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NHE]-mediated rep/ HDR-mediated repair

Donor Donor —
template l template l
Insertion or[HBIEEION (indel) mutations Precise nucleotide alterations Precise sequence insertion
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Discovery of

IUse of engineered finc

DMA double Homelogous Finger Muclezse for gene- F'-'5i”_5 of TALE and ) ) )

Helix structure recombination specific transcriptional Fokl for sequence Use o EH_l?:PFl_I Cas9 for

(1953) (1982) regulation specific double strand  site specific DNA
(Beerli et al, 1998) DNA break Cleavage

(Christian et al. 2010) [linek etal. 2012)

1982% , FAHEIRERHNGZHITEEITE. BRMEIRE , RIMAZZIPRS,

1998£ |, Hl ¥ B —RNATHERAIEsA—FEZEEATIES ( ZFN ) 52K | $HER
g%ﬁ%ﬂ%ﬁ%ﬁ DNA RIZERH[R , ZFN Et#HEEREASHENTIEE Fok [RAGHZRHIZERAIY]
B,

2010£F , HIME _NATEREE——SEe RS E F ML EES (TALEN) IR,
TALENHHDNAZESEHTALESZERATIEE Fok IRIETIM. XMFRAEEIEIDNAL
SEHBIFRDNALSSS | EFokIiEREERYER TS E =I5,

20124 , HI 7 Cas9fzAR , ERHRNAIESHICasizFR NI EERIsEEEHITIZIBAYRIA.
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Discovery of Usze of engineered finc .

DMNA double Hemologous Finger Muclease for gene- Fusing of TALE and

Helix structure recombination specific transcriptional Fokl for sequence Use of CRISPR/Cas9 for
|:1953| ilgazl rEEU'EfEII'I 5F|E|:iﬁ|: double strand site 5F|E|:iﬁ|: DM
—— (Beerli et al. 1998) DINA break Cleavage

(Christian et al. 2010) Uinek etal 2012)

2008 2011 2013
ZFNs TALENS CRISPR-Cas9
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PefEtxBel8 ( Zinc-finger nuclease, ZFN2—36 A L& AHIFR
MHERYIES , REEEDNALS ST ( zine finger DNA-binding
domain ) S5IEHIERYIEERIDNALIEE, ( DNA cleavage
domain ) BRSTAK.
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ZFN =
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DNAiRzITNEELE - % Cys2-His28#8%EH ( zinc-fingers )

B

SBECER (—R3~41 ) |, B EHEEEIREF A — MERN=

BRI,

[F4  [LF3 ZF2
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[ 5B “Jﬁ TR

ZERMItIESINRERY | ISR IEERtIERFokl, 2Rk —ERIFHRT , 11
ZIWEEDNA,

MFRZFNZ [BREHIRA "EfEX" BYspacerisfy , 1ZE5HHIIKE

A5 ~TbphE., SR "EREKX" &t eRIEZFN_RHE

J§E§1:jéﬁlj_ /E |E—L| uw’i‘iﬁ“’z‘?&d&ﬁﬁﬁfﬂms
CWM

ZFN blndlng site

FokI nuclease
domain (Fn)

FokI nuclease
domain (Fn)

ZFN blndlng site

Clarmings * Amino acid
Finger1 Finger2 Finger3 linker

ZFN finger domain

T
ZFN full site
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/ (1) HHELE AR A ZFP \

e ZFPIEE i

AR

" ----------- E\\
AR A E Hyat s —ZFA % E
e mzie B sizeascr B !
¥ i A % E
|‘ AR S A ZEP 5 ! (2) BEFEE 24 11
\ Y | J Fok 1 YI#I%5 5%
(3) AL H ZFN BB
(4) EAMROBIZEN (S)ﬁ’%*ﬁ'ﬁmgw
) I HSE BN /S HR
(Rrmgit) T B A A AR

