 8 3 X CRISPR-Cas13 & 4 4k DL T+
HE[a) PIEIRKRE o
6.1 crRNARYL{L

crRNA ) TREAL B0E A2 52 e Cas 13 4L 1] V) 2%
A R . YANGEE Vb i % i A A K B Y
crRNAJFE H: 385 53 4 0 A [F) i (A R IE , B2
Cas13afJ I HIEE, 4L )5 ) CRISPR-Cas13a R 4t
*F SARS-CoV-2 ] N(nucleocapsid)F& [K F1 Orflab3E
i B Ry IR T T 6,885 13,4445

crRNATE 5 H (1) - FE B2 e 5 Cas13 48
H B 256 308 R U) BTG . CHENGES: B it s
Ja 81 Iott, B iSmbr s ULiE 81 T erRNAZ
ik, P 7 Cas1385 5 orRNAI &5 G AR, it
T 3G 8 7 0 3 DR X 4 ) AR . GRUBER &S B
IR T —Fhi% %12 Cas13d(nucleocytoplasmic
shuttling Cas13d, Cas13d-NCS) &4t , i 4% i % #4
Cas13d# I # crRNA L IE H A B i, S350 Al ot
RNA ) = ZHL 7] o
6.2 Cas13ZBERK

RZH Cas 1385 H BABKN p 15, AFT
it AAV. LNPEF#EUAEATA R de, X R 1 Casl3
IR a1k . JF R G B3 1 Cas1 388 R A4 2
FERP IR — PRI A% 0o SR . ZHAORE B3N | —
S AR EAER . s hZ B 5RT 450
BRI TR, #FK N IDC(interaction, dynamics and con-
servation)SEB& . LA 1K 1% 5 BE 5 AlphaFold2 45 #) il
MFARGE G, st 7 SPpEiie R B IR 2%
RNAZE & S5 UTEITEVER Cas1358454A, B0 | 7L 145
P TILI A4 2 /N AL AL CRISPR-Cas 13 R4 [ T4 1

Cas13 H A My UIFIE I, 22 P57 RNA
FERE e R, KPR 7 AR AN N A . g R
7R 7 345 KK B A 170 S0 1 1) AR AR H i A B
FWE . TONGEE Bl TR NS, ARt 7 EiRE
Cas13%87F fA hfCas13d5 hfCas13X.1. SLEGIEH, 1X
Y Cas 1 3L fA/E DR B 5 B 42 B Cas 1 3AH 24 AU HEFRRNA
fad BT P BT TR BT, JHG B ) S 12 Y2 25 BRI, I HLAE
e R DR /)N BRUABE 28 R 4 200 PR S 1) S 36 o 30 0K 5| R AT A
MBS A U1 RN 5 47 . YANGEE BT R 1 —Fl A 5
R 0 HE e 70 HLAK B 7 D) E3E 14 1) Sk B Cas13d
A hpCas13d, FAEAEJE YO LI /1N BRUABE AL o 1 o)
T BURSEAL RN RIS, G R 7O KK

A, HEWEA R R

7 BRESERE

ITAESK, 4 5% CRISPR-Cas13 R4 (A 7T HUAR 1
wEBE: CRAEERME T H Cas13a% Casl3jI 24>
WA FEAE Cas13 8 H I IE 5 2E AL 7 b HUS =
R BT T 2 Cas13&E H N L pre-crRNA. i
AIFFIEIEERR ) TELE 7y LS. EE A crRNA
Cas13#5 4, CRISPR-Cas13 2B NAZ IR RGN . FE[A]
i AIRNA FAERT L 0H ) TR

PENAZBR R DU T2, 6 I 2R 40K ) B vy R
J5£ 5 43 2R LR ] B A S AEAGT I N (R 7 1) R
F T 38 o T 3 A R T+ R ORI 5 P T
T i G 0 RS K T B AR I 0], PR TG 75 T
B ) — 25 VG I 2 T CRIPSR-Cas 13 & 45 Al
R H GBI R R TT A B, wT LR N T8 66 4 Bh
()8 5 BEPE i . crRNAMBMR . 51 N 27k e B
JRAR 5 5577 A J7 AL H: T CRIPSR-Cas 1 34l 4
RMRBE .. PR 5kEt. R, S8
SRR VLR E e it R4, 1T LR CRISPR-
Cas 1 36 A 25 (104G W0 3E £ 80, o L33 FH - AR
IR G WU 97 325 , 6 N T) P 98 B RE AR E 2 R
B R . A2 B CRISPR-Cas 1246144 &, t7]
4 CRISPR-Cas13fa 1A 2 FIEEARY & A% 1R LLAE
(1) /NG5 1870,

