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) e tSAf AR B 405 7 69 7T fetd. i L 488 T = KN A % 48 8K 45 48 4 B2 B (zinc finger nucleases,
ZFNs). XK % % %0#% B F 2L 2 4 BR B (transcription activator-like effector nucleases, TALENs). #L
AE ) 18 G542 © I 5K 9 A= A48 % & @ (clustered regularly interspaced short palindromic repeat and
CRISPR-associated proteins, CRISPR/Cas)# & & X VAR E AP IE 06 97 ARk ey oL B R, JHRT T
B R 3R e R R T REIE 06 9T P @ I 6 Bk,
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Applications of Gene Editing Technologies in Cancer Therapy

XIONG Xiangyu, BEI Jinxin™

(State Key Laboratory of Oncology in South China, Guangdong Provincial Clinical Research Center for Cancer,
Sun Yat-sen University Cancer Center, Guangzhou 510060, China)

Abstract  The development of gene editing technologies, stemming from engineered or bacterial nucleases,
has enabled precise targeting and modification of genomic sequences across a majority of eukaryotic cells. This re-
view provides a comprehensive overview of the evolution and advancements of three paramount gene editing systems:
ZFNs (zinc finger nucleases), TALENs (transcription activator-like effector nucleases), and CRISPR/Cas (clustered
regularly interspaced short palindromic repeat and CRISPR-associated proteins). This discourse further elucidates

their potential applications in cancer therapeutics and highlights the challenges encountered in integrating these
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gene editing modalities into clinical therapy practice.

Keywords

e RS 1 FfJRE i — i 2 A B B A 0 R
WA AR N ERA RS T RELZ IR R
SR IRBR, IR T R SR AR
PR R IR, RREMIRRILREL T 36,
TR 8= AU W/NIENG 97 N1 =1 (= AN =i G i
FIRIT IR I TR AT BL QT 1 S IR T
A 97 1% s 35 S 17 S8 I AR AR N (), b g
SRR AT IR AT B BT o — P f i) R
PR 0T Jooht YA AR 45 R A — Tk R 4 35 L B
DNARAR | etk bs DIHEF S50 A8 5 S B T R
PRI R AT 8 e IR PR R, B A B IE A AN 2
Pl B A . edh, SRR, IRk, SREUE AT
L DR gt 0 7 VR A IR S R R TR A 2, A3
T R s BRI AR, Sk BRI R Y H Y

K DK g B 2 A AE A R R DR 2 9 0 E B A7 B
AL MER . B2 i DNA T 51— Fih 5 8] T
RERORPL, & U4, BT TR B i % 1R i
0 PR A R RO AT 21 1 PRI R, IR IZ I E SR
B 58 B AP 1 2 S T IT 98 B0 A S0 b 2ot AR
JURIVE I R R g 4R R E AR =
. BEFEAZIR I (zinc finger nucleases, ZFNs). 5%
SO R ¥ BN A% BR 18 (transcription activator-like
effector nucleases, TALENs). FA [a] b ol 7% 5 [7] ¢
5 5 J7 5| FIAH K 5 F (clustered regularly interspaced
short palindromic repeat and CRISPR-associated pro-
teins, CRISPR/Cas)®l.  H B iX = Ffr ik [K| g # £ R 72
J¥RJRE VR T I 5 SRS HAS T R R, ek
#&CRISPR/Cas 2 4t AT it 5 i 14 F) ik DX 2 8 T
B, O 2N TRIE A, BRI R HE
T 20204F 3k 1 VR4 524 (https://www.nobelprize.
org/prizes/chemistry/2020/summary/). #AT, X =Ff
B DR 4 4 R A B B RO AL A M 45 A R
AR R B ROR ) A R ARy RO IR RS
T A g TR, A BT RAT SIS J R R AT R
HE S Ik B a7 iR B H .

1 EREMmERARIE

1.1 ZFNs
19964F , E 7717k 7¢ i £ B 1 14 P9 D11 g 1) 5[5

gene editing; ZFNs; TALENs; CRISPR/Cas; cancer therapy

L) S WK RN S A S B A B R R
CHANDRASEGARANV B S & 1 3T Fok TRR ]
1 N VI i A% 45 55 1 (zine finger protein, ZFP)fl &
ZFNSEAR, BIKsFok 18§ DN AV 25 44 I3 W] &5
B E SR TRIE B R B A G B — R A AR Y
WA AR 7 51 1) ZFNs.  ZFNsHI/E A R B2 4
BILAFTR . T Refg e LR 9~18 bpFIfEA% 1
273, ZFNs# 44 3~6 e 4R S (1 B Bk . ZFNs/& i
PN TR DNA 2588 1) Fok TH§ DNAY) & 45 #4935
FIH R AR 2 LRI ik & A SRR IR o A
ZEN ARG 51 254 BIA7 T DNA P 468 L IAIBE 5 2 74
B IE LB ), TR — S AR Fok 1B DNAY]
E|SE R, (EDNATERE & AL 7= £ XUE Wi 24 (double-
strand breaks, DSBs), W% (1) DNAXUE 2> 0% 41 i
WIE LS. R, 5 MR 51 AR £ B [R]85 2
20125 (homologous recombination repair, HRR)#LH]
T R] 58 Bkt H AR 7 40 R € ) B 46 5 A 51 N AR AR
Ak B[R] R ¥ 1% 82 (non-homologous end-joining,
NHENEE WU, 52376 KL 70% P HEZR 8 i B LA
PRCEC AT LA 5] Rl Fe ) AR BTG SR AR I B 5 3K
HE KRR, TS B R R, X4
FETALENsHICRISPR/Cas £ 4t 9 Fi & [K i 3 AR 7E 2
PPN S B R A R i SR Y. I ZFNs B R
MREE P AN AR S AR AT S8 7 51 1 Fok 1-ZFPsHLAR 4 B
1 R A TDNAM I B (HA2, — M A Fok
1-ZFPs AR TE B I AR — S AR SR B DNA V) EITE
PE, IXFERRAR A 503G B FE AR, Ak, 2RI —
A~ Fok T-ZFPs AR e e VAR T S b — A, IR
PEELZE I Fok 1-ZFPs AR TE Al [FIVR — AR AR 2
FSCA 0 L A5 T B R 3R . JE T I, SZCZEPEK 25!
AIMILLERZEUO - H B R Fok Ti 78404, (3 H 7
TE R IR R AR A4 BA DNAYIREE M, KK
HiE = T ZENsE AR I TIER: =k

Ve —ARFE K 44 T F, ZENsTEREZTT 61 T
B gmR i Je i, (B R A A R . S, T
FEASE EH AR T 5, #0 BERTHRE R (1 ZFPs A3 B4
A, X RN 2, B R ERENSLRE
TER A PR LR PRI . 1 H— 4> ZFP H g8 1R 1
RFE AR, IXTEAR KFRE B3 T &5t #0 5
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L] RS HES ) TR R -

(A)

ZFN left

o
!g g Zinc finger protein

(B)

5' TCTGATACTGATGCTATGACT!

