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Sequence-specific Nucleases and Its Application on

Genome Targeting in Plants
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Abstract Through gene targeting at specific loci of the genome, we can obtain mutant which have
precise mutation at target sequence and clearly identify the gene function. On the other hand, genome targeting
by directly substitution or insertion, can minimize the uncertainty caused by the expression of foreign gene which
inserted randomly. The traditional gene targeting technique, which rely solely on the cell’s own homologous
recombination, is inefficient. And there also are many other issues, like position effects and genetic instability, and
so on. By introducing the sequence-specific nucleases (SSN), we can introduce DNA double strand break at specific
genomic loci, stimulate the occurrence of the direct DNA repair events which depend on intracellular “homologous

recombination” and “non-homologous end joining”, and dramatically improve the efficiency of gene targeting
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finally. To date, at the area of genome targeting research, there are different types of sequence-specific nucleases

that have been effectively used. And in multiple species different types of target genetic modifications have been

achieved. In this review, the principles and structural characteristics of SSN were introduced firstly, and then we

discussed the advances and prospects of genome targeting in plants.
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(A) Left ZFN Spacer

Cleavage
domain

Cleavage
domain

Spacer Right ZFN

(B) N
ATCTTCGGCC AT GAAGCT GGAGGG
TAGAAGCCGGTACTTCGACCTCCC

A
N DDA
ADH1
A: ZENW [PJEEFR 45 R4 K Fok 145 R 3o =2 B (MR 2 2% SCHR[14118120); B: ARG IT W IHADH I FE R ZENTR B 5 K 1580 X 3o 2 B (R 40 225 ik

[1311&20).

A: schematic composition of zinc finger domain and Fok I domain in ZFN (modified from reference [14]); B: schematic of ZFN target sites and cutting
domain in the gene ADH1 coding sequences (modified from reference [13]).
El ZFNAMFEETEE
Fig.1 Schematic composition of ZFN