YERFE A %% T H., CRISPR-Cas13 &4 75 H 7
MRiis . A eSS R N, 4558 E
AT R N R A, S HOHTI /AL CRISPR-Cas 13 5
G BT T A, XA B TRt AAVIS I
P 2R AR BR il 1) B, B R L) A BE S A R AH OC R
GUIAZ O RN A 2 mr 4, DLHERE S 2R w1k .
UeAh, ghA N TR EE B, @ HL 8 = ) Bk 2Rl T
Cas13[ A A, HONTF AR B L R g T B 42
7 —FHERE . T O A MCRISPR-Cas13 & 4,
Al Cas13 8% [ 5 crRNA B PE et 5 el 42
TEHAE G R8R . HERRIE . A PN 2= 3 B A5 D7 T i 1t
At BAh, TEVFASTERERS, 0 5 R HL e KO,
REGHIEF TRNEIT SRS £zt , B8
PREGALRT s R A

SMATT S, CRISPR-Cas13 R G K AR FFS:4L
b, BT SAWY R, Ak BT T SRR
A R OB ER



890

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

SEHk (References)

MAKAROVA K S, HAFT D H, BARRANGOU R, et al. Evolu-
tion and classification of the CRISPR-Cas systems [J]. Nat Rev
Microbiol, 2011, 9(6): 467-77.

MAKAROVA K S, WOLF Y I, IRANZO ], et al. Evolutionary
classification of CRISPR-Cas systems: a burst of class 2 and de-
rived variants [J]. Nat Rev Microbiol, 2020, 18(2): 67-83.
ALTAE-TRAN H, KANNAN S, SUBERSKI A J, et al. Uncover-
ing the functional diversity of rare CRISPR-Cas systems with
deep terascale clustering [J]. Science, 2023, 382(6673): eadil910.
MAKAROVAK S, SHMAKOV S A, WOLF Y 1, et al. An updat-
ed evolutionary classification of CRISPR-Cas systems including
rare variants [J]. Nat Microbiol, 2025, 10(12): 3346-61.
MAKAROVA K S, ZHANG F, KOONIN E V. SnapShot: class 2
CRISPR-Cas systems [J]. Cell, 2017, doi: 10.1016/j.cell.2016.12.038.
SHMAKOV S, SMARGON A, SCOTT D, et al. Diversity and
evolution of class 2 CRISPR-Cas systems [J]. Nat Rev Micro-
biol, 2017, 15(3): 169-82.

HOIKKALA V, RAVANTTI J, DIEZ-VILLASENOR C, et al.
Cooperation between different CRISPR-Cas types enables ad-
aptation in an RNA-targeting system [J]. mBio, 2021, 12(2):
€03338-20.

VAN BELJOUW S P B, SANDERS J, RODRIGUEZ-MOLINA
A, et al. RNA-targeting CRISPR-Cas systems [J]. Nat Rev Mi-
crobiol, 2023, 21(1): 21-34.

GOOTENBERG J S, ABUDAYYEH O O, LEE J W, et al.
Nucleic acid detection with CRISPR-Cas13a/C2c2 [J]. Science,
2017, 356(6336): 438-42.

SHMAKOV S, ABUDAYYEH O O, MAKAROVA K S, et al.
Discovery and functional characterization of diverse class 2
CRISPR-Cas systems [J]. Mol Cell, 2015, 60(3): 385-97.

LIU L, LI X, MA J, et al. The molecular architecture for RNA-
guided RNA cleavage by Casl3a [J]. Cell, 2017, 170(4): 714-
26,e10.

ABUDAYYEH O O, GOOTENBERG J S, ESSLETZBICHLER
P, et al. RNA targeting with CRISPR-Cas13 [J]. Nature, 2017,
550(7675): 280-4.

SMARGON A A, COX D BT, PYZOCHA N K, et al. Cas13b is
a type VI-B CRISPR-associated RNA-guided RNase differen-
tially regulated by accessory proteins Csx27 and Csx28 [J]. Mol
Cell, 2017, 65(4): 618-30,e7.