TALEN_left /%

3" AGACTATGACTACGATACTGA

ITGCTATGATCACTAGGACATA 3'

RVD NI

Base A

Target DNA
sequence

INACGATACTAGTGATCCTGTAT '

w TALEN_right

NG NN
I Il

T A/G

A: BEFRIZIRG; B: 84 500 7 RS AX TR T, C: RNAS|F[FCRISPR/Cas9 .

A: ZFNs; B: TALENSs; C: RNA-guided CRISPR/Cas9.

Bl =#ERSEIRAEEEAHNRETEE

Fig.1 Schematic diagram of the principles for recognizing target sites by three gene editing tools

IR 5 ZFPsIIMERE o 3 ) ZFNsTE R Le g fu 2k
TR R I AR, X Re 5 E A ER
ik AR R0 DNAY)E| B H A 5 ZFNsAHH OC AL
HilF K. =, ZFNsfEA—FRa & E G, HmiEr
AR, Qrar A 25 i) H s 4 3 126 3 TA FAR I R
ThR AW T E MO . SRPU, M T RS
FE K 4 5 3 R TALENs Al CRISPR/Cas & 4t , ZFNs/f
G BRI P R RO TE &, I LR 2T 2 ()
[ FEATARAL o
1.2 TALENs

20094F, K [ 12 [ 1 S 4k ik DU 15 ] % K 2
AW EERIE TS BT 2 2R F) BOCH ] BA U 5 [F 5 fif
N ST R R B 5 A (5 B 2 R IFIBOGDAN-

OVE A A M8 S 70 A A7) 5005 1 80 o i o B T
A5 DNA B 4456 W i S0 A 30N 2 H (tran-
scription activator-like effector, TALE)!""'?', TALEM]
LG B S5 33~35 N R LR 1) L B FR T A A
LB 1200 AN EE 13 R LR AT AR R R IR A, AR
N E A A4 —FR K (repeat variable di-residues, RVD),
HAREIEIR T 5N = BEARSF . 5 ZFPIR IR 2 =k
PAREFEAN ], B> TALEEE 73 Be % R0 5 Bl 2k
FLARUARE M H RVD URUE [ BRI iR FENTOR ATt iz —
SR IR BEAE A, HD(ZH 2R — R AR 1R A
3 C, NGR A W% —H &R IR A AE T, NNCR 4Bt
JHi — R AT ) IR B2 GBS Al. RVD-SHEAT 5 1
AL IR L NAAFAE— R — BT RIR R, HIR T —
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ANHE T /% TALE-DNA R B 208 . 5:T ik, BOG-
DANOVERIPABLA A & 1) VOY TAS [ B\ % ZFNs
i AR TALEsE & 3] Fok TFR 1 1 ¥] DN A1) E 45 1)
B, Mg 7R AR R S i H R TALENS! (K] 1B),
H DNAYIEI AU B I+ A1 1 43 3] S .
B 5, 35 B i A4E JE IE M ) Sangamo BioSciences A
"] % TALENsH AR BEAT T4, %5 TR s
PR P R 41 16 TALEARU R A8 44, IF 8 IRAE
NS4 S T P R TR I R B . 5 ZNFs
ANJA, BLANTALER: T X DNA R I 2 1R KR
ST FARAREE e, DAL IX B T ) TALE-DNAGR
S5 R AN TALEJE 7 PSS S A 1 Jo A FE i A ) 2 o
H A% W iy 1) B AR R 40,

AEXT T ZFNsK 3t , 898 TALENs 5| A2 (1) i 58
R E i A G NI = = N 07 RS (B
TALENS 15 KK R 202 ZFNs I 365, IXA2ERA
TALE:FE 1K /N AR 5 ZFPARABL, 1 HE 1R 51 B8Nl
JE, T ZEPI U = AR B IE . b4k, TALEFL R 41
AN AR W A0 g ST A AR AE R T A 2 2 S i
TALENSs (14 35 [K 25 £3 55 Jin [R ¥, SR F 96 35 30044 (i 2
o9 BE AR B T AR ) Fe S TALENS R K B By
5 B A R 2% B0 L B ) 40 B Rt T AR )
a5 0, R 20124 ScienceZt 44 TALENsH AR 4
N+ R ARG 2 — , (HRER 2 H
CRISPR/Cas 7 Gt by 4 4 #7 — A DK g 5 4 R 080
6 o
1.3 CRISPR/Cas&%

19874F, HAKIHE FEN 53004 1 R T s 1
WL % [7] T W (isozymes of alkaline phosphatase, iap)
R R LM B XK N 1 664 % AF IR 1 DNA
F, AUATTTE iap ) 35 ) 3 X 38O I T — AT E
SE, A SN SR 2 MRE R SRR ES
JF 5, Hax 54 [R5 2527 545 A 32 A B S 11 AT B
3 T 4 B U7, 20004F , MOJICAZS i@t iz
FTHEHLA BT O 4038 A0 A s R SE IR ALRE B, 7
19240 TR A1t A B R AW 82 31 1 X A E R oA, I
i 4 R AR ] B 22 525 41 (short regularly spaced
repeats, SRSRs). X $ESRSRsIH # A& 24~40 bplK) 5
Sy EISCREA ALKk 11 bp YA B R i S f) B
J¥ 5. SRSRUGAFIE # HEFI 75 B & st i e (A4
BRI H 2 05 144, TA T MER ¥ 20~58 bp
(1 18] K% 77 B B 2 B o B 5 7E 20024F , JANSENZE 1)

i ds H 2 I T EL T HR R X 2K )
REAE T JEAZ A PRIl AR B A B ) b, A
B AP B 3 R ANAEALE . AR L E Ry &
A () B RS R ] SC 27 41 (clustered regularly
interspaced short palindromic repeat, CRISPR), Jf-7£
7 H CRISPRIVFAZAE W %55 T 4/ CRISPRAH
FfJ(CRISPR-associated, cas)3& [ .