(A)
LTPDQVVAIASHDGGKQALETVQRLLPVLCQDHG
~~~~~~~~~ -~— __________—--"‘"— NLS AD
N[l lIIIIIHHHIHII"IIIIIC
B ’/,r S DNA binding domain \5‘~\B
"HD NI NG HD NNHD HD NIHD NG NI HD HD NNNG
| I Y [ Y N (N I I
5 CATCGCZCACTACT CGT
Target DNA
HD—C NI—2A NG—T NN—G
(B)
NLS NLS
J T c
SB\\ S DNA binding domain S -

-
-
N "
-

\ -
5! -ACGTAGCTGCATCGCCACTACCGTATGAT&QCTGTGCAGTTGTGG’I‘TTGTCTACCGTA
3 - TGCATCGACGTAGCGGTGATGGCATACTA%GACACGTCMCACCAAACAGATGGCAT

A: TALESS #4405 Pl B: TALENSE (4580 PR A D) X 3o R Vel (2% SCHR[471) o
A: schematic composition of TAL effector; B: structure of a TALEN, target sites and cutting domain (reference [47]).
[E2 TALENHR MR EE
Fig.2 Schematic composition of TALEN

Meganucleases

CAGGAGCGCACCATCTTCAGATCTGATGACGGCAACTACAAGATGTGTATGC
GTCCTCGCGTGGTAGAAGAAGAACCTGCTGCCGTTGATGTTCTACACATACG

&3 MeganucleasesZH X 25 147~ B B (41 & XISK R4 (L 54018, % STk [54])

Fig.3 Schematic composition of Meganucleases (the catalytic domain is shown in red, reference [54])
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LK IIPK 1IN, 1% 358 8 4 i JULIE-1,3,4,5,6- TLIA IR
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()41 B Fh, TALENGE 1A LSHE K] 5 5848 B4 N 1)
ME R 53 501 R30%A114%. 5% 7 15 ALSHE K 5842 116
AN — 0 W I, BT SR A R — 4 a5
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Fig.4 Schematic composition of RNA-guided CRISPR/Cas9 system (modified from reference [55])

(A) ZFN NHEJ
{Z} B3N =

B

( )—i HS [ QQR [T H}l—
— y — ey
5" - TTCTTCCCCGAATTCGGGGAAGAA - 3’
3 - AAGAAGGGGCTTAAGCCCCTTCTT - 5

&

IL JL ]

QBS EcoR 1 QBS
A: FIFIZENE 3982 1) 52 ; B: HS::QQR-QEQIF) 45k 7k ik B (PR 2 2 SR [59115 240) -
A: strategy for induction of mutations using ZFN; B: schematic of HS::QQR-QEQ construct (modified from reference [59]).
El5 ZFNNSHERIFE

Fig.5 Targeted mutagenesis using ZFN

(A)

PI91A WS568L S647T

Z815 T30T41  T50

(B)
T30
N

GGCAGTTTCATCATGAATGTOGCAGGAGCTAGCAACIATTAAGGTGGAGAATCTCCC

CCGTCAAAGTAGTACTTACACGTCCTCGAICGTTGATAATTCCACCTCTITAGAGGS
T41 ~ N

ACTGAATAATCAACACTTGGGAATGGTGGTTCAATGGGAGGATCGGTTCTATY

TGACTTATTAGYTGTYTGAACCCTTACCAQCCAAGTTACCCTCCTAGCCAAGATA

INI-
ACCTCATCAGGAACATGOGTTCTACCTATGATTCCCAGTGGCGGGGCTTTCAAAG HD-C
TGGAGTAGYCCTYTGTACAAGATGGATACTAAGGGYCACCGCCLCCGAAAGTTTC

NN-G
'\/[lI[III-J-N I NG-T

7815 /\ETETT=N

TACCACGTCACGAGCAGGGIGGTG
AJGGTGCAGTGCTELGYCCCACCAC

N i m x N

A: JHREALSEE N TALENSFIZENZS 4547 R €5 B: M ALSIE I TALENFIZENES 5407 2 DNAJFF1 (2% SCHR[61])
A: schematic of the target sites for the TALENs and the ZFN in tobacco ALS; B: DNA sequences of the TALEN and ZFN recognition sites in ALS
(reference [61]).

El6 TALENsTE =& iFHEALSEH
Fig.6 Targeting the tobacco ALS genes with TALENs



TS P IR SRR R S A R DR 2 E 1 A e R 8 1657

THHIRERE T %8 LB iy S 30 280%

AR SSN I B T 2 2R J2 A X T R AT 2
D] G 4 14 A% 0, HLIESSNIIE 7 3600 LA K A% T L
(L RERT T BE AT B D (1 1EAT DR A )8 it a1
ST FEIXEL, WU [FIRE n) DU A [m] (1) 2k
AN BOE ST H AR E MBI R E R g, fil
1, SSN HE PRI (13 2 38 %8 1400 B 7 sl I At A% =X A
YA ), A T AT v REiA G id . A,
75— SEHE ) b ] LK P AN % R Wl B4 F 1L A DN A
A3 F-38 5 P A OB ERT-DN A S5 Ak, J5 IR I 6 14 64T
FEDRE sV M. AR, X T2 B A PN
(R b ke 1 AL A A 2 — AR AR ) AR . B AR,
KA ] e B EUCE /> T 25 BN ) 5L 4
b Bl AR R RN . B T SSNIKIE PSR, SSNAEAH
Wb B IE K, LA H bR 3 2170 TR A b )46
R 6 A 1) A LY BT ) R DR B ROR AR