[ (©) SI Ak A, |
HEATIE AL SR

(7) i ra AE 1

B L [
I 5

(B%ZF, BtE, 2011)
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(1) F e gh 6307 SR ZFP

e ZFPIEE i
FEAN AR

ZFNIZTTHER MG

\ ZifBase, http://web.iitd.ac.in/~sundar/zifbase

ZIFIT, http://zifit.partners.org/ZiFiT

———————————

\

FARME S &

fyE s —ZFA %
S RIE HZFP

s ZFASCPE

M S A ZFP

oo T WD W W - -
>
\h---—--_'

o 7 T A5 %
e

7

(@) EFEiE M
Fok 1 YIKIZ Y

http://mccb.umassmed.edu/ZFPsearch.html

http://www.addgene.org/zfc
(4) SO HIZEN (5) BFEE SR
H DB A A15E GBI SR HR
(RIH& L) o mm ety | ZIFDB, http://bindr.gdcb.iastate.edu:8080/ZiFDB

[ (©) SI Ak A, |
HEATIERALE S e

(7) Fr il 7 A 1

eSS A, IR
b7) K1 L 5

(H%%F , &%, 2011)
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20084 , BN INHB(ERAZFNEERIERN |, WHEaE
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LETTERS

nature
biotechnology

Heritable targeted gene disruption in zebrafish using
designed zinc-finger nucleases

Yannick Doyonl’s, Jasmine M McCammon??, Jettrey C Miller!, Farhoud Farajil, Catherine Ngul,
George E Katibah!, Rainier Amora!, Toby D Hocking!, Lei Zhang!, Edward J Rebar!, Philip D Gregory!,

Fyodor D Urnov!? & Sharon L Amacher?

Targeted gene inactivation in zebrafish using engineered
zinc-finger nucleases

Xiangdong Meng!*, Marcus B Noyes!?, Lihua ] Zhu!, Nathan D Lawson!* & Scot A Wolfe'
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(ERZFNRZAREZM D & kdra R

| zFp1
5-GAAGGTGTG s
- 5" target site
2
2 4 Binding
- A specificity
S0 e o e R
Finger 3 Finger2  Finger 1
ZFP2
5-TTGGTGGGAS e
- 3" target site
2
2 4 Binding
> = I A\ specificity
o e e W
Finger 3 Finger 2 Finger 1

( Meng, et al., nature biotechnology , 2008 )
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Selected Anchor

~_— //‘ —(T Vo
fi ge! f}"%ers/jﬂ\ 5/15 \ polymerase
4 { T~ /
Initi IZFP & } = -
nitia
finger i ¢ ¢ Pl
selection S:DMED_D HIS3 URA3S»

Targetsite —35 —10 V

Selected Anchor Selected Anchor Selected
finger no.3 fingers finger no.2 fingers finger no.1

v O A Y™ Pools of
{ @ } selected

Recombine ZFPs
pools of
selected

individual
fingers

RNA
polymerase

Final —

selection HISS> URA3>

( Meng, et al., nature biotechnology , 2008 )
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d pCSHA kdrex2ZFN1

N \_AAAAA
SINLS] HA ICZCEER) Foki (RR) —— Deletions
HCSHA kdrex2ZFN2 Wild type  GAGATACACACCTTCAGCATGTTGGTGGGACACT
AAAAA e T T ———— ACACT
|' _ 8837F GAGATACACACCTTCA------------GACACT
NLS] FL Fokl (DD) —— 883.2M  GAGATACACACCTTCA- ---GTTGGTGGGACACT
' Insertions
. / Wild type ATACACACCTTCAGCATG----TTGGTGGGACACT
b

_ s 889.1M ATACACACCTTCAGCATGCATGTTGGTGGGACACT
\ Co-inject one-cell-stage embryos

]  WihZFN encodingmRNAs Wild type ATACACACCTTCAG-~--- CATGTTGGTGGGACACT

gl \ 889.7M ATACACACCTTCAGATACCACCGTTGGTGGGACACT

Assay morphology
Assay lesions

at ZFN site

( Meng, et al., nature biotechnology , 2008 )
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Iil%ﬁi“:ﬁiﬁlﬁﬁlﬂll.

