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IR, FEEFAZFRMBF(FEEFRFRLAFHEN), Bl xR £F
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HE B BURMLEI %o 0T SF R LS —1E 3 S E R % — 18 & % Signal Transduct Target
Thers Commun Biol. Cell Stem Cell. Genome Med% [E| [ # F| b & %6 L8 & -
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PR ik K, HIEEAESTONRAE T #1489 834, Z AR T 5 ECNS IR T, 4 F A
) Fe s BRIG I7 AR R

A SR RVEP VRN I ; CRISPR/Cas; 3£ K16 T; 4% M

Wk H 491: 2021-11-05 He52 H W1 2021-12-06

H [ P 2 R B S 2 S 0 R QT AR T H (HEHE S 2021-12M-1-041) 1 [ 25 SR 2 Bt i S g2 2 M RHIE Bt BT 6 AR HIR L 25 28 151 H (k5 2021-
RC310-015)F1 556 it ifi 7 [ 52 7 S48 SR (HEHE 5 Z221-03) B 1) ) 1R

EIEE . Tel: 022-23909349, E-mail: yaoyao@ihcams.ac.cn; Tel: 022-23909349, E-mail: raoshuquan@ihcams.ac.cn

Received: November 5, 2021 Accepted: December 6, 2021

This work was supported by the CAMS Innovation Fund for Medical Sciences (CIFMS) (Grant No.2021-12M-1-041), the Non-profit Central Research Institute
Fund of Chinese Academy of Medical Sciences (Grant No.2021-RC310-015) and the State Key Laboratory of Experimental Hematology Research Grant (Grant
No.Z21-03)

*Corresponding authors. Tel: +86-22-23909349, E-mail: yaoyao@ihcams.ac.cn; Tel: +86-22-23909349, E-mail: raoshuquan@ihcams.ac.cn



194

L] MR U R -

Congenital Neutropenia: from Basic Research to the Clinic
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Haihe Laboratory of Cell Ecosystem, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical College, Tianjin 300020, China)

Abstract

Congenital neutropenia is a heterogeneous group of rare inherited bone marrow failure syn-

dromes, which is characterized by impaired maturation of neutrophil granulocytes, and as a result, defined as dra-

matically reduced peripheral blood ANC (absolute neutrophil counts). Up till now, hundreds of genetic variants,

involving ELANE, HAXI and others, have been identified in patients of congenital neutropenia; however, due to

lack of disease models, the molecular mechanisms of these genetic variants leading to congenital neutropenia have

not yet been fully elucidated, which severely hampers development of therapeutic drugs and genome editing. In re-

cent years, the development of gene editing technologies has paved new avenue for understanding the pathological

mechanisms of congenital neutropenia and exploring novel therapeutic methods. This review will mainly focus on

the progress of genetics and molecular mechanisms of congenital neutropenia, as well as clinical translations.

Keywords

SR R4 i 9 /D JiE (congenital neutropenia,
CN)s& — 45 I s A% 1 B Bl s PR , B 26T
7V 72 F Ik S EE 2F R 4 B AR 7 R 1 (granulo-
cyte colony-stimulating factor, G-CSF). #AT0, K H{#
FHEEZH G-CSF2x W35 38 I CN GR35 [m) 4k R 1 i B 0 2F
S SEAPIE (myelodysplastic dyndrome, MDS) 8 & 4
Hi& 22 [ 197 (acute myeloid leukemia, AML)F5 4L X
Brto B, I 10% ) HEAE CN I # 7E 2 2] G-CSF
YRIT 2 G, AN M R AT B R B AT e
S LR 1T ZH Hg A4 (allogeneic hematopoietic stem
cell transplantation, Allo-HSCT)& CNI&ARIGIT /7
%, HR A 2 4R 2 TA) 1Y) Ho B i A 2 22 S A OR M
I i R 1] 10 2 = R D AA S (7 R Vi =57 R D
CRISPR/Cas g3 1 = D8] 9 4 452 AR K 1 i 2k 1)
BEFE, AL ML R G RIS RG>k 1R
HIFENL. ASCK B X CNIEE 2. 7 FHLI BL A
I PR BVE T T BO T S5, AR5 TR B 48 24 R 2L (A
IR AT T HE R S ILAECNIR ST IR