20054F, EHRLICHZS ), VERGNAUD%: PR
SORIAZE =AM 57 (B 72 41 BA 43 51 & B, CRISPR
(1 1) B 57 371 -5 471 S8 P e B 7 s R i 4 € A 71 (1 A
B FRYE , T LG T A5 -5 0 R Ak 5k DR IR F )
R 7 BB 22, 24 AT AN 25 ) Wk T A P A2 4, R ot
A A {E % CRISPRIAIRE 7 41 /& LA e ta A b o (n
WA A BRI )R G B T IR, EA TR i 4
15 J5z SCRN AR AH A B 6o Wk b A4 R L 1 9% /3. 2007
£, BARRANGOUZ: PHE S T CRISPR AT 1 N4 1
I 2R B 1) S R G HRAR 7 T R AR AR o AT
BRI, TEME B ARMZ Y A0 2 J5, 4 B A 84 R 1 W e
PRFERIZH (1) DNA B B84 3l CRISPR A JE BGHT 1 7]
B 7 1), 2 BREAN INRE 2 1 CRISPRIHIRE /77 471 B % L
P B 0 T B AR BT R Y, I H.CRISPR ] cask:
DR — A2 $ (AL 7 200 A ) G v AR PR S, PR
£ /1 CRISPR 1] [ 7 511 R B A 355 DR 28 17 47 R AR ALk
FTURsE .« MAILHZ K 3, 20084F BROUNS S5/~
T CRISPRHVEL & R B AR 41 e 5K B 1 1)
Cast A T/ SHUER 32 B PR B R L. AR
R IUAE CRISPRAY 455 i RNART A S5 , 1 57t CasER
(CasA. CasB. CasC. CasDAICasE)ZH %[ Cascade’ R
YK CRISPRATARNA DI B S AR B T 18157 741 BV
5 RUE 71 B e rRNA(CRISPR RNA), iX E6crRNA
AJ LAVE R/ ] 5 RNA(guide RNA, gRNA)E )95 25
ISERLFH], FHR 5] T Cascade B AT B
JE5E A SR Cascade 2 G4 4 RAERIA PRUAIIIT
HICRISPR/Cas 5 4t 1) 48 B F1 ity 2B B R AR AE, T AER
1% 112 CRISPR/Cas 7 i 16 40 B Al il A= B v o i 2k
(1) 213X R BAAEAEW S HoAth Cas B (A A/EAR A AN R 1)
RNAJNI THF 25 crRNARI G . 20114E, Sk H Hi i
T ER LAY 5T 0 () CHARPENTIER [ BA 38
TSt N 273 D A e e e B R T 1) 22 S RN 7 43
Mr, KILAE CRISPRAH G HE K & CRISPR w5 5 471 (1)
LA — BUR M FE SR I DNAE B, HLRE =R
1715189 ntff] 2 30 7% CRISPR RNA(trans-activating
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crRNA, tracrRNA). X% tracrRNA#RE —EBKE N
25 ntH e 5 CRISPRAT/A RNAFE & )7 41| JLF- 564
Bl B ANEC XS (R — MEEO T 5. 3 — 0t
FER I, tracrRNAE L |72 8 57 B 4H B8 AZ 0 A% 19 Tty
II(ribonuclease 11T, RNase IIT)FICRISPRAH [ Csn1 2
H (RIS I Cas9EE 1, 2K H 114! CRISPR/Cas 5 4t )fi
5 crRNART G, DLORTF b i 1 5 35K B o 52 Wk ] A
124k,

20124F, — e Atk &S T RH# 5, Em-
manuelle CHARPENTIER [ PA B & I K 2441 7 7l
O BEEE AR B2 2t 9T Bl Jennifer A. DOUDNA [
B\ A AP S 56 R I tracrRNA 7] 3 i i J B # T
X5 crRNAZE A U EE RNALE K], JE45 T Cas9ik
R AT IR 7 41, 52 RO H AR DNA [ P)#] 271,
Hb, Cas9% 1) HNHAZ FR B 25 #4038 V) %1 5 crRNA
SZEA IR DNARE, RuvCHESE #3815 E1 %) 55 4h
— 2% DNA%E, VIEIMAL E L DNAH 5 T ANX H 5]
() 3 5 [ PR A it ) B 2 510 I3 35 5 7 (protospacer
adjacent motif, PAM)|FTHE . 54k, 2440 tracrRNA
EerRNA B B RNA R A R # 7] S RNA(single
guide RNA, sgRNA)|J5, HAKIRGENS T5 T Cas9tE
XTEEAZ IR T A Y)E] (B 1C), $27R Cas9m] LU H
— RNAZ T 256 N T 5 R 41 8 W 4w 10 R

#7728, Emmanuelle CHARPENTIERfll Jennifer
A. DOUDNA R & B 17 3 — Kl i A ) 2 AT G 1
ARG 7 2020478 VR AL 223 (https://www.nobel-
prize.org/prizes/chemistry/2020/summary/). 20134F
W1, BRAE B T B ok A AT A ORI 1 = 2 [ a8t 4%
# CHUR CH U] A COE] ok B T4 il PR B 3K B 1Y)
CasOH [ 18 RN T I FLsh Wi i il sgRNA 5| &
) DNARE s ETIEN, LS T2 48 CRISPR/Cas9
RGWE IR gnlE T BB 7L,

AT 1 P AR ] 2 5 430 R ZFNs 1 TALENSs,
CRISPR/Cas 5 4t AL B 14 3= E AR L AE DL JLJ7
(£ 1PY, (1) CRISPR/Cas £ 4t 5 ZFNs#1 TALENs
R IIAS [F) 22 Ak 2 FER FH s g RN AR 2 1) S A% 7
P& 51 T AR5 52 1) ZFPEk TALEZH 4, X FF H R 2
B E AR A B A6 R sgRNABRPHT ) %
K7W R e A A, Hon] DU R IE AN [F 1
sgRNA M LE [F] — 40 B o 33E 4T 2 /> JE R A7 8501 2
. (2) CasORIVIFIRCRE L Fok 1FRHI|E DNAY)EI
SERIRAH R R AT AU, AR NS B G b S
W75 4% . (3) CRISPR/Cas RGiAVALfH 1
—FPEE 1 Cas9, T2 5 BB MRl Bl A R B 40
g3, SEUNBE PR AR SR (1) g . 2013 4F QI&E PAI[H]
I RAZ | Cas9 ) HNHAZ R 1§ 45 74 38 A RuvCHRE 2514

®1 =ZMERMRETRASEEEE

Table 1 Characteristic comparison of three gene editing tools

Rk

Properties

ZFNs

TALENs

CRISPR/Cas

Length of target sequence

DNA cleavase
Specificity

Targeting limitations

Engineering design

In vitro delivery

In vivo delivery

Multiple genes editing

A pair of ZFNs recognize 18-36 bp
target sequence

Fok1

Tolerating a small number of posi-
tional mismatches

Difficult to target non-G-rich sites

Requiring substantial protein engi-
neering

Relatively easy through methods
such as electroporation and virus
transduction

Due to the small size of the ZFN
expression cassette, it is relatively
easy, allowing for use in various

viral vectors

Unapplicable

A pair of TALENS recognize 28-40 bp
target sequence

Fok1

Tolerating a small number of positional
mismatches

5" targeted base must be a T for each
TALEN monomer

Requiring complex molecular cloning
methods

Relatively easy through methods such as
electroporation and virus transduction

Difficult, due to the large size of each
TALEN and the repetitiveness of the
DNA encoding the TALEN, unwanted
recombination events may occur when

packaged into lentiviral vectors

Unapplicable

Approximately 20 bp sgRNA bind-
ing sequence+PAM sequence
Cas9

Tolerating positional/multiple
consecutive mismatches

Targeted site must precede a PAM
sequence

Using standard cloning procedures
and oligo synthesis

Relatively easy through methods
such as electroporation and virus
transduction

Moderate difficulty, the commonly
used Cas9 from Streptococcus
pyogenes is large, which may pose
packaging issues for viral vectors
such as adenovirus