= TALEN (% R BUE = BN & F B B8 , transcription
activator-like (TAL) effector nucleases)fVEERIEE IR AR
—ME RS FEYI=TH , IENATHE. B, H285
KEFZEARIIER,

o I : 19894 , BMIERAEEIEEE ( Xanthomonas spp. )

avrBs3 E[HA,

O xE : 20075 , RINEHRIIGFHEARE ST,
20095 |, TAL effector R ERRFS SIABREEFSIHIZERS
HARIE

O/ : 20114 , Nature Biotechonlogy EIRY A ZRARETALENE
ARPRNEN — R




TALENSZEHI4S =

/ */ http://zfish.cn
cz((®

[l 3¢ BE 5y 8 5 5 ol
CHINA ZEBRAFISH RESOURCE CENTER

Bl A

1
7N

UAg TALEN
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TALEN NH.
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AR EREXTALEEE S 5 41RYH

5 Foklizlz WYJEETIRERY Clnssraig 2B Ak,
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Fokl COOH

TALFE 5138 54tk
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il

DNAIRAIE - RITALERER=SERAER (—R200MER ) |

PMTALERRBIHEE— DXOMANRE.

ZENYJEE - ARSRIEZERNTIEEFOKI , 2R —RUNITYIEINE
DNA,

Al

136aa 63aa
TALEN N, S = N coo+
NLS TALFF 58 5/ #1
AN
- BEPR R = Rl
RV e NG=T
V4 HD = C

\\ & N NI =A
W’\\\ ' = GIA
1 _ y




TALENsHY SR IEFTERY[RIE

— LS REIRFEEERTALE , EUEIEBRENERESE
X35 ; PATE AR R 2 BR R 1) B FokI) X 12 DNA M T i Ak
DNAXYsEHZY ( double-strand break , DSB) ; i@ BE(Z
8 | 5ERERIRKEEEEE , M5 [EEREEE,

FoKIRBTER R —RFRIHET B RNESEE.

Nucleolytic target site s—Tl4to Eﬂ_bp—H
5’ s _. Fukl) 3’
Fokl |
Left TALEN W Right TALEN

(Generate double-strand break



http://zfish.cn

czlRc

TALENSZEISHIETREE

[l 3¢ BE 5y 8 5 5 ol

TALENS$ERiRBIRRIGEE
4

TALEN sZRX[FRIAVIIE
{

TALENsS A\ iR Z a0

!

EfrE BRI E P RIFIE




http://zfish.cn

czlRc

TALENSZEISHIETREE

[l 3¢ BE 5y 8 5 5 ol

GALENSE#JH%U*EH&*@;

T

TALEN sZRX[FRIAVIIE
{

TALENsS A\ iR Z a0

!

EfrE BRI E P RIFIE




czlRc

TALENs$E iR BIHRIRAGIIE

[l 3¢ BE 5y 8 5 5 ol
A ZEBRAFISH RESOURCE CENTER

CHIN,

CA TCAGCT CAT GCA GGC
BEC BEBG NEE BHE RBH NNB

A A 4

B B BB HE M NE

(_ )
SRR - P
NG =T E1E'|NH1E"EJM
HD =C
NI =A
=G/A
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o TALRYZERIRBIEITTESRESEEIINMKER (1 :1) , BMRITERER.

o iR Y EHMRIZFNGZAGIRMEEBFERRS , FiRBIFIEEZ L
TiFFFIRZNEFDR , MABZFNBSFEEIFIRIEHE.

® SCIORHARE | AAIE.

o SHE. BRaBiEiRS , BIIZENAI0%LAL |

o FTERFFY. g, WMIRE. RIINABRITEY). BE. HS&. ME.
RERAZMARS.

o BFFBIERARZ E R , FRIRBIFHI TR ER B FRIESFS.
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20114 , ERBINMBERATALENERRERA , WHSEERE
HHITISTREIERSRIE. (tnikb/dip2a/hey2/gria3a),

CORRESPONDENC

Heritable gene targeting in zebrafish using
customized TALENSs

To the Editor: prepared all 16 possible combinations of DNA containing a BamHI site (Fig. 1a
Studies of targeted gene modifications double units, we used these elements for and Supplementary Fig. 3). To detect
are of great interest in basic research subsequent construction of TAL effector mutations, we PCR amplified a 353-bp

CORRESPONDENCE

Targeted gene disruption in somatic zebrafish cells
using engineered TALENSs

To the Editor:

Miller et al.! recently described a hey2:
transcription activator-like effector #1297/ #1257 Mutations in 12 of 110 sequences: ~11%
nuclease (TALEN) architecture for efficient GCTCTTCCGTTTCCACATCCACCACATCCCAACAGAGCAGCGGGAGCAGCAGTARACC WT

genome editing in cultured human cells. oo
We sought to determine whether the same GCTCTTCCEITTCCACATCCACC
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CRISPR-Cas 34t ERBED S FEh
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Casl Cas2Csn2 91 S$I¥5)  CRISPR

tracrRNA
/ N

= EmuEsEs
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2010
type Il CRISPR-Cas
c}:ﬁz target DNA 2011
type Il CRISPR-Cas
includes tracrRNA
2005-2006
CRISPRs contain viral 2011
1987 sequences, cas genes Cas0 is only cas gene
CRISPRs identified, hypothesis needed for type ll
described defense function
2007 | CRISPR-Cas9
CRISPR-Cas is is RNA-guided
bacterial immune DNA endonuclease
system

€ 19874F, HAWFFEE—Ph A gt BB LR B IR By 2 Lo 2013

DR 9 A X 45 PR A0 i B — /> B E TR R ) B R P B AL R e

T B R BB iE A E — BRARKKRE R cther eckamyotes
®2013LM 5, PAENFIFHCRISPR-Cas9R S, MINTE

AR DR RS EFEYI L SEOUR R E R B 1

(Jennifer A. D. SCIENCE, 2014)
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S iy,

V 4 N
ff’f &
| I,a’ cas genes CRISPR locus \.\g
I | l Leader ‘ I l l l -I

Repeat ‘Spacer

N1l
@ r®~ Repair and/or recombination enzymes

Acquisition |Spacer acquisition |

\ 4
—m o ) —— Bl TR R
Transcription

Y Pre-crRNA
Expression @ st Nl N ”

K'O or

Casb RNase lll

‘ crRNA processing ‘

J crRNP assembly
and surveillance

&S,
— . I| [
B i 1
\ Y v degrtion

—_ -
I o

(John O.. Curr Opin Struct Biol. 2014)

Interference
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CRISPR-Cas ZR 1S =

Hij 57 Fy 91 Ev-aigll i)y 37

CasEE CRISPR%)
( CRISPREEH ) ( BkiERY. MBERRIERINES RS )



http://zfish.cn

czlRc

CRISPR/CasZEHi 4 %

[l 3¢ BE 5y 8 5 5 ol

CHINA ZEBRAFISH RESOURCE CENTER

Expression Interference Adaptation Ancillary
| I i I I
Pre-crRNA Effector module (crRNA and target binding)  Target cleavage Spacer insertion Regulation, Helper, role
processing dormancy unknown
| || 1| || 1l || |
- - Type | [cass ) (([[[[cast ) (cass))(("ss*) ((CassiLs) ( HD cass” | casy|  (Cast) (Cas2) (Cast)
N
a| Type |l (SR IEDED =os ) ER S
(&
eV - ) CGREEED - .,
~ i Type [l E?Nase I@[ Cas9 ] [0331] [CasZ] ‘E%sfﬂ: Csn2_:
% TypeV | cof . IR
o P
Type VI =+ c2ez . E3ER

(Prarthana M. science. 2016)
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Expression Interference Adaptation Ancillary

| I i I I
Pre-crRNA Effector module (crRNA and target binding)  Target cleavage Spacer insertion Regulation, Helper, role
processing dormancy unknown

- Type | [cass ) (([[[[cast ) (cass))(("ss*) ((CassiLs) ( HD cass” | casy|  (Cast) (Cas2) (Cast)

/

Type IIl {cass  ([{{['cas) (cass) ([[[ss) | Cas10/LS | casticas2l | carF
s5

eV ¢ D CR@EED : e

(Prarthana M. science. 2016)
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A  Genomic CRISPR locus HiIL
ENTER
Maturation and interference Adaptation
[ 1 1
tracrRNA cas9 casl cas2 csn2

Y ) ——momemonenoROn

cas operon CRISPR repeat-spacer array

B tracrRNA:crRNA co-maturation and Cas9 co-complex formation

/-RNase 1l

pre-crRNA (precursor crRNA)

tracrRNA

C RNA-guided cleavage of target DNA

ﬁ\ R- |OOp (:\ Tal’get DNA ‘ﬂ@,,’,’nu
~ "“ (1}
targetlng “formation / Cleavage 1y

uvC
11— i NELALGL T _—

-\ //—

LB

(Jennifer A. D. science. 2016)
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Cas9 programmed by Cas9 programmed by
crRNA:tracrRNA duplex single guide RNA