KONERMANN S, LOTFY P, BRIDEAU N J, et al. Transcrip-
tome engineering with RNA-targeting type VI-D CRISPR effec-
tors [J]. Cell, 2018, 173(3): 665-76,e14.

CHEN F, ZHANG C, XUE J, et al. Molecular mechanism for tar-
get RNA recognition and cleavage of Cas13h [J]. Nucleic Acids
Res, 2024, 52(12): 7279-91.

HU Y, CHEN Y, XU J, et al. Metagenomic discovery of novel
CRISPR-Cas13 systems [J]. Cell Discov, 2022, 8(1): 107.

LI G, CHENGY, YU J, et al. Compact RNA editors with natural
miniature Casl3j nucleases [J]. Nat Chem Biol, 2025, 21(2):
280-90.

KANNAN S, ALTAE-TRAN H, JIN X, et al. Compact RNA edi-
tors with small Cas13 proteins [J]. Nat Biotechnol, 2022, 40(2):
194-7.

XU C, ZHOU Y, XIAO Q, et al. Programmable RNA editing with
compact CRISPR-Cas13 systems from uncultivated microbes [J].

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Nat Methods, 2021, 18(5): 499-506.

ZILBERZWIGE-TAL S, ALTAE-TRAN H, KANNAN S, et al.
Reprogrammable RNA-targeting CRISPR systems evolved from
RNA toxin-antitoxins [J]. Cell, 2025, 188(7): 1925-40,¢20.
PERCULIJA V, LIN J, ZHANG B, et al. Functional features and
current applications of the RNA-targeting type VI CRISPR-Cas
systems [J]. Adv Sci, 2021, 8(13): 2004685.

GOOTENBERG J S, ABUDAYYEH O O, KELLNER M J, et
al. Multiplexed and portable nucleic acid detection platform with
Casl13, Casl2a, and Csm6 [J]. Science, 2018, 360(6387): 439-44.
MYHRVOLD C, FREIJE C A, GOOTENBERG 7 S, et al. Field-
deployable viral diagnostics using CRISPR-Cas13 [J]. Science,
2018, 360(6387): 444-8.

ARIZTI-SANZ J, FREIJE C A, STANTON A C, et al. Stream-
lined inactivation, amplification, and Casl3-based detection of
SARS-CoV-2 [J]. Nat Commun, 2020, 11(1): 5921.

WANG S, LI H, KOU Z, et al. Highly sensitive and specific de-
tection of hepatitis B virus DNA and drug resistance mutations
utilizing the PCR-based CRISPR-Cas13a system [J]. Clin Micro-
biol Infect, 2021, 27(3): 443-50.

ZHANG K, LI Q, WANG K, et al. RPA-CRISPR-Cas-mediated
dual lateral flow assay for the point-of-care testing of HPV16 and
HPV18 [J]. Bioconjug Chem, 2024, 35(11): 1797-804.

QIN P, PARK M, ALFSON K J, et al. Rapid and fully microflu-
idic Ebola virus detection with CRISPR-Casl3a [J]. ACS Sens,
2019, 4(4): 1048-54.

LIUY, XU H, LIU C, et al. CRISPR-Cas13a nanomachine based
simple technology for avian influenza A (H7N9) virus on-site
detection [J]. J Biomed Nanotechnol, 2019, 15(4): 790-8.

KHAN H, KHAN A, LIU Y, et al. CRISPR-Cas13a mediated
nanosystem for attomolar detection of canine parvovirus type 2
[J]. Chin Chem Lett, 2019, 30(12): 2201-4.

ACKERMAN C M, MYHRVOLD C, THAKKU S G, et al. Mas-
sively multiplexed nucleic acid detection with Cas13 [J]. Nature,
2020, 582(7811): 277-82.

KAMINSKI M M, ALCANTAR M A, LAPE I T, et al. A CRIS-
PR-based assay for the detection of opportunistic infections post-
transplantation and for the monitoring of transplant rejection [J].
Nat Biomed Eng, 2020, 4(6): 601-9.

VEDULAR S, KARP H Q, KOOB J, et al. CRISPR-based rapid
molecular diagnostic tests for fusion-driven leukemias [J]. Blood,
2024, 144(12): 1290-9.