1 CNHIIGRFRITIRFHHIE

CN LA S A ) i PR 200 K 9/ oy = By
TIE , B3t} & J i m o 4 R A et R Sl R A
PERLAN I RE 70 MR T (1.0%10°~1.5%10°/N /L)
JE(0.5%10°~1.0x10°4N/L) R EE 5 (<0.5%10°/N/L). ik

congenital neutropenia; CRISPR/Cas; gene therapy; genetic disease

WLAH BRI R A A Py iE T4 SR AR R4 A
RARL AN BE BRI B, SRS E AT AR Z AL
AHMIBY B, )5 KB NG AR RLGE L . PRk
2 ) A AR AR 22 e s Rl 74 ], EER PULL
1 C/EBP-0(CCAAT/enhancerbinding proteina)®'s CN
A B BRI A R T4 M R R OR B A AR
RN MR B, BT BULE &N B AN DA &
S R) mp R AT i B H b B A P 4 B K DR
S SN JEA AR WD IR G TR CNUR T
A2 LI M R R TR H R L R A . BRI
IS 28+ RS ZEL 2R e St R ITTLRE S5 P B8 R G PS5,
I P BN R BB LT

CNATE E WA D EUIMEAR B ZARIE, MTEK
FUBLRAT R A BT 9T 5 AEBRRSE B X CNEIR R A H
Y 3E iy 8.5, SEERINAS R RO 2R 00 H L
TRUR U « 8 LR e sl H At i R 5 B0
FETCA ., R HOAG HY 28 DL R A g B0 A8 7 1 10 A AL
&S, T RZHCH A LB LB E HR A TT R
A MR T35, CNGEHE 2 1 T R DA S s SR AE )
S VEIR YL AR tH Y, 3X 3 B0 R R4 i s 2D
S PR B8 28 T B AIGA

HH G-CSFHH Tl R TT CNZ AT, 5 1L
T 1K 80%~90% s BLZH G-CSF 8 I Al A 250
# L CNEH AR R IFRRAC 1 B A0 T (B
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PRAFIE ST 80%)!1 1, I PRl o, Al S 40
G-CSFIR YT CNE & 23 i 40 i L v P4 48 i 4 6T (B
BN &S 1x10°/L, I 538 BRARCN & 2 B YL 1)
RAE BN ™ HFLE 12, CNE A 4% kM MDSEL
AML XS, XF 37444 CN B # K IE 105 (1 BRI &
SR BN, AMLIP) SRR R mk 22% M. HI5E
MR, AMLE) RAR R 5CNE & 8L 2 70
K, M5 HEAHG-CSFEH A E R IEA . XfEH
G-CSF )= #5511 75 2248 =i = CNER &, 72 15
SF JE IR A I ) SR AR R AE N 40%; X # 2H G-CSF

I B R A RN 1%,

2 CNHI& FIRIEFMR

FR A [ B CN 2 VLAY (Severe Chronic
Neutropenia International Registry, SCNIR)#) ¥
{71 (https://depts.washington.edu/registry/), 5 CNA
KB AL 7 =IE8 3004 o AH I B B0 2k PR AL 45
ELANE(elastase). HAXI(HCLSI associated protein
X-1)F1 WAS(Wiskott-Aldrich syndrome)%5, 43 PALL
b 3ANTERR A, 43 A SR 5| A S TR A A AR A