R FRIE AR S RH i 77 v 048
H4 2 FEAT R TR 4 M TR B A A
DURTHT ¥R R F 04, [N, XTDNAZY 73545 5
R 41 5 DRT 21 ) o P R R I A FH T ST 1 R
5 50 DR 32 B4 18 T A, R4 B T RE A L DR A )
AR R i

SSNA™ T B BE PR B M H A ik — 20 1 JE AR
Al e I BT A IR R B BT Rk L 1k
P HSRSEEL, LAACR) e A6 58 22 R 40 P 1 1
Y5k DRUR G BE DR EAT 38 B, SR, 75 % B A
it tH 2 X TR A IR I8 FH [RREAR 1% R ) 1t
fEREAL I FEFIDNAE ZHLHI T /. R, #7R3%
oy ALK ZHDSBIIHLHE] . DNASSHATSSNH
PRIFHI AT RERI . DSBIE 5 8l ) 2% 3 P R A
WY A AEHRFINHET I 42 H0 (4 FH 6 204745 R0
L) 55 R i S A D6 (1141

WK, WS R I T 2812 o0 A1 140 v A
AR B R4 XU GRNAS T S ICRISPR/Cas R 4¢
AT AR R A A AR A o) e e e R S5 A/ R R PR 3R A
P G g 3. CRISPRIA] [X 3> #1(CRISPR spacers)
Fo B — 5 W % 3% 9% I 1 /s 4y 7 T $RCRISPR
RNA(ctRNA) 5 5 — A g B0 [ tracrRNARL X 1
JE % 1] £ RNA(guide RNA, gRNA), 5| F:CastE (V)
I FYEDNAF A, B HF o b, XA F TR O&
1 T RFCURT — 2L )y 4 JE PR A1 b SE B T AN T A o
(FIDNABYJE87 SR AR PIIT T b 1) 3 FH 0

DA K3 g (1) 85 1) 1 B2 5 R B LA IR ZFNAN
TALEN J5¥2:, i 75 B[] R0 S B K ST -

B2, RE HATSSNECARAEAEY) H AT T2 (1)
I FHATS SR THI i A5 1 20 M, H 2 AR R A 5k R ) g
U DA R L DR 4 R 7 R AT A R L A2 TE T L
LI AT BEAE B2 K AN R, SSNA AN
23 N RS DR TR 0 sk P it AT ) B

S % 3k (References)

1 Goff SA, Ricke D, Lan TH, Presting G, Wang R, Dunn M, et
al. A draft sequence of the rice genome (Oryza sativa L. ssp.
Japonica). Science 2002; 296(5565): 92-100.

2 Pavlicek A, Paces J, Clay O, Bernardi G. A compact view of
isochores in the draft human genome sequence. FEBS Lett 2002;
S11(1): 165-9.

3 Risseeuw E, Dijk ME, Hooykaas PJ. Gene targeting and
instability of Agrobacterium T-DNA loci in the plant genome.
Plant J 2002; 11(4): 717-28.

4 Miao ZH, Lam E. Targeted disruption of the TGA3 locus in
Arabidopsis thaliana. Plant J 2003; 7(2): 359-65.

5 Ruf S, Kossel H, Bock R. Targeted inactivation of a tobacco
intron—containing open reading frame reveals a novel chloroplast-
encoded photosystem I-related gene. J Cell Biol 1997; 139(1):
95-102.

6 Britt AB, May GD. Re-engineering plant gene targeting. Trends
Plant Sci 2003; 8(2): 90-5.

7 Ray A, Langer M. Homologous recombination: Ends as the
means. Trends Plant Sci 2002; 7(10): 435-40.
8 Porteus MH, Carroll D. Gene targeting using zinc finger

nucleases. Nat Biotechnol 2005; 23(8): 967-73.

9 Kumar S, Allen GC, Thompson WF. Gene targeting in plants:
Fingers on the move. Trends Plant Sci 2006; 11(4): 159-61.

10 Terada R, Johzuka-Hisatomi Y, Saitoh M, Asao H, Iida S. Gene
targeting by homologous recombination as a biotechnological
tool for rice functional genomics. Plant Physiol 2007; 144(2):
846-56.

11 Shukla VK, Doyon Y, Miller JC, DeKelver RC, Mochle EA,
Worden SE, et al. Precise genome modification in the crop
species Zea mays using zinc-finger nucleases. Nature 2009;
459(7245): 437-41.

12 Townsend JA, Wright DA, Winfrey RJ, Fu F, Maeder ML, Joung
JK, et al. High-frequency modification of plant genes using
engineered zinc-finger nucleases. Nature 2009; 459(7245):
442-5.

13 Zhang F, Maeder ML, Unger-Wallace E, Hoshaw JP, Reyon
D, Christian M, et al. High frequency targeted mutagenesis in
Arabidopsis thaliana using zinc finger nucleases. Proc Natl Acad
Sci USA 20105 107(26): 12028.

14 Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD.
Genome editing with engineered zinc finger nucleases. Nat Rev