LIUTY, KNOTT G J, SMOCK D C J, et al. Accelerated RNA
detection using tandem CRISPR nucleases [J]. Nat Chem Biol,
2021, 17(9): 982-8.

WANG H, NAKAMURA M, ABBOTT T R, et al. CRISPR-
mediated live imaging of genome editing and transcription [J].
Science, 2019, 365(6459): 1301-5.

YANG L Z, WANG Y, LI S Q, et al. Dynamic imaging of RNA
in living cells by CRISPR-Cas13 systems [J]. Mol Cell, 2019,
76(6): 981-97,¢7.

XU M, CHIGUMIRA T, CHEN Z, et al. CRISPR Casl3-based
tools to track and manipulate endogenous telomeric repeat-
containing RNAs in live cells [J]. Front Mol Biosci, 2021, 8:
785160.

FOZOUNI P, SON S, DIAZ DE LEON DERBY M, et al. Am-
plification-free detection of SARS-CoV-2 with CRISPR-Cas13a



= 5255 VIELCRISPR-Cas 5 G /£ L) B2 27 Hh 1 7 3

891

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

and mobile phone microscopy [J]. Cell, 2021, 184(2): 323-33,¢9.
FREIJE C A, MYHRVOLD C, BOEHM C K, et al. Program-
mable inhibition and detection of RNA viruses using Cas13 [J].
Mol Cell, 2019, 76(5): 826-37,e11.

ABBOTT T R, DHAMDHERE G, LIU Y, et al. Development
of CRISPR as an antiviral strategy to combat SARS-CoV-2 and
influenza [J]. Cell, 2020, 181(4): 865-76,¢12.

BLANCHARD E L, VANOVER D, BAWAGE S S, et al. Treat-
ment of influenza and SARS-CoV-2 infections via mRNA-
encoded Casl3a in rodents [J]. Nat Biotechnol, 2021, 39(6): 717-
26.

BASU M, ZURLA C, AURONI T T, et al. mRNA-encoded
Casl13 can be used to treat dengue infections in mice [J]. Nat Mi-
crobiol, 2024, 9(8): 2160-72.

YIN L, ZHAO F, SUN H, et al. CRISPR-Cas13a inhibits HIV-1
infection [J]. Mol Ther Nucleic Acids, 2020, 21: 147-55.
MCCOULLOUGH L C, FAREH M, HU W, et al. CRISPR-
Cas13b-mediated suppression of HBV replication and protein
expression [J]. J Hepatol, 2024, 81(5): 794-805.

ZHENG Z, L1 G, CUI C, et al. Preventing autosomal-dominant
hearing loss in Bth mice with CRISPR/CasRx-based RNA edit-
ing [J]. Signal Transduct Target Ther, 2022, 7(1): 79.

LIJ, SHEN Z, LIU Y, et al. A high-fidelity RNA-targeting Cas13
restores paternal Ube3a expression and improves motor functions
in Angelman syndrome mice [J]. Mol Ther, 2023, 31(7): 2286-
95.

ZHOU C, HU X, TANG C, et al. CasRx-mediated RNA targeting
prevents choroidal neovascularization in a mouse model of age-
related macular degeneration [J]. Natl Sci Rev, 2020, 7(5): 835-7.
ZHAO X, LIU L, LANG J, et al. A CRISPR-Cas13a system for
efficient and specific therapeutic targeting of mutant KRAS for
pancreatic cancer treatment [J]. Cancer Lett, 2018, 431: 171-81.
TIEU V, SOTILLO E, BJELAJAC J R, et al. A versatile CRIS-
PR-Cas13d platform for multiplexed transcriptomic regulation
and metabolic engineering in primary human T cells [J]. Cell,
2024, 187(5): 1278-95,¢20.

ANDROSAVICH J R. Frameworks for transformational break-
throughs in RNA-based medicines [J]. Nat Rev Drug Discov,
2024, 23(6): 421-44.

COX D B T, GOOTENBERG J S, ABUDAYYEH O O, et al.
RNA editing with CRISPR-Cas13 [J]. Science, 2017, 358(6366):
1019-27.

LIUY, MAO S, HUANG S, et al. REPAIRX, a specific yet highly
efficient programmable A > I RNA base editor [J]. EMBO J,
2020, 39(22): €104748.