IS T A PG B B CN B, HLAE 15 4R J5 1) (9 1

(K373 5 HLA A

=1 CNEBHBURER

Table 1 Partial disease-causing mutated genes in CN

mARR DL, HAEUR A IR L. X

BE[A P FAtIm R A WAL LIES
Gene Diseases Other clinical features Inheritance Frequencies
ELANE Severe congenital neutropenia, Cyclic haematopoiesis, monocytosis, eosinophilia AD 45%
Cyclic neutropenia and evolution to AML or MDS
SLC37A4 Congenital neutropenia and glyco- Evolution to AML or MDS AR 12%
gen storage disease type Ib (GSDIb)
HAXI Severe congenital neutropenia Evolution to AML or MDS AR 7%
G6PC3 Severe congenital neutropenia Thrombocytopenia and evolution to AML or MDS AR 2%
VPS13B Congenital neutropenia, Cohen None
AR 2%
syndrome
TCIRG1 Severe congenital neutropenia None AD 2%
WAS Congenital neutropenia Monocytopenia, lymphopenia, reduced numbers
of natural killer cells, abrogated phagocyte activity =~ XL 2%
and evolution to AML or MDS
CXCR4 Congenital neutropenia and WHIM B cell defects and hypogammaglobulinaemia AD 2%
syndrome
GFIl Severe congenital neutropenia Lymphopenia and increased numbers of immature
myeloid cells in the peripheral blood and evolution ~ AD <1%
to AML or MDS
VPS45 Congenital neutropenia Anisocytosis and poikilocytosis, hypergammaglob-
ulinaemia, renal extramedullary haematopoiesis,
. . . AR <1%
bone marrow fibrosis, progressive anaemia and
thrombocytopenia.
JAGNI Severe congenital neutropenia Evolution to AML AR <1%
CSF3R Severe congenital neutropenia None AR <1%
USBI1 Congenital neutropenia, Clericuzio-  None
. AR <1%
type poikiloderma
GATA2 Congenital neutropenia Severe monocytopenia, dendritic cell and natural
killer cell deficiencies, aplastic anaemia and evolu- ~ AD <1%
tion to AML or MDS
STK4 Congenital neutropenia Monocytopenia and T cell and B cell lymphopenia ~ pp <1%
CXCR2 Congenital neutropenia Myelokathexis due to impaired neutrophil release
AR <1%

from the bone marrow to the peripheral blood
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Amino acid 1 22

ELANE -

Splicing
Promoter | |
Nonsense mutation
Missense mutation LI
KOZAK sequence
Inframe indel I
ATG mutation |
Frameshiftmutation

I Untranslated region

74 122
0 [
|

(N

I Exon

Hied SR T N 235 K 98 25 $dis 2 (HGMID, hittp://www.hgmd.cf.ac.uk/).

199 267
I I |

| | || LI
N i W

\ I |
11l L
|:| Intron

Data was retrieved from the Human Gene Mutation Database (HGMD, http://www.hgmd.cf.ac.uk/).
Bl 5CNBXMELANEEERE
Fig.1 ELANE gene mutation associated with CN

L6 3945 AR Sy FLAR CN ) AR AL DL S B8 3 1) 70 =
EHARE HELR YT IR A T B .
2.1 ELANEEREZMHERT

ELANEH:DN B AE 2% & RAZ & CNE o W8 A%
KA, KLI45%H) CNEFH 2 H1 T ELANES: K] 8 2%
A RAFTES, ELANEXE K 9 15 b R 20 Al 34
PEEE R, J& T 2 2R 5 E N b ) BE B 50k .
ELANE mRNATS 5G7E A 5T I o i 2% HA o vk 248 i
SRR IR, R RIS AR T )R S e e 1 27
FAEEIRIE b R0 B s R B, BB S A R
BRI 3 P, 1 — P05 2 U IR B R T Rk
PR 5 1 ol T DUIE I B R SR AL B
J AT 25 5 AR BRAIE S5 B DL SRS TR AE VI N
2 U7, AR N I R RAZHR E (Human Gene Mu-
tation Database, HGMD)I 4t it &7, 5 CNA KM
ELANERE R 4G =1k 2254, B 46 L 977 (missense
mutation). J& X R4 (nonsense mutation). FEH55E
A (frameshift mutation). BJ4A7 /U 4E (splicing site
mutation). Jf A Bk (insertion/deletion, indels)ZF 5
T (B )M,
2.2 HAXIERFERMHEERE