(Jennifer A. D. science. 2016)
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Guide RNA /s cas9
Active /'/ > Ta
O _ sites \’\.é) /_,/ g
"y -
Target specific /\'f‘-, y -
crRNA sequence \i N
Target DNA
sequence

1
2

7o ahp T AR %

b 2,
~_./\~./'~'_/~-‘/ NS

—

Double-strand break (DSB)

Endogenous DNA repairs at the DSB site

Donor DNA
(ssODN or plasmid)

T T
LULULU DU UL

Nonhomaologous end joining (NHEJ) Homology directed repair (HDR)

LU L LT Small insertion
C ATEETETETTT
S Knocked-in DNA

saquence of interest
I L
IR TERNRRARTN IR TRRATANARRNANANIR

Random mutations
(active in bath dividing and nondividing cells)

||'||'||||||||||| Ll |'||||||||||_|_|_|_|_|.
—_

Precise gene modification
(active in dividing cells: G2/S phase)

(Jennifer A. D. science. 2016
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Type lI-A Streptococcus pyogenes Cas9 (SpyCas9, or SpCas9)

}DLD 5Il5 94 718 765 780 H8_4ﬂ g06 918 1099 1368
RuvC-l  Arg Helical domain (I-11l) RuvC-iI [ “ L1l w

I [ T

NUC lobe REC lobe NUC lobe

SpCas9 nuclease BA:
® RNA £&545131T;
® an a-helical recognition lobe;

® a PAM-interacting site.

NUC lobe
REC lobe

® a nuclease lobe:
NHN : SAEStIEI 5 crRNAE #MifiE =Y e
RuvC : A EE#MERILIE el L

(Fuguo Jiang, et al., Annu. Rev. Biophys. 2017)
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® A\ T/&trans-activating RNA ( tracrRNA ) FICRISPR-derived
RNA (crRNA)&E#E,

® Seed region : crRNA 3" IREEITPAMIX10-121ntiRE ¥ EE
JREERVARTRIE,

20-nt guide
(spacer)
Seed region (~10-12 nt) CerRNA repeat -
51_ g . \ / /
/ / /
! 10 0| | [ 1o |11 | ot vt
20-nt guide (spacer) ; , (fgmr)egnon
[ [ ]em 65 50
; tracrRNA antirepeat
Stemloop 1 &0

linker _ &/ )~ E =
5 .
!
o ||| e, Otem loop 2 ‘ jalm)) | Repeat-
antirepeat
Stemloop3 | [ I 11| duplex
-3
/ /
110 118

(Fuguo Jiang, et al., Annu. Rev. Biophys. 2017)
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® A T’i&trans-activating RNA ( tracrRNA ) F1CRISPR-derived RNA
(crRNA)EE.
® Seed region : crRNA 3’ iBEFIAPAMKX 10-12/ntiRE T HERIBATSHE

—

I bt =
g =% | 20-ntguide
' (spacer)
Seed region (~10-12 nt) c}rDRNA repeat "
T 1 / {
54, NNNN] ,
1 10 Aol ||| 1o ||| od e
20-nt guide (spacer) 5 , (1e§mr)eg|on
[ 1| em 65 50
; ’ tracrRNA antirepeat
Stemloop 1 80 finker >
% . W A
) 4
o ||| e, Otem loop 2 Y| Repeat-
antirepeat
Stemloop3 | [ I 11| duplex
_3'
/ /
110 118

(Fuguo Jiang, et al., Annu. Rev. Biophys. 2017)
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® A T’i&trans-activating RNA ( tracrRNA ) F1CRISPR-derived RNA
(crRNA)ERR,