Applicable
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A IR B AR N VDB PE , 159 3 1) 235 Cas9(dead
Cas9, dCas9), R A W G IR 77 FI1EH,
XA S5 8% PR g B A5 (O R B AR T R K.
KOMOR & P33 it 5 i 1 g i 2 B 15 dCas 9l & 31|
— i, U H AR T A R E (C) Y A i e
(T); GAUDELLIZSBg [a) At tH — i B RN A JIRPEE
W, 5 CasOHI ALK [nickase Cas9, nCas9, FF
Cas9% 10f7 28 FE R HH R A2 IR (D) AL NN Z R (A),
175 Cas9 A -5 2 DN A XUEE by 24 | fil & 5 S B IR s
1 (A)E S (G) 1 g’ ; ANZALONESE B3 Fi] i
CasOFf) AR [#4 Cas9 5 84017 I MR Hh 2H e (H) 2R
TN EIR(A), #Cas9 H A TIE| S PAMIT Sl AL 5%
DNA%E, 1AV E 57— 285 JF R L — B L FHHIMNE
DNAR (5 GEA 2L A 12F0 Sk B H e A
ZHRE R AR NS R 1w dE 25— 5 4w (prime
editor, PE)&4t. LA IXUEHF CRISPR/Cas R4t
Tolt 2 R i i 25 5 5 A P 026 AR D 3 [ 9 70 28 9 T
RERIE R R T ER A T 7 Bl

2 ERGRERAREMNE ST PN AR
2.1 ZFNs5MEasT

VERVIARIE R g 5 B R, ZFNs H i 32 2 5
T 1 B DR3BS T AR -t Vg 2T
I SR 2 M 22 1 55 DI aR T B IS, T AE IR e T
R SR B 7T 85/ . HUANGZE BT ] ZFNs 7 A8
o [FYR E A8 5 e A T B e it 52 /RS R R A
1.9 (chronic myeloid leukemia, CML)4H ffd i Wr £ %
X 355 [K] -ABL 5 £ [A] 1(breakpoint cluster region-
ABL proto-oncogene 1, BCR-ABL)f A 3£ [ 7% il
T Not 1FE I B EGUIAL i, 8 it 5] N2 1B %505 1
P BCR-ABLl & 8 A #1 F42 AT % 1. BCR-ABL
FE R B AR BE 8 5 S CMIL 40 it A= 1 T 9 40 41
CMLYHHE U RE 1, R BIEE T ZFNsHOR ¥ BCR-
ABLZE X 9 48 ] e At 1 B JE T 52 BUAS T 52 1)
CMLEH R MR TiE# .

AR, A ZFNs A G 4897 25 22 D5 41 th il
9 B IR G AR G IR IR T IR 9T 5 . TANAKA
S PNRIE 7 —Fh ZFNs, H AR RO AR Ttk 2
41 A 11 1f 955 1287 5 (human T-lymphotropic virus type
1, HTLV-1)2 K20 o (1) K i 5 52 7 41 (long termii-
nal repeat, LTR)[X 1. iZZFNsf¢W B RHTLV-1 LTR
(K15 87 DhRe, JF4E S VE R FE HTLV- L& GL ¥ TN

M, X — ¥R RORARAE N TR AR E L5 (adult T-cell
leukemia, ATL) )4 B2 Hi A5 381 1 IESE . DINGEEP)
Bt IR R 1T DURR S R AR BN LSk
16/18(human papillomavirus 16/18, HPV16/18)3F %Y
E7¥# 3K DNAF 5[] ZFNs, HAEU B3R HPV16/18
FHE S 35 40 R T HPV E79R8E R, AT DURR S5
SAHRL HPV16/18BH M = 20 40 il R & A4 04 T2 FF40
HIH A KA SR fE /1. 1% ZFNsA[{E N HPVHI K E
B0 R ALY T 259, B AT e A R R K S R G R
= e B S [ 5% 25 5 - Je () 1 K 1 245 420 10 i PR R 6
(NCT02800369) 1F 4bF I B -
ZFNsH AR S T i G2 96 77 3 2800 5t
H . PROVASIZE YR ZFNsH AR RiFR 7 T4 i
PR PR IA 1 TN M 52 AR £ (T cell receptor, TCR),
S5 R AR 0 5 280K B 5 4 S U B S BE R
I (acute myeloid leukemia, AML)ZH il Wilms /¥
R BLK] 1(Wilms tumor 1, WTI)[) TCRIER M £ 4
gm0 TAN M . BT IEYE TCR O & s B,
AN 55 A0 R s S ME TCRIK) oo Bl 7 AR A AT 1)
TCREE, WA 2 w4456 /040 #% 3(cluster of dif-
ferentiation 3, CD3)& & &4k, M5 2R e 5
£ TCRTE TAHMIIEL b (0 2H e 39 I, DI P4 38 568 T4H
X AMLAN I /A R8I, TORIKATSE: 4142
& B ZENsH ARG BR T 33K 046 7% 19(cluster of dif-
ferentiation 19, CD19)F 7 Ak & Ll 52 A4 1) T4H Y
(chimeric antigen receptor T cell, CAR-T)H Py %
TCR ol B, FUE | S MR (01 FHE e e . 48
It gmAiEH CD19 CAR-TH M AT iR K H £ 4~ % 4k
(1) B 2 i T 418 e 8 4 L 5 7 A 2R A% KO, 3 o A [
(1) 75 157E CD19 CAR-TEH A AR 40 ffg Hh h s B
T HLA-AWE VB, ok B A S 1 48 i v]
DLt FH T 2 AN 2 AR AT S 16 I 7 Sl 7 i Af
F ZFNs7~ i GRm13Z40-234 97 T E% 1V 3 2 5
41 HfuJ8 (glioblastoma, GBM) &5 2 1 3 [K g 5 Il R 1
K (NCT01082926)F 20104FE J5 Bl %77 dhAt —Fh
223 ZFNsHE A Yo 45 110 {8 2 (L 4 Sk Y0 1000 08 [ 10 4 L
3 -1352 48 02313 (interleukin-13 receptor subunit
alpha-2, IL13RA2) CAR-T#iitY, % CAR-THH i f Bh
ZFNs/K AR 1 0% B i ER 3244 (glucocorticoid re-
ceptor, GR), i FAEHE 57 Ji B 3 7697 GBMH IR15-4T
PEo TF 644 4 RE 4 S PEH ZEK AN ~122Z W /K )R
J7T IR R EGBMEE W, 5 44 35 [ GRm13Z40-2
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Sy AT L ) P 9 el T /B MR SR SR R R
XN A RAS FH ZFENSAE 1 ARE B iR HitE CAR-T
L ) ok 4R IR 9T R AU B E T AR . ZFNs A AE
T 52 A& TFE4L TAHHE (T cell receptor-gene engi-
neered T cells, TCR-T)F1 CAR-THH ffu 1 e K& £ #2
R VR T RCRIPE R, BFFE N Lt L 5 ek
¥ 571 (immune checkpoint therapy, ICT)AH 45 &
RS B T 3 B B A R VBT . AT TR
ZFNsi b 1 28 €4 2398 19 I I8 32 T Ak B2 48 Y (tumor
infiltrating lymphocytes, TILs)H 27 1450 T2 244
1(programmed cell death protein 1, PD-1)4mtS 5L A,
FENG R TILs A4 77 i F ok PD- 15 PR AT s i3k 47
THB R, FECT TILsAH MR 11 R IA ) PD-193
b7 76%, MTTAR R Hi IS 58 1 TILs 1) i 240 i 2% 4%
TE TR,
2.2 TALENsS5BE&TT