HAXTHE R AT LA 2 B 195 b AN [5] 1) B 43 57 g 4K
K BE 53 ) R2T9RI23IAN S HE IR . Jk DR U3¢ AU
Ft 2 W1t SRHAXTHE PR R AR 56F R b I Y 8

S, bE Wip.Q190X Flp R86X, £ [A] it T #CN

DA R 22 R Gk, L6 RS # R B IR i BURUR K
P SE) G SEHAXTEE [R5 A48 A6 e o — i I Y
AR, L Wip. W4A4X, 2 T CNEA A #h 4
RGIERY., REHAXIE AL FERA LMD

MY I Rk, (HES M BN EA
HCLS1(hematopoietic cell-specific lyn substrate 1)]%]]
RIS 25 0 H 2 s R . HCOLS TR 4
fh— A~ 3 i 1% R SRR B, R G-CSFRAR(E 5 %
SRR EEGREA, &P YRR F R
KEEH Iy HAXIHEN RAE AT R Il I A HAX 1 3
H 5HCLS 18 A A BAEH, #EE F iEifE 5
B, A SR IR R B AR
2.3 WASEEXEHR MR

WASHE K g i — AT i R E, (RIE Tig il
M, HEARDIRENFA TS EALEE RN
WASKRAZ W] 5] #2 WASHE AR R IR H 800, 14
IMLEN & A 2 RAC 2 A R I 22902, AT
A ARG 235 R A0 IR K E , BAE IR 4
KEWENG. HAT WASFER AL 1) CN R Ik KRR I N
HPERE AR gD, BLACR R B AN R B 2R 41
Yk b %, RN AT [ AMLERMDS 644 1) i 7] 22

B L3k 3R R A, Al R 40 SLC3 74413
CXCR4™Y, USBI™VRAZ[FME2FECNIR A, H
T AR AR b AR B, BURLEIAS B, Jf
HA—RAR S SO A I R R, KA i HLdk AT

ZiiN

3 CNHJTRIZHFI
WFFE R, AN [ [ CNEE R 5725 2 44 F TR [ 1
=B (1 2), (e AT AT 2 3 i A ) 0 AR L
TEELLE 5] T Mk T i R T g,
3.1 BEAETRLR AL P R R RS R T
TEBEZRANML T | AR 1 b P 440 i B 25 1
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AEEMIERIIT S T, W ER PR e, 7EMIR A
e AR R BLE N 5T b S i R 1R AR ) AR PR 2
gt B B 2 B G5 IREla. ATFP6A PERK A2
A5 5% %, 75 N I RO 0TS JE 9T B 2R
FURSE, TR AT T (] 2A)227, 5 s 4
i 3 B P B ) SRR T 46 T R SR A R BOAH — 3K,
CNE 1B B8R 7 38 78 38 140 i () % & 450 7E

ELANEJE R RAFEASFING s B VA OC, 1X v] BRI T
R s R AR R R TR ERE P, 5
ELANEREH 57525400, G6PC3IEK 5848 2= S 3
J S8, AR SRS £ 55 GRP783R 1A /KT T 1= BA B
elF2ABEBR AL /KT Th i B, EAE RN, AR
B 1) ELANE S PR 975 4 228 1 UPR T £ P Jiit ) B2
. COREY #4255 175/ iR 32D 4N iy 5 F1 A NB44H]