Genet 2010; 11(9): 636-46.

15 Carroll D. Genome engineering with zinc-finger nucleases.
Genetics 2011; 188(4): 773-82.



1658 LRI
16 Curtin SJ, Zhang F, Sander JD, Haun WIJ, Starker C, Baltes NJ, Cifuentes D, et al. Selection-free zinc-finger-nuclease engineering

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

et al. Targeted mutagenesis of duplicated genes in soybean with
zinc-finger nucleases. Plant Physiol 2011; 156(2): 466-73.
Mahfouz MM, Li L. TALE nucleases and next generation GM
crops. GM crops 2011; 2(2): 99-103.

Lusser M, Parisi C, Plan D, Rodriguez-Cerezo E. Deployment
of new biotechnologies in plant breeding. Nat Biotechnol 2012;
30(3): 231-9.

DeKelver RC, Choi VM, Moehle EA, Paschon DE, Hockemeyer
D, Meijsing SH, et al. Functional genomics, proteomics, and
regulatory DNA analysis in isogenic settings using zinc finger
nuclease-driven transgenesis into a safe harbor locus in the
human genome. Genome Res 2010; 20(8): 1133-42.

Jacob HJ, Lazar J, Dwinell MR, Moreno C, Geurts AM. Gene
targeting in the rat: Advances and opportunities. Trends Genet
2010; 26(12): 510-8.

Weinthal D, Tovkach A, Zeevi V, Tzfira T. Genome editing in
plant cells by zinc finger nucleases. Trends Plant Sci 2010; 15(6):
308-21.

Cui X, Ji D, Fisher DA, Wu Y, Briner DM, Weinstein EJ.
Targeted integration in rat and mouse embryos with zinc-finger
nucleases. Nat Biotechnol 2011; 29(1): 64-7.

Li T, Huang S, Jiang WZ, Wright D, Spalding MH, Weeks DP, et
al. TAL nucleases (TALNs): Hybrid proteins composed of TAL
effectors and Fokl DNA-cleavage domain. Nucleic Acids Res
2011; 39(1): 359-72.

Wood AJ, Lo TW, Zeitler B, Pickle CS, Ralston EJ, Lee AH,
et al. Targeted genome editing across species using ZFNs and
TALENS. Science 2011; 333(6040): 307.

Baker M. Gene-editing nucleases. Nat Methods 2011; 9(1): 23-6.
Mussolino C, Cathomen T. TALE nucleases: Tailored genome
engineering made easy. Curr Opin Biotech 2012; 23: 1-7.

Waltz E. Tiptoeing around transgenics. Nat Biotechnol 2012;
30(3): 215-7.

Puchta H, Dujon B, Hohn B. Two different but related mechanisms
are used in plants for the repair of genomic double-strand breaks
by homologous recombination. Proc Natl Acad Sci USA 1996;
93(10): 5055-60.

Tovar J, Lichtenstein C. Somatic and meiotic chromosomal
recombination between inverted duplications in transgenic
tobacco plants. Plant Cell 1992; 4(3): 319-32.

Xiao YL, Li X, Peterson T. Ac insertion site affects the frequency
of transposon-induced homologous recombination at the maize
pl locus. Genetics 2000; 156(4): 2007-17.

Bryn B. Breakthrough of the Year. Science 2012; 338(6114):
1526.

Kim YG, Cha J, Chandrasegaran S. Hybrid restriction enzymes:
zinc finger fusions to Fok I cleavage domain. Proc Natl Acad Sci
USA 1996; 93(3): 1156-60.

Bibikova M, Beumer K, Trautman JK, Carroll D. Enhancing
gene targeting with designed zinc finger nucleases. Science 2003;
300(5620): 764.

Durai S, Mani M, Kandavelou K, Wu J, Porteus MH,
Chandrasegaran S. Zinc finger nucleases: Custom-designed
molecular scissors for genome engineering of plant and
mammalian cells. Nucleic Acids Res 2005; 33(18): 5978-90.
Sander JD, Dahlborg EJ, Goodwin MJ, Cade L, Zhang F,

36

37

39

40

41

42

43

44

45

46

47

48

49

50

51

52

by context-dependent assembly (CoDA). Nat Methods 2010;
8(1): 67-9.