HAT, 2RO 7 2 W8 F TALENsH AR
A7 MR IR T I R FERIG R S8 . WANGSE IE
CML40 1 7 K562 I ] TALENsH AR R 1 FMS
I 2 R I 3(FMS-like tyrosine kinase 3, FLT3)
FEDA ) AN S AT R IR, Ha T KS621 )8 sERe 7, H
FLAMEIE - R N Be A5 DAZERE, W LR 42
FE FLT3 545 7 K562 52 [ ) A L R 2L 0 PR / 2 )32
& 9% 5k [ (non-obese diabetic/severe combined
immunodeficient, NOD/SCID)/ i 1776 % . NY-
QUISTZ: I ] TALENsH AR 1 78 25 54K Hi vk
I %1 )% (castration-resistant prostate cancer, CRPC)
H 2 e B IS 2R 52 4K (androgen receptor, AR)FE
RIEHRIILER . A AT &I AR [R5 HE g % BH W 4>
K ARMIA R, (H ] DR G = ARBCAR 25 45 1435
(AT ARZE J 2 1 [ 3R0K , 1X 48 AR S B 1 4ERF

T ARBYESEIEE, BT T CRPCE 50 B R RI<F
7% (androgen deprivation therapy, ADT)JHEHT I .
CAIZE VLT TALENsH AR, 1 78 FL e o 8 W,
HI8p YL (i i 22 A P 5t 2K (loss of heterozygosity, LOH)
LA, KA 8p Gy th A i A= LOH Jig B 5 Ml 7. e
21 i 7 T R o 8 Tk frc PR A, IR B A 36 1) A AR i
7R AR 2R 5 2, JEERIBOR I N
T AR e 7MY A K. BL R SR TR,
TALENsH AR B T7E 7> 17K P B ZR I R A 1)
RE, I HAG T M S5 a7

I R 58 77 T, 7 998 B 8k G AH O i e 16 T
T A R R R A [R5 IR A P (R O R
BE T I BT X TALENSs il T27 R0 TS5 1271l AR AR 56
(NCT03226470) T 201743 3l T27H1 T512%3 il 2L
5] HPV 16/18 3[R 41 ff) E6FI E75E[R], IX % TALENS
REs A 2 K HPV 16/18BH 1 B iU 41 i & h E6
HE 73 N 1) Rk 7K, 5 800 3 g # ) DXL 1 e
K A p53(tumor protein p53, TP53)FIAL M [EEBE4H g
J& 1(retinoblastoma 1, RB)ZREK M KIEKE , 5T
HPV 16/18H P F 205 41 i 3 % A8 8 T2 I3 i AR
KAEOR P, KA TALENSE A /EVHPVIEGAH K &
FHOW A IR VR T SRS R S

E I8 1 S 22 V68 97 380, I TALENsH R
) CAR-THIML CIF R 1 2 i il I Bl 22 T Je
T AR I RS, WER 2T R . 20165 I T X
TALENs;™ i UCART 19 2 HCoilfi PR 56 1E 2T
Ji& o %77 b VEE Cellectis 2 & W A — 2 f He it
AR IR B #E 7] CD 19138 A A CAR-T4H i (universal
chimeric antigen receptor T cell, UCAR-T)/* ki, HAf
I TALENsH AR BB T CAR-T4H L P9 I (¥ TCRAN 5y
1% 52(cluster of differentiation 52, CD52)%E[A , fif

72 A TALENsHAR4EE R CAR-THRA = &
Table 2 CAR-T cell products edited by TALENs

faﬁnjie UCART19 UCART123v1.2 UCART22 UCARTCSI1A ALLO-501

Knockout gene TCR, CD52 TCR, CD52 TCR TCR, CD52 TCR, CD52

Targeting proteins CD19 CD123 CD22 SLAMF7 CD19

Diseases B-ALL AML B-ALL MM LBCL, FL

Number of clinical trial NCT02808442, NCT03190278 NCT04150497 NCT04142619 NCT03939026
NCT02746952

Year of clinical trial 2016 2017 2019 2019 2019

Lead Sponsor Cellectis Cellectis Cellectis Cellectis Allogene
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#37% CAR-THI L 58 4% 75 B4H I S ik B 20 i (9 1
J#j (B-cell acute lymphoblastic leukemia, B-ALL)
FARWNRIEUMIEAE R, A 22 5] 2 52 44 1) o %
SIS o 3K PR I RS (43 1) 72 NCT0280844241
NCT02746952)3) 7 3 5 [F 37. % % ] 3 78 (National
Library of Medicine, NLM)fJclinicaltrials.gov 3 I
56 RO M 0L B AT R IR B TS R R R AR R
F TALENs$: A3t 47 35 K 41 4 5 1) CAR-TH 697
B-ALL#EH A 1T7PE. UCARTI9EL I K ERTIN
IR IT 2 R B YA T B-ALL A L3 AR
PRI AR Y RN s v P, g AT
¥ o X IR I 1) 45 S A R Bl S A4 C AR-T4H ffd 451 35
)T A N B SR 1 — 20, SNiR T s e A G
3R1F F R CAR-TAH LG IT 1 B-ALL & H f2 4t T
Wl B2l Britbz 4b, 15 Cellectis A 7T JLAF £
X HoAth TALENs 2 (K] 4 5 CAR-T 7™ iy th ki 2 91 Jig
T UG RIS, @201 7441 % UCART123v1.27F
JE (1)1 PR AR I NCT03190278, %7 i I 5] 43 Ak 7%
123(cluster of differentiation 123, CD123)%t TALENs
ik T TCRA CD525: K\ UCAR-TAM ML, F T1697
2R A TE AMLE R ; 20194E41 % UCART227T Jig
()i R AR 36 NCT04150497, %77 5 A #1773 Ak 7%
22(cluster of differentiation 22, CD22)Z: TALENSsHY &
T TCREEHI UCAR-TAHME, H T-¥697 2 K /MEE 1t
B-ALLE# ; 20194F4F X UCARTCS1ATT B 11l PR
RIS NCT04142619, 177 i A FE RIS 5 bk 41 33
15 T 2K Rl A 7(signaling lymphocytes activating
molecule factor 7, SLAMF7), £ TALENSs[% | TCR
AICD32ZE R FUCAR-THIMY, FHTI677 5= & HMEE 1
% R MH B9 (multiple myeloma, MM) &35 . At
N F) BT IS TALENSHE [K 4 48 CAR-TF= iy I I P
G, W3 E Allogene A 7] 20194741 X ALLO-5017F
J& B PR 36 NCT03939026, %7~ i LR CD194%:
TALENSs#;[&: T TCRMCDS 25 K (fJUCAR-T4 i, F
TRIT R METE T KB itk 9% (large B-cell lym-
phoma, LBCL)={JE ik I 58 (follicular lymphoma,
FL)&E# .
2.3 CRISPR/CasR % 5MiE;aTT