° I p e AN — = \Jr
® Seed region : crRNA 3’ EIAPAMK 10-12ntiRE T HE RIS
1 5' ) / j
r£E° = | 20-nt guide
3 ’v'/ ey (spacer)
Seed region (~10-12 nt c}rDRNA PEPEAL - =) % = / .y "
- T . - f ! I 4A ‘,"_.‘{ ‘ Lt S /
5] ‘ WaSs -0
! 10 Do | 1] 1o |11 NS @S L ZT\ 0 s rei
20-nt guide (spacer) 5 , Stem loop 3 ‘w}\" Ak ¢ (10 nt)
[ | ]em 6 50 - Io 5 N
; ’ tracrRNA antirepeat P
Stemloop1 &0

linker

0 = N | (&

ST s K st loop 2 §T‘3‘ﬁ.‘ N - : <

- 4 G Z g
Stemloop3 | I 11| %b‘ G _‘
-3 %

¥| Repeat-
antirepeat
duplex

i
110 118

(Fuguo Jiang, et al., Annu. Rev. Biophys. 2017)
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® A T’i&trans-activating RNA ( tracrRNA ) F1CRISPR-derived RNA
(crRNA)ESRE,
® Seed region : crRNA 3’ i#FEITPAMX10- 12Ant,9&rt7%lﬁiaﬂ’ﬁ i

—

A yy
1 : /
|‘£Eo f=S=Sem | 20-nt guide
ey (spacer)
3" gy
Seed region (~10-12 nt c}rDRNA Fepeat - é § > L
51_ l ! 2 < " / { A \“‘ | / :
\ i Do [ 101 1e (LIOIEELTLIL] e \"‘ "‘é’ o
: = VA & g
20-nt guide (spacer) ; 2 Stem '0093 ’ . (10 nt)
[ 1| em 65 50 ~
; ’ tracrRNA antirepeat
Stemloop1 &0 finke
%
) 4
* Stem loop 2

o ] | e

¥| Repeat-

antirepeat
Stemloop3 I L1111 - duplex
116 1118

(Fuguo Jiang, et al., Annu. Rev. Biophys. 2017)
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PAMZX&Seed regioniE 1 sgRNA-CasOE S4IRTHEN mpTkE
FERBIFITIEL,

C Increasing lifetimes

3D target search _

'/g; /g; /g% //f; ﬂi&

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Complete target PAMs plus partial complementarity PAM only No PAM

T~

PAM recognition and

local unwindin
g l Sequential R-loop PAM-dependent DNA cleavage and stable

expansion nuclease activation " product binding

==

—

(Samuel H. S., et al., Nature. 2014)
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¥E 5 . . + \ wuaaaribteagepipdoed i
VAN Y &1 —
(B)
__mw Cas9 mRNA/Protein
; or + ssODN

' or + dsDNA
“ \ Screen FO

sgRNAzCas9 mRNA
RIHIER

D E
l o Raise F1 /

Screen f
FOfounder%g - RN
sl F0 & =-— > Pphenotype
: ; D) @
= = Q < e
ARRYAMLINAL

l (F)

* F1 %—j\/
BirEERPREEFAYIHIE " B

c———p

=

(Mingyu Li., et al., Trends in Genetics . 2016)
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& BIEFE , EaEHtES. sQRNAEE FFIFERAFT BRIt
Bic , Cas9OASXIDNAFAITEIY]. ZmiSsgRNA BIFIANEIT 100bp , FELE
EUFaZZ TALENSFIZENSE BB 518 , AT CRISPRAYSgRNAIREIFFINE
20 MZETER,

& CRISPR/Cas9Z& A2 HRNAFEHIXIDNARE M , EHER

W
DT
i
3T
|
@
i

& ERIEIHRS,

& EFRBEELISHE | fIAEHR. A, 1IH. BiES.
& FHPFRRS!, AT SEMRSREER S MR BT ERER.

& SCIREHRE | TERENEAT
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MAFEENEIR. BAUREERE. G, RW=EF, B
B RS ..

Transcription Epigenetic

Gene editing/knockout repression/activation modifications

Generation of Genomic imaging Lineage tracing
animal models

sgRNA library Screening :1 FIt.lporrOiZEsnt o

S| €8
(o) )

e - o ||eeee

Large-scale genetic screen
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crRNA for multiplex editing a {gu\-‘-ﬁ E
N

—> B B B

I ZE RIS

— (b)
RNA editor
Adenine deaminase catalyzes
A to G conversion nﬁ
& p
5' y 3
|
L a ]
5 Y 3
(c)

Third-generation base

Cytidine deaminase catalyzes
C-G to T-A conversion

C T

5 _V 8y g 5'_' 3
S'T 5 3 TS'
G A
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T
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20134 , NAATHS&AIMEFHERER.
EOE] 10 M |, SS35RER ¢ 24% - 59%.