RARANMIET B Er R E AR MR AREE S RAPERIZELANERAZEH (p.G185R), AIFFik
(A) ©) °
ER lumen Monocyte
BIP{ g@l Unfolded/misfolded @ @
O _| 1 clastase
IR_Ela o PERK ‘—4 -
% lycosylatlonx g {@
Cytosol i '
l Phosphorylation Phosphorylation l STomTTeett -‘. E
XBPI mRNA sp]icing? ATF6p50 * ' '
Neutrophll{
XBPI)A 4
: Nucleus I—) UPR gene 4 Mutant ELANE
N/NINININININIS AN\
(B)

®

© Emergency granulopoiesis
© Steady-state granulopoiesis

Nicotinamide

Extracellular

Cytosol

Nucleus

A HE A L 9AR s H A T 35848 1 Elastase 8% F17E PR ) HR S BE B IE i 91 2 UPR, 5 BUPRA 38 8% 9 0, 51 R AR T, B: HAXT% 5
A 5 AE W] B T AR 2 I G-CSF2 M5 5 8 T4, FEOT YRR R & Walis; 1M 4 G-CSFAR 78 ¥4 97 7] LLIUE C/EBPB(CCAAT/enhancerbinding
protein) /- F K PRI 58 SUE U AT . C: R R B ARG SR 1 2R 1 3 BURE R AR B SR, R A R AR ) 2 H kb, i A 2

% B g m.

A: mutant Elastase cannot be folded correctly in endoplasmic reticulum (ER), thus triggering unfolded protein response, related pathway activation and

cell death. B: HAX] mutations and other mutations can block the steady-state G-CSF receptor signaling pathway, leading to impairment of neutrophil
development; G-CSF supplement can turn on emergency granulopoiesis through activating the C/EBPf pathway. C: dysregulation of myeloid-related
transcriptional factors may lead to unbalanced myeloid cells development, as evidenced by a decrease in the number of neutrophils and an increase in

the number of monocytes.

E2 CNEIRRIEHLH
Fig.2 The pathological mechanisms of CN
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A R ILUPREL K Akt vh & A g sE 15 #,
AT B ELANER A2 5 [ (p.G185R) &3 1T 2 22 24
IO FRY 2 S L 7K~ 3 T S D J AR 200 1) o S 4
IR

WA, HAXTHE R 98 A8 2 5 BURE 2 A0 14 40
i T2, A O 5258 i 4 £ 5 BCL-2(apoptosis regula-
tor BCL2). BCL-XL(BCL2 associated agonist of cell
death)f1BIRCS5(baculoviral IAP repeat-containing pro-
tein 5)3& K ik 7K ~F [ A, LA A BFLI(BCL2 related
protein A1)FIMCLI(MCLI1 apoptosis regulator, BCL-
2 family member)Z [K 2 1K 7K~V T 303, HAXTHE
PRI R AR 3 W] e 1 AR A A 5 BOE R A AR 40 i
SO, BARNUH N HAX TR RAL 22 T SRR BRI
(R4t 2 e n, 51k ok i Th e < M. it Ak,
JAGNIMSLC37A43k [K 5822 [FI #f-2 51 B HiE 2% BT /R 4
i P J5T P S JORTR T2, S B PRI R B AT
3.2 G-CSFEHIESHFER

G-CSF3Z /R {5 51 i /& i 455 16 I 20 i B8 3%
R AR R 4 A R SRR AR LA . BB P CN
) B30 2 IR 4 B 1) 2 A7 T G-CSFAZ AR {7 5l i
H, FEARG-CSFAZARAE 5 SR 1 ) BE 2 CNIY I 2 EUR
HUHIP, (B 13 B 42, G-CSFZARAS 5 8 % 2% i
K AAEG-CSFRAK ) T i, 2 5HAXTHE R RAAT
R, Hm AL B2 FER 4k B Fad ki, 52
XF N PRS2, I PR B Al R I B B 4 G-CSFYR T 5 &
A LA 2 5 iR CON R B A0 A/ J v 4 40
HH, HHUHI TR XR4E iR B R S oS
15 FI(EI2B)PY. 1T % - 5 75 CSF3RZE A IICN B 4,
G-CSFiR T N BB AN i o
3.3 BWRALBHEXERREFRERKRS