BRI B A] I T ZFNsF1 TALENS, {H /1 1 3
Witk FE {8 ., CRISPR/Cas & Gi#E IR Va7 Bk
NEE RSN T R, AT HRZ 024
H 5 R 1 S B TR S G, BT R,

20164, PU I K %= 46 74 & B o 90 % & IR0
CRISPR/Cas & i b H T N A& g v6 97 P71, 31X T
I[fi PR S8 (NCT02793856) 40 55 1 22 &4 i1 9E /)
Y1 3 fifi 5 (non-small cell lung cancer, NSCLC)H 3,
Horb 170046 R85 1 gn e T EAT SrE, 120068
Beszigyr. HEEIHRARE: RN RE LSS
H A SRR ) T 73 25 oK S5, SR Cas9Fl sgRNA
JRRE R 2 L A Yl fR 7 9 I I g Bk T4 R v R
PN 7 PD-1FE R, SR 5 T4 2w 8 5 14 T 48 B
TRV ANAR A, B S AR A8 JE I A a] s 0 2 2 4
)T . XHLEE B Aot A2 N 7.7
[95% & 15 [X [A] (confidence interval, CI)’46.9% 8.5
Ji), AL AN 42.6/8 (95% CIN10.3~74.9
JAY; g AR R B8 g 3k A7 s B B0 A
AL AR SN 0.05%; XL 45 i, Al
CRISPR/Cas £ 4t % 45 T 40 i 1 I PR N2 F 38 2
ZATAT P, 5 4 DY 15 N H CRISPR/Cas
R PD- 1697 Ho A i i s R 5e t 2 28 v
MIETERE , 43 0l a2 &t 0 & B s (NCT03081715),
fB% it g (NCT02863913) & Xk VA 1 5l 4] iR e
(NCTO02867345)F1'5 4fi fiJe (NCT02867332) 1] ¥,
R 1 1E T4 Mg AT SRR bR 4, KRB E A%
JB K 0 B 7R 2 B 5 Bt i 9 [ A TR
CRISPR/Cas R4 AT 2 B HL K 4 48 76 N A4 I IR
WIS I 22 A PE R AT AT M, FRIT R T A I I PR
I (NCT03399448), L5 738 EH (24
A I VR T BE R, 148 R R AR B,
12 I PR AR 56 2 FH 1 TR T4H i /& ) CRISPR/Cas
ARG T WIRYE TCREERI A1 PD-15: A H.#g
FOBFE T RN A L) B IR A Mg 1 (New York
esophageal squamous cell carcinoma 1, NY-ESO-1)
FEIN TCRI TCR-THIAE . 34 B # &t T2 T4
WrE S, A REA R RN T A 34 A I E A
T 35 4% e 1 3 JRg E0 A, A8 b e i e 45 AR I8
N, AT TR B IR I AE AR, BTE 24 H B R
LR NY-ESO-1 11 & B s /b, 3 i B 5% H
CRISPR/Cas 2 4t 4 5 1) T F2 46 TAH A B H T Ak
Ji 988 ¥ 97 LA AR B 1D g R [ 51

Fr T TR SUE TAIL D RESh, CRISPR/Cas
ARGz N T CAR-TYI il 5 1L 72, B4
S 2 BN A 7 N A B s v e S T )
IR RE O Y SADEL AINAJF 7 [ A 160K F #EE i)
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TCR o855 FE[H (T-cell receptor o constant, TRAC) 55—
ANA1 ) CRISPR/Cas 2 GE Aty 47 R 7 173 CD19
HIHtk AP at 324K (chimeric antigen receptor, CAR)
I b5 P 0 1) i i AR A2 IR CD 9% = it
CARFHAF TRACHE s b, RILAE IR 5 2% 57
T CD19FU i J5 AT S2 B CAR A O P R4 i 5 1 i e 3R
KRB A4, JEIR RS TEH ML) 7 A F g v o 31X
A T EA A I T i CARR IS 5], 1 ik
Y58 T THH PR 1 . AE S PR IR TR A B e
SRR 2R SR P G T 9 4 8 1) C AR-T 48 i G 8
A M T T AL G 07 VAR U CAR-T
i1 ', STERNER%% 'R| fff CRISPR/Cas 5 4t i
B 782 CD19 CAR-T4H M (¥4 4 fif — 5 Wk 48
JH £E 7% | 4 [Xl F- (granulocyte macrophage colony
stimulating factor, GM-CSF)% [N, KR 5KF 4
L Yw#E 1 CD19 CAR-TZAHMIAREL , GM-CSFERIE )
CD19 CAR-THHMIAMY REOR$F I IR Thag, i HAE
A LA B SR B UM R E o AT R O R A
FIAE 55 & s U A GM-CSFHE CD19 CAR-T4H
FLI7 V2 T ¥R 97 1% PR R B A% 40 Y [ L9 (chronic
myelomonocytic leukemia, CMML) ] T AR 1056
(NCT02546284), KIM% 255 /£ AMLYAJT A1 41
] 746 7% 33 (cluster of differentiation 33, CD33)[#]
CAR-THH i th 2> Bty 1F 5 8 2 40 i 1T 51k 48
BEPEIX — LR, $Eth 7 — P S5 R e P S IR T Y
BT 2R N CAR-TAN AT 4, T /2
7 1E 5 138 141 B A0 A 41 B (hematopoietic stem
and progenitor cells, HSPCs)"H X H CRISPR/Cas %
GikiR CD33% % i CD335k [ I\ HSPCs . fthAi17E
AML/I BB AL Aol 5 B CD 338 (¥ HSPCs 7 HE 7]
CD33 CAR-TH T AMLIGYT I BA itk JF HH %)
REPEIG IR /). X —J7 34815 CD33 iy AMLAH i
IREAR S, 9 CD3 38 HSPCs I [A) Fh S AR F4 i
5 CD33 CAR-TYTVEM 45 & LLiG T Hft ik ia &
AML 2 ()1 R T AT A0 250 R AR

S LL R IX R ] CRISPR/Cas R 41 45 4 j2
J7VEIE T b9 R PR 5 ALh~F- BXAS 1 AN ) B AR,
{H BRI (1 — TR 7E AR W, A CRISPR/Cas 2 4t
XF N JEART S i 2E 47 9 55 B5%~20% 1 248 it H I
et AR BRI G XA FE R E R, D 2
BTN MR T AN AR AT e 22717 R AN T T30 ) JG s,
DRt 34 75 5 22 I T R i R i L R AETR YT AR

IR T ) 22 A PEANAT 2

3 REERE

ARG T = REEHN i+ RZFNs. TALENs
FICRISPR/Cas 5 4t 1 % Ji& 52 Je FAE I8 v 97 45 5l
RTINS . A E 2, ERmERA
A i3 6 977 A0 R S FH T 5 A N IR G, 38 AN B 1)
WEFERAGIHT, T 1A A R R 7R AE, B2 = e
BT . R HE R G A ok 4k 1 S e 40
R B DI AT 5, (H DG S s A T v R A
S 4 1) A 2 A 1 A OV IR I R R T AR ik =
AR T TS 7E B L BT I DR G ) 2R ) R
K, JEie 2 E AR R g ReE . BATHITH AR L
AF 35 IR 9 55 B AR 45 5l 72 CRISPR/Cas & 4t b FH T Iifs
PR BT T8 AN Wi 366, 5 LA R (4 S i 365 R 40 4~
£ 22 A R ROHE I A S50 BF 9T B0 B 2 38
X R B A R i R G 4R R R AE R R 9T
(032 N S e 4 SO PR B8 5 YR 25 SR

BEHk (References)

[1] SUNG H, FERLAY J, SIEGEL R L, et al. Global cancer sta-
tistics 2020: GLOBOCAN estimates of incidence and mor tality
worldwide for 36 cancers in 185 countries [J]. CA Cancer J Clin,
2021, 71(3): 209-49.