Pavletich NP, Pabo CO. Zinc finger-DNA recognition: Crystal
structure of a Zif268-DNA complex at 2.1 A. Science 1991;
252(5007): 809-17.

Carroll D, Morton JJ, Beumer KJ, Segal DJ. Design, construction
and in vitro testing of zinc finger nucleases. Nat Protoc 2006;
1(3): 1329-41.

Miller JC, Holmes MC, Wang J, Guschin DY, Lee YL,
Rupniewski I, et al. An improved zinc-finger nuclease
architecture for highly specific genome editing. Nat Biotechnol
2007; 25(7): 778-85.

Doyon Y, Vo TD, Mendel MC, Greenberg SG, Wang J, Xia DF, et
al. Enhancing zinc-finger-nuclease activity with improved obligate
heterodimeric architectures. Nat Methods 2010; 8(1): 74-9.

Wright DA, Townsend JA, Winfrey Jr RJ, Irwin PA, Rajagopal J,
Lonosky PM, et al. High-frequency homologous recombination
in plants mediated by zinc-finger nucleases. Plant J 2005; 44(4):
693-705.

Osakabe K, Osakabe Y, Toki S. Site-directed mutagenesis in
Arabidopsis using custom-designed zinc finger nucleases. Proc
Natl Acad Sci USA 2010; 107(26): 12034.

Gupta A, Meng X, Zhu LJ, Lawson ND, Wolfe SA. Zinc finger
protein-dependent and-independent contributions to the in vivo
off-target activity of zinc finger nucleases. Nucleic Acids Res
2011; 39(1): 381-92.

Boch J, Scholze H, Schornack S, Landgraf A, Hahn S, Kay S, et
al. Breaking the code of DNA binding specificity of TAL-type III
effectors. Science 2009; 326(5959): 1509-12.

Moscou MJ, Bogdanove AJ. A simple cipher governs DNA
recognition by TAL effectors. Science 2009; 326(5959): 1501.
Christian M, Cermak T, Doyle EL, Schmidt C, Zhang F, Hummel
A, et al. Targeting DNA double-strand breaks with TAL effector
nucleases. Genetics 2010; 186(2): 757-61.

Bogdanove AJ, Voytas DF. TAL effectors: Customizable proteins
for DNA targeting. Science 2011; 333(6051): 1843-6.

Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C,
et al. Efficient design and assembly of custom TALEN and other
TAL effector-based constructs for DNA targeting. Nucleic Acids
Res 2011; 39(12): e82.

Hockemeyer D, Wang H, Kiani S, Lai CS, Gao Q, Cassady JP, et
al. Genetic engineering of human pluripotent cells using TALE
nucleases. Nat biotechnol 2011; 29(8): 731-4.

Miller JC, Tan S, Qiao G, Barlow KA, Wang J, Xia DF, et al. A
TALE nuclease architecture for efficient genome editing. Nat
Biotechnol 2010; 29(2): 143-8.

Taylor GK, Petrucci LH, Lambert AR, Baxter SK, Jarjour J, Stoddard
BL. LAHEDES: the LAGLIDADG homing endonuclease database
and engineering server. Nucleic Acids Res 2012; 40(W1): W110-
W16.

Arnould S, Delenda C, Grizot S, Desseaux C, Paques F, Silva G,
et al. The I-Crel meganuclease and its engineered derivatives:
applications from cell modification to gene therapy. Protein Eng
Des Sel 2011; 24(1/2): 27-31.

Stoddard BL. Homing endonucleases: From microbial genetic
invaders to reagents for targeted DNA modification. Structure



-

TS PSS R AL R M S AR R DI A B P T N

1659

53

54

55

56

57

58

59

60

2011; 19(1): 7-15.

Curtin SJ, Voytas DF, Stupar RM. Genome Engineering of Crops
with Designer Nucleases. Plant Genome 2012; 5(2): 42-50.
Voytas DF. Plant genome engineering with sequence-specific
nucleases. Annu Rev Plant Biol 2013; 64: 327-50.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012;
337(6096): 816-21.

Barrangou R. RNA-mediated programmable DNA cleavage. Nat
biotechnol 