B 7 R R AE D 2 b, K2 BCNR# i 2
(7 I 2 T B0 A% 0 A0 0 TR A A 240 i 8 15 189 e
ERER K B IR, BARAR A Hp PR A i A R
PARLEH I FR) A= ol 32 38 e 33 D] A R 3R 1 3 285 1
e FECNEE T, S5 ERign iR & %V K
ST T-C/EBPaf ik K P 5 2 WA, T 5 i
KRB A RN EFFETPUIFEA B3 Ut
U, FERG ST T T, BRI E 2 AT
NERAZ A E(E2C). thAh, DNAZL & & E ] 5 1
ID- 1/E g s i P IR o i e o P 40 R ) 8 O
[ P 40 s o P P WL A L R B o A R P 40 e 2D
SR E T, BT ID-1 20k ISR, R rE IR

P KB 2 AR R 3 2210

4 CNHYlmPRF IR

H I G-CSFAh 78 2 L AT S R At b Pk 4 i
b B B E IR IT TR, N T e I AN B
B BRI G A SCN B B R PRI & B 4HG-CSFAh 78
MPUERBEIRIT. K2 HCONEE £ 3 % G-CSF
YBIT 2 05, FLAMJE I PR 20 e rX B H T e 4+ A
15 B T IR K- (> 1< 10%/ ). AEASE B
72, BIRE HG-CSFAM 78 1] LA % CN U 3 A1 JA if rh
PR A R =, (L H P R AT B ) h BE AN BE 8 A Kk
52, Bl R SR IR AR Hh PR 20 i SR H A e
7 AR R AR S0 A P B AR A5 ) B4, e, E
“HG-CSFHN 78 ¥ I7 2= 3 35 38 o ot R 1 A P s 4 g,
Yek/b 5B T SR AMLEIMDS [ KU1,

S 2 DR I T 20 M A AR CNR 3 1 o — VR YT
J7iFe St EdE R W, Bz e AR DR i 40 iR AS A
FICN ISR A A7 Tk 80% P . SR, =
DALt I 20 PR A% AR 7D SR T I DA [ @, Bl s
PG R A 1 B PUAE 0 A B B B R,
PL ALY B80T 5 2 AMLER Fo A 48 P % 4 B
Jei RS IG NS5 . b Ab, s A K B 4 Bt )5 (human
leukocyte antigen, HLA)AH & b4 i S5 Ik R ik 1fi 41
2 L 1 T ) BOR BELAS, TS AL J5 R A I RS AR P T
15 9% (graft versus host disease, GVHD) & & 1H £ 34
TG A BB 3 25 A

5 CNHYERATT

HT4AEK, ACRISPR/Cas AR 2 (194 K g 4 R
() PR R st A M IV 2R e i BRVE 9T T RRE T3
() LR T, ) FH DR G 5 AR 0o 20 A% M LV R Gk
o R SRR 1)t I 4 B AL AR AT B B,
B 5 2 I ()3 40 e [0t A R, T DL
BRI T A DR A A B I AN I A0 L P )B4 1 If
ARG, T RE T R & B A i
TN AT L M g, BE 8 A 508 e S P HE T OB,
I H BT B A M40 B sk = g i 1, o] DU
FaAER A% A I 1) T AL B B R, DR b B A ) R ) B FH
o
5.1 CRISPR/CasER%iEH 55 CNIEEIRTT