BRIEF COMMUNICATIONS

nature
biotechnology

Efficient genome editing in
zebrafish using a CRISPR-Cas
system

Woong Y Hwang'’, Yanfang Fu?37, Deepak Reyon>3,

Morgan L Maeder?4, Shengdar Q Tsai?3,
Jeffry D Sander??, Randall T Peterson'>,
J-R Joanna Yeh!® & J Keith ]0u11g2‘4

complementary to a target site (Fig. 1¢). The sequence of our sgRNA, like
that of another recently described?®, differs from a sgRNA used in vitro®
in that our sgRNA contains additional tractRNA-derived sequences at
its 3" end (Fig. 1b,c and Supplementary Table 1). For initial experi-
ments, we designed a sgRNA with a targeting region complementary to
a sequence in the fh gene (site no. 1) (Supplementary Table 2).

To determine the optimal quantity of each RNA species to use for
genome editing, we microinjected varying amounts of fh-targeted
sgRNA and Cas9-encoding mRNA into one-cell-stage zebrafish
embryos; we then assessed the frequency of altered alleles in single
embryos using a T7 endonuclease I (T7EI) assay (Supplementary
Methods). We observed targeted insertion/deletion mutations (indels)
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1590, AIOHBSRIBERT T efsrpFlgatas,. SRERIPORESERE
HYetsrpy!! mutantfifautm23ta mutantz=E4FE—2L.

(gatab)
Wild type y11 mutant Cas9/gRNA

Tg(fli1:eGFP)

etsr
Wild type g:asngRR
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SEMN DA ZE IR RTFYE , Jaos i casdiHiT 7 iiE , EFIEMT cas9TER
SafysETHE, FIEMISAEEEcas9 |, JaoSEEHE & AN A INHT
TS EERERTEEE, REAMERIA75-99%, HE , IERE TR EEE T,

l Control | penta gRNAs (o x1f/0 gip/gol/mitfa/tyr) + nls-zCas9-nls |

526 bp-

| mnx1 [ |

penta gRNAs + nis-zCas9-nls (severe) E’ (bp)
: 850-
500-

- 300-

i 100-

(L| En Jao, et al., PNAS. 2013)
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SEM DA ZE IR R |, JaosE i casiHiT T E , EEIRMT cas9TER
SafysETHE, FIEMISAEEEcas9 |, JaoSEEHE & AN A INHT
TS EERERTEEE, REAMERIA75-99%, HE , IERE TR EEE T,

penta penta penta penta penia penta
KO #1 KO #2 KO #3 KO #4 KO #5 KO #6 Moo =M

ddl’1§ 91 Yo 89("'2‘ 9306 770'9 820”-.\ 90°< 8-.7.0U - - ?. 5°~->

eglip 92% 49% 61% 9% 36% 84% | 66.2% = 8.7%
golden, 8% 12% 0% 26° 26 42% 19.0% £ 6.2%
2% 42%, 47% | 45.5% = 2.0%

mitfa 38% 45% 49% 5
tyr 90% 90% 90% 91% 92% 81% | 89.0% = 1.6%

(Li-En Jao, et al., PNAS. 2013)
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BIXRHE D& FiRhl
CRISPR/Cas9
EADNARFIRGIREIX  $288 (ZF ) S EERETNGEE (RVD) CRISPR
NES RNA (crRNA ) &@as
RNA (gRNA)
DNARJES] FokIiZBsBELE 1, FoklizERBEEEIIIE, Cas9EH
R ESEEA IR AT BHEERERIFAS 3 8-31MESDWEER gRNANEZEE SR
2R , HHE3-4NZF & #HE 15Tk (FRNAS
Ak )
FrRBUGTERAL AN (9812 bp ) * 2 (8-31bp)*2 20bp + “NGG" *1
B/ MEHRGREL = 3 1 1
=] FEaEh, FTEETH  ITRIINEE. S55M ek, JREE= (K,
HEIREE 5 MRS, B MNE(E
el R E TR 7). diESE. SRR 3E BEXRIAPAMIIAEE 1]
BEERES BEEMEE 29 EEAENRL 2. 55MAS. NHE
1 5. —ReAE NEIAERE KASTE %