ABUDAYYEH O O, GOOTENBERG J S, FRANKLIN B, et al.
A cytosine deaminase for programmable single-base RNA edit-
ing [J]. Science, 2019, 365(6451): 382-6.

HUANG X, LU J, L1'Y, et al. Programmable C-to-U RNA edit-
ing using the human APOBEC3A deaminase [J]. EMBO J, 2020,
39(22): €104741.

LI G, JIN M, LI Z, et al. Mini-dCas13X-mediated RNA editing
restores dystrophin expression in a humanized mouse model of
Duchenne muscular dystrophy [J]. J Clin Invest, 2023, 133(3):
¢162809.

XUEY, TAO Y, WANG X, et al. RNA base editing therapy cures
hearing loss induced by OTOF gene mutation [J]. Mol Ther,

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

2023, 31(12): 3520-30.

DU M, JILLETTE N, ZHU J J, et al. CRISPR artificial splicing
factors [J]. Nat Commun, 2020, 11(1): 2973.

FIFLIS D N, REY N A, VENUGOPAL-LAVANYA H, et al.
Repurposing CRISPR-Cas13 systems for robust mRNA trans-
splicing [J]. Nat Commun, 2024, 15(1): 2325.

WILSON C, CHEN P J, MIAO Z, et al. Programmable m°A
modification of cellular RNAs with a Casl3-directed methyl-
transferase [J]. Nat Biotechnol, 2020, 38(12): 1431-40.

LIJ, CHEN Z, CHEN F, et al. Targeted mRNA demethylation us-
ing an engineered dCas13b-ALKBHS fusion protein [J]. Nucleic
Acids Res, 2020, 48(10): 5684-94.

XIA Z, TANG M, MA J, et al. Epitranscriptomic editing of the
RNA N°-methyladenosine modification by dCasRx conjugated
methyltransferase and demethylase [J]. Nucleic Acids Res, 2021,
49(13): 7361-74.

XU'Y, WANG Y, LIANG F 8. Site-specific m°A erasing via con-
ditionally stabilized CRISPR-Cas13b editor [J]. Angew Chem Int
Ed Engl, 2023, 62(43): ¢202309291.

ZHANG T, ZHAO F, L1 J, et al. Programmable RNA 5-methyl-
cytosine (m°C) modification of cellular RNAs by dCasRx conju-
gated methyltransferase and demethylase [J]. Nucleic Acids Res,
2024, 52(6): 2776-91.

XIE S, JIN H, YANG F, et al. Programmable RNA N'-methyl-
adenosine demethylation by a Casl3d-directed demethylase [J].
Angew Chem Int Ed Engl, 2021, 60(36): 19592-7.

XIE G, LU Y, HE J, et al. Small molecule-inducible and photo-
activatable cellular RNA N'-methyladenosine editing [J]. Angew
Chem Int Ed Engl, 2024, 63(26): €202320029.

PADILLA M S, MRKSICH K, WANG Y, et al. Branched endo-
somal disruptor (BEND) lipids mediate delivery of mRNA and
CRISPR-Cas9 ribonucleoprotein complex for hepatic gene edit-
ing and T cell engineering [J]. Nat Commun, 2025, 16(1): 996.
BANSKOTA S, RAGURAM A, SUH S, et al. Engineered virus-
like particles for efficient in vivo delivery of therapeutic proteins
[J]. Cell, 2022, 185(2): 250-65,e16.

ZHANG F, CHOW R D, HE E, et al. Multiplexed inhibition of
immunosuppressive genes with Cas13d for combinatorial cancer
immunotherapy [J]. Nat Biotechnol, 2025, 43(12): 2054-67.
NASO M F, TOMKOWICZ B, PERRY W L, 3RD, et al. Adeno-
associated virus (AAV) as a vector for gene therapy [J]. Bio-
Drugs, 2017, 31(4): 317-34.

LIY, XU J, GUO X, et al. The collateral activity of RfxCas13d
can induce lethality in a RfxCas13d knock-in mouse model [J].
Genome Biol, 2023, 24(1): 20.

ZHANG Z, SUN W, SHI T, et al. Capturing RNA-protein inter-
action via CRUIS [J]. Nucleic Acids Res, 2020, 48(9): ¢52.