[2] JASSIM A, RAHRMANN E P, SIMONS B D, et al. Cancers
make their own luck: theories of cancer origins [J]. Nat Rev Can-
cer, 2023, 23(10): 710-24.

[31 CUSHMAN-VOKOUN A, SCHMIDT R J, HIEMENZ M C,
et al. A primer on gene editing: what does it mean for patholo-
gists [J]? Arch Pathol Lab Med, 2023, doi: 10.5858/arpa.

[4] LIH, YANGY, HONG W, et al. Applications of genome editing
technology in the targeted therapy of human diseases: mecha-
nisms, advances and prospects [J]. Signal Transduct Target Ther,
2020, 5(1): 1.

[5] ZHOU W, YANG J, ZHANG Y, et al. Current landscape of
gene-editing technology in biomedicine: applications, advan-
tages, challenges, and perspectives [J]. Med Comm, 2022, 3(3):
el55.

[6] KIMY G, CHA J, CHANDRASEGARAN S. Hybrid restric-
tion enzymes: zinc finger fusions to Fok I cleavage domain [J].
Proc Natl Acad Sci USA, 1996, 93(3): 1156-60.

[77 CHANDRASEGARAN S, CARROLL D. Origins of program-
mable nucleases for genome engineering [J]. J Mol Biol, 2016,
428(5 Pt B): 963-89.

[8] MURTY T, MACKALL C L. Gene editing to enhance the ef-
ficacy of cancer cell therapies [J]. Mol Ther, 2021, 29(11): 3153-
62.

[9] SZCZEPEK M, BRONDANI V, BUCHEL J, et al. Structure-
based redesign of the dimerization interface reduces the toxicity
of zinc-finger nucleases [J]. Nat Biotechnol, 2007, 25(7): 786-93.



B T4 JE DGR AEEORAE IR V6 7 I 1 3k

1755

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

MILLER J C, HOLMES M C, WANG J, et al. An improved
zinc-finger nuclease architecture for highly specific genome edit-
ing [J]. Nat Biotechnol, 2007, 25(7): 778-85.

BOCH J, SCHOLZE H, SCHORNACK S, et al. Breaking the
code of DNA binding specificity of TAL-type III effectors [J].
Science, 2009, 326(5959): 1509-12.

MOSCOU M J, BOGDANOVE A J. A simple cipher governs
DNA recognition by TAL effectors [J]. Science, 2009, 326(5959):
1501.

CHRISTIAN M, CERMAK T, DOYLE E L, et al. Targeting
DNA double-strand breaks with TAL effector nucleases [J]. Ge-
netics, 2010, 186(2): 757-61.

MILLER J C, TAN S, QIAO G, et al. A TALE nuclease archi-
tecture for efficient genome editing [J]. Nat Biotechnol, 2011,
29(2): 143-8.

ZHENG N, LI L, WANG X. Molecular mechanisms, off-target
activities, and clinical potentials of genome editing systems [J].
Clin Transl Med, 2020, 10(1): 412-26.

HOLKERS M, MAGGIO I, LIU J, et al. Differential integrity
of TALE nuclease genes following adenoviral and lentiviral vec-
tor gene transfer into human cells [J]. Nucleic Acids Res, 2013,
41(5): e63.

ISHINO Y, SHINAGAWA H, MAKINO K, et al. Nucleotide
sequence of the iap gene, responsible for alkaline phosphatase
isozyme conversion in Escherichia coli, and identification of the
gene product [J]. J Bacteriol, 1987, 169(12): 5429-33.

MOIJICA F J, DIEZ-VILLASENOR C, SORIA E, et al. Bio-
logical significance of a family of regularly spaced repeats in the
genomes of archaea, bacteria and mitochondria [J]. Mol Micro-
biol, 2000, 36(1): 244-6.

JANSEN R, EMBDEN J D, GAASTRA W, et al. Identification
of genes that are associated with DNA repeats in prokaryotes [J].
Mol Microbiol, 2002, 43(6): 1565-75.

BOLOTIN A, QUINQUIS B, SOROKIN A, et al. Clustered
regularly interspaced short palindrome repeats (CRISPRs) have
spacers of extrachromosomal origin [J]. Microbiology, 2005,
151(Pt 8): 2551-61.

POURCEL C, SALVIGNOL G, VERGNAUD G. CRISPR
elements in Yersinia pestis acquire new repeats by preferential
uptake of bacteriophage DNA, and provide additional tools for
evolutionary studies [J]. Microbiology, 2005, 151(Pt 3): 653-63.
MOJICA F J, DIEZ-VILLASENOR C S, GARCIA-MAR-
TINEZ J, et al. Intervening sequences of regularly spaced pro-
karyotic repeats derive from foreign genetic elements [J]. J Mol
Evol, 2005, 60: 174-82.

BARRANGOU R, FREMAUX C, DEVEAU H, et al. CRISPR
provides acquired resistance against viruses in prokaryotes [J].
Science, 2007, 315(5819): 1709-12.

BROUNS S J, JORE M M, LUNDGREN M, et al. Small
CRISPR RNAs guide antiviral defense in prokaryotes [J]. Sci-
ence, 2008, 321(5891): 960-4.

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

DELTCHEVA E, CHYLINSKI K, SHARMA C M, et al.
CRISPR RNA maturation by trans-encoded small RNA and host
factor RNase III [J]. Nature, 2011, 471(7340): 602-7.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

JINEK M, CHYLINSKI K, FONFARA I, et al. A program-
mable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity [J]. Science, 2012, 337(6096): 816-21.

STERNBERG S, REDDING 8, JINEK M, et al. DNA inter-
rogation by the CRISPR RNA-guided endonuclease Cas9 [J].
Nature, 2014, 507(7490): 62-7.

CONG L, RAN F A, COX D, et al. Multiplex genome engineer-
ing using CRISPR/Cas systems [J]. Science, 2013, 339(6121):
819-23.

MALI P, YANG L, ESVELT K M, et al. RNA-guided human
genome engineering via Cas9 [J]. Science, 2013, 339(6121): 823-
6.