A 231 1) 22 IR G 48R 2 2 I i 32 4 A 1) (]
“H(homologous recombination, HR) & 4t %A 2 A [7] &
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J7 B R DRy BBk S 30 35k LR G 66 1) 1491, SR TG, [ B
SRR IR T AR R D g 4B U K R . P&
B R 2 4 B R (AN BT K R, AR Il A 3 1 2k 8] s 6
BRI IZ N, BRI R 7 1 R ) O
ZLAREE DNAXUEE , WO 4 B R M R B L ) e s
I RE DR i 48 5 AH QB AL 455 [F)JR A 1) DNA
XEEAEH (homology-directed repair, HDR)™, FE[A]
AR i 1% H2 (non-homologous end joining, NHEJ)P" LA
KRR A S 10 A i 1% 4% (microhomology-mediated
end joining, MMEJ)*!Y.  H #if FH T~ F: K g 5 (1) A% BRI
FEAFELL R JL2E: EAZB(meganucleases). £ TR 1%
R I (zinc-finger nucleases, ZFNs)F1 4% 3% K14
YN A% PR B (transcription-activator-like effector nucle-
ases, TALENs)FARf3 (1] [ B 7% J [R] SC 25 &2 /5 41 A
HAH A% L [(clustered regularly interspaced short
palindromic repeats (CRISPR) arrays and CRISPR-

Nucleus

Meganuclease

FETTTTT .
LLOLLL]] TN

Zinc finger nuclease (ZFN)

ZFN domain
Fokl
[TTTTTTTTT [ Vol
EEREN [ ] ] ] LIL]]
Fokl
9 nt target site spacer 9 nt target site
5-7 nt

Transcription activator-like effector nucleases (TALEN)
TALE domain

HFokl '
| G | |

[LLLLLLy Iyl

[T [
i

16-17 nt target site

Cleavage site

Double strand DNA break

associated (Cas) proteins)]5Z(&13).

T SE R H R PR B A A S gt A S
HOAERT EUBTRAE, N A2 RSy % DA TT A FHCRIS-
PR/Cas ik NS AR TR AT ELANESEN 2%
B RAR TS RNE PR M 5 6 IR0 AL ™, 1
W EE, M E AR SARNE E ELANERE DRS00 A2
A AT DA e R A R A R A IR R 2L, ATk 2
TR H ). TRAN LRI SECE S CRISPR/Cas % ]
G RPN ELANEFE K45 A 21 B R R AR (e.515
T>CO)ik 4T T8 E . HIEARD B NTE sgRNAK 5|
T, FIHCRISPR/CasOtZ i #% & 1 2 & Y (ribonucleic
protein, RNP)E bR fi RAZ I gEAT V1%, Faid
AAVH S IEH 454087 7 51 DNABIR 5 A 41
Har, FFH HDRALESS PR AR AT IE . R 1%
J7iE A ERTRAX BT A BB AE AR R AT R K,
fHR AR RN E AL T . &5, 5CN

Repair mechanism

. a. Random insertions/deletions at targeted sites

Non-homologous end joining (NHEJ)
T
I

TTTTTTTTTTT T TTITTTTTTTITT TTTTT
PLIV i pigrnging INNNE 1111

— | Microhomology-mediated end joining (MMELJ)

[ ] TITTITTITTTITITT
.

—— IR NN NN RN NA NN

b. Targeted sequence replacement
(mutations, gene correction, gene knock-in, etc)

Homology-directed repair (HDR)

El3 ZERESN SHERRERARRIESE (521220

Fig.3 Nuclease-mediated gene editing technologies (modified from reference [52])
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A KM ELANEFE R RAE 215300521 (E 1), #E AN A
(1) 35 DR 98 A T TR S PE 1Y) sgRNA DL K DNAfEA
MR . BT AR 8 ELANERE R 9738 () CN B 2 5
AR, A R B PR AR T R (1 2 KR 97 5k
WETEIG IR BN N E AR . 5348, HDRACR
I HAFEE (0.45%~57.00%), 3E—5 BRI 7 HAE IR
R,

RT R AT BAYA TT CON 38 78 2 K] G 6 S S,
I o 2% 2 Bt T BAUER 4% [4] BA OV 3ok Xt ELANE
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