TR A
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/ */ http://zfish.cn
cz((®

DNA S ZAHRIBIZE R D

CHINA ZEBRAFISH RESOURCE CENTER

ZFN [ TALEN || crisPriCas |

&

)
l \

EiEEAES 2 FEREAES RS T SHIE)

(Homologous recombination, HR) (Non-homologous end-joining, NHEJ) (MlcrOhomdoag_yET}E/(Ij'{zE)d end joining,
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A

BiFEHES

(Homologous recombination,
HR)

SREES
REEREA
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HREFHPEFEESBIEENS, LURHKREEAADNA
iR, ELERIESEE, RALTES G2 B,

HR 28N EERSEIFEMRN ( MRE11-RAD50-NBS1 ) &
&1~ , RAD51, RADS1 [ElREMA, RADS2 ( EEEE
&) . RAD54 , iwKBRCAL, CtIP ( CtBPinteracting
protein ) ., ATM, ATR., PALB2 ( Partner and localizer of
BRCA2 ) . BRIP1 ( BRCAL interacting protein C-terminal

helicase 1 ) ERXF




[RiRERZSHIE

End
Recognition

1. DNAXERZAEETRBIFIZNE, MRN E5{A5DNA §

mESBEIHR (88 , Mrell 5CtIP . HEEHE SR
e ssDNA, RPA B=1FRAIDNA His, =
HfEgRADS1 255,

2. RAD51-ssDNARYEAN., RAD51-ssDNA NEERFES!
HISHAIDNA 52N, FED-loopRADS4 HEIRADS1

S DNA EifF%l. Holliday k%D 2HIF# K& RADS1
HYCEADNA

3. DNA gY{g &,

End Resection
J/ Short Tract Long Tract
BRC A ™

ssDNA Stabilization
RPA

[TIITOOSEED g [ 111

RPA

Rad51 Loading
Rad51

\
RS1

Strand Invasion,
Homologous Recombination

. o

Homology Repair Template
(e.g. Sister Chromoatid, Plasmid Donor)

Resolution
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ZHINHEJ (C- NHE)J) ERHD & FERD

1. KU70/80FEHE SRXTDNASUZERT
ZRMANRBIFIES.

2. KU70/80FERE S BEDNA-PKces |
FaEMTZLDNABT R KIR,

DNA-PKcs

3. XRCC4/Ligase IV/XLF
SEXIDNARRIN L SEE.

Lig IV

NHEJ
(Anastazja G., et al., Am J Cancer Res 2012)
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?FI&IE.II,E) | 'F.rm EJ (M M EJ) DNA double-strand break

l Resection

MMEJR—FFIFES-25 bpRIHE  __jmomg e

77?)?5 U;Eﬂ'%'% %EEH’JEEE%EEE’\J l Annealing at
microhomologies

DNAXU R ZAZ S, EHIEfE

HiR , MMEN2EREGL /R SERE

—
/-
5-25 bp

| Flap trimming, synthesis
DNA synthesis

. by translesion ngatlon
X, MEREZANZEEMRS/G2HAE e B
{1
MMEJ

E%° Variable-size deletions

Inserted nucleotides common

(Mitch McVey.et al., Trends in Genetics. 2008)
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B ERRERANER T UNREME : £HEREEEZH. ZFNs, TALENsH]
CRISPR/Cas9#EA,

n — (N EERER AR EREF 1 TIERmE. ZFNSFITALENSS ARZEEE
[ERFERE SDNARENSAMFRMRE , SO ER ARG MERIE.
RISPR/CasOiiRZIEIRNASDNABEN ST RIERE] , SCIIXEREA
RS SRR,

B =R ERRERAERIEAEESIDNATNSERTERG, R ETEEEARE
8. fHNIERIFERESURMEIREN SHEIERES.

B DNAXGETRIR(pEIT 2 HAVAERIRERE SR HMEEN SHEIRE(E
g, EREERFIINBRERAIRK , SEERIER ; BEHRERE
IRMHINEDNAEIRIISE T2 EEEDNABESHRINERIEEaEEEE
R A0,
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