COX D B, PLATT R J, ZHANG F. Therapeutic genome edit-
ing: prospects and challenges [J]. Nat Med, 2015, 21(2): 121-31.
QI'L S, LARSON M H, GILBERT L A, et al. Repurposing
CRISPR as an RNA-guided platform for sequence-specific con-
trol of gene expression [J]. Cell, 2013, 152(5): 1173-83.
KOMOR A C, KIM Y B, PACKER M S, et al. Programmable
editing of a target base in genomic DNA without double-stranded
DNA cleavage [J]. Nature, 2016, 533(7603): 420-4.

GAUDELLI N M, KOMOR A C, REES H A, et al. Program-
mable base editing of A*T to G*C in genomic DNA without
DNA cleavage [J]. Nature, 2017, 551(7681): 464-71.
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): 149-57.
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.

HUANG N, HUANG Z, GAO M, et al. Induction of apoptosis
in imatinib sensitive and resistant chronic myeloid leukemia cells
by efficient disruption of BCR-ABI oncogene with zinc finger
nucleases [J]. J Exp Clin Cancer Res, 2018, 37(1): 62.
TANAKA A, TAKEDA S, KARIYA R, et al. A novel thera-
peutic molecule against HTLV-1 infection targeting provirus [J].
Leukemia, 2013, 27(8): 1621-7.

DING W, HU Z, ZHU D, et al. Zinc finger nucleases targeting
the human papillomavirus E7 oncogene induce E7 disruption and
a transformed phenotype in HPV16/18-positive cervical cancer
cells [J]. Clin Cancer Res, 2014, 20(24): 6495-503.

PROVASI E, GENOVESE P, LOMBARDO A, et al. Editing
T cell specificity towards leukemia by zinc finger nucleases and
lentiviral gene transfer [J]. Nat Med, 2012, 18(5): 807-15.
TORIKAI H, REIK A, LIU P Q, et al. A foundation for univer-
sal T-cell based immunotherapy: T cells engineered to express a
CD19-specific chimeric-antigen-receptor and eliminate expres-
sion of endogenous TCR [J]. Blood, 2012, 119(24): 5697-705.
TORIKAI H, REIK A, SOLDNER F, et al. Toward eliminating
HLA class I expression to generate universal cells from alloge-
neic donors [J]. Blood, 2013, 122(8): 1341-9.

BROWN C E, RODRIGUEZ A, PALMER J, et al. Off-the-
shelf, steroid-resistant, IL13Ralpha2-specific CAR T cells for
treatment of glioblastoma [J]. Neuro Oncol, 2022, 24(8): 1318-
30.

BEANE J D, LEE G, ZHENG Z, et al. Clinical scale zinc fin-
ger nuclease-mediated gene editing of PD-1 in tumor infiltrating
lymphocytes for the treatment of metastatic melanoma [J]. Mol



1756

ST - RS ST BT R

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

Ther, 2015, 23(8): 1380-90.

WANG J, LI T, ZHOU M, et al. TALENs-mediated gene disrup-
tion of FLT3 in leukemia cells: using genome-editing approach
for exploring the molecular basis of gene abnormality [J]. Sci
Rep, 2015, 5(1): 18454.

NYQUIST M D, LI Y, HWANG T H, et al. TALEN-engineered
AR gene rearrangements reveal endocrine uncoupling of andro-
gen receptor in prostate cancer [J]. Proc Natl Acad Sci USA,
2013, 110(43): 17492-7.

CAIY, CROWTHER J, PASTOR T, et al. Loss of chromosome
8p governs tumor progression and drug response by altering lipid
metabolism [J]. Cancer Cell, 2016, 29(5): 751-66.

HU Z, DING W, ZHU D, et al. TALEN-mediated targeting of
HPV oncogenes ameliorates HPV-related cervical malignancy [J].
J Clin Invest, 2015, 125(1): 425-36.

BENJAMIN R, GRAHAM C, YALLOP D, et al. Genome-
edited, donor-derived allogeneic anti-CD19 chimeric antigen
receptor T cells in paediatric and adult B-cell acute lymphoblas-
tic leukaemia: results of two phase 1 studies [J]. Lancet, 2020,
396(10266): 1885-94.

GROUP C S. UCART19, a first-in-class allogeneic anti-CD19
chimeric antigen receptor T-cell therapy for adults with relapsed
or refractory B-cell acute lymphoblastic leukaemia (CALM): a
phase 1, dose-escalation trial [J]. Lancet Haematol, 2022, 9(11):
e833-e43.

QASIM W, ZHAN H, SAMARASINGHE 8, et al. Molecular
remission of infant B-ALL after infusion of universal TALEN
gene-edited CAR T cells [J]. Sci Transl Med, 2017, 9(374):
eaaj2013.

WEI G, WANG J, HUANG H, et al. Novel immunotherapies
for adult patients with B-lineage acute lymphoblastic leukemia
[J]. J Hematol Oncol, 2017, 10(1): 150.

LIU Z, SHI M, REN Y, et al. Recent advances and applications

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

of CRISPR-Cas9 in cancer immunotherapy [J]. Mol Cancer,
2023, 22(1): 35.

KATTI A, DIAZ B J, CARAGINE C M, et al. CRISPR in can-
cer biology and therapy [J]. Nat Rev Cancer, 2022, 22(5): 259-
79.

WANG S W, GAO C, ZHENG Y M, et al. Current applications
and future perspective of CRISPR/Cas9 gene editing in cancer [J].
Mol Cancer, 2022, 21(1): 57.

CYRANOSKI D. CRISPR gene-editing tested in a person for
the first time [J]. Nature, 2016, 539(7630): 479.

LU Y, XUE J, DENG T, et al. Safety and feasibility of CRISPR-
edited T cells in patients with refractory non-small-cell lung can-
cer [J]. Nat Med, 2020, 26(5): 732-40.

ZHAN T, RINDTORFF N, BETGE J, et al. CRISPR/Cas9 for
cancer research and therapy [J]. Semin Cancer Biol, 2019, 55:
106-19.

STADTMAUER E A, FRAIETTA J A, DAVIS M M, et al.
CRISPR-engineered T cells in patients with refractory cancer [J].
Science, 2020, 367(6481): eaba7365.

EYQUEM J, MANSILLA-SOTO J, GIAVRIDIS T, et al. Tar-
geting a CAR to the TRAC locus with CRISPR/Cas9 enhances
tumour rejection [J]. Nature, 2017, 543(7643): 113-7.
STERNER R M, SAKEMURA R, COX M ], et al. GM-CSF
inhibition reduces cytokine release syndrome and neuroinflam-
mation but enhances CAR-T cell function in xenografts [J].
Blood, 2019, 133(7): 697.

KIM MY, YU K R, KENDERIAN S S, et al. Genetic inacti-
vation of CD33 in hematopoietic stem cells to enable CAR T
cell immunotherapy for acute myeloid leukemia [J]. Cell, 2018,
173(6): 1439-53,¢19.

TSUCHIDA C A, BRANDES N, BUENO R, et al. Mitigation
of chromosome loss in clinical CRISPR-Cas9-engineered T cells
[J]. Cell, 2023, 186(21): 4567-8,e20.