HAN S, ZHAO B S, MYERS S A, et al. RNA-protein interaction
mapping via MS2- or Cas13-based APEX targeting [J]. Proc Natl
Acad Sci USA, 2020, 117(36): 22068-79.

DIAO L T, XIE S J, XU WY, et al. CRISPR/Cas13 sgRNA-
mediated RNA-RNA interaction mapping in live cells with APO-
BEC RNA editing [J]. Adv Sci, 2024, 11(45): €2409004.

LIANG W W, MULLER S, HART S K, et al. Transcriptome-
scale RNA-targeting CRISPR screens reveal essential IncRNAs
in human cells [J]. Cell, 2024, 187(26): 7637-54,¢29.

WANG L, BITAR M, LU X, et al. CRISPR-Cas13d screens iden-



892

[75]

[76]

[77]

[78]

[79]

[80]

[81]

tify KILR, a breast cancer risk-associated IncRNA that regulates
DNA replication and repair [J]. Mol Cancer, 2024, 23(1): 101.
ZHANG Y, NGUYEN T M, ZHANG X O, et al. Optimized
RNA-targeting CRISPR/Cas13d technology outperforms shRNA
in identifying functional circRNAs [J]. Genome Biol, 2021,
22(1): 41.

OTOUPAL P B, CRESS B F, DOUDNA J A, et al. CRISPR-
RNAa: targeted activation of translation using dCas13 fusions to
translation initiation factors [J]. Nucleic Acids Res, 2022, 50(15):
8986-98.

CAO C, LI A, XU C, et al. Enhancement of protein translation
by CRISPR/dCasRx coupled with SINEB2 repeat of noncoding
RNAs [J]. Nucleic Acids Res, 2023, 51(6): €33.
APOSTOLOPOULOS A, KAWAMOTO N, CHOW S Y A, et al.
dCas13-mediated translational repression for accurate gene si-
lencing in mammalian cells [J]. Nat Commun, 2024, 15(1): 2205.
YANG Y, SUN L, ZHAO J, et al. Improving trans-cleavage
activity of CRISPR-Casl3a using engineered crRNA with a
uridinylate-rich 5'-overhang [J]. Biosens Bioelectron, 2024, 255:
116239.

CHENG E C K, LAM J K C, KWON S C. Cytosolic CRISPR
RNAs for efficient application of RNA-targeting CRISPR-Cas
systems [J]. EMBO Rep, 2025, 26(7): 1891-912.

GRUBER C, KRAUTNER L, BERGANT V, et al. Engineered,
nucleocytoplasmic shuttling Cas13d enables highly efficient cy-

(82]

[83]

[84]

[85]

[86]

[87]

[88]

tosolic RNA targeting [J]. Cell Discov, 2024, 10(1): 42.

ZHAO F, ZHANG T, SUN X, et al. A strategy for Cas13 minia-
turization based on the structure and AlphaFold [J]. Nat Com-
mun, 2023, 14(1): 5545.

TONG H, HUANG J, XIAO Q, et al. High-fidelity Casl3 vari-
ants for targeted RNA degradation with minimal collateral effects
[J]. Nat Biotechnol, 2023, 41(1): 108-19.

YANG P, LOU Y, GENG Z, et al. Allele-specific suppression
of variant MHC with high-precision RNA nuclease CRISPR-
Cas13d prevents hypertrophic cardiomyopathy [J]. Circulation,
2024, 150(4): 283-98.

WANG T, BAI L, WANG G, et al. SATCAS: a CRISPR/Cas13a-
based simultaneous amplification and testing platform for one-
pot RNA detection and SNPs distinguish in clinical diagnosis [J].
Biosens Bioelectron, 2024, 263: 116636.

SHANG Y, XING G, LIN J, et al. Multiplex bacteria detection
using one-pot CRISPR/Cas13a-based droplet microfluidics [J].
Biosens Bioelectron, 2024, 243: 115771.

ZHUANG S, HU T, ZHOU H, et al. CRISPR-HOLMES-
based NAD" detection [J]. Front Bioeng Biotechnol, 2024, 12:
1355640.

RUFFOLO J A, NAYFACH S, GALLAGHER J, et al. Design
of highly functional genome editors by modelling CRISPR-Cas
sequences [J]. Nature, 2025, 645(8080): 518-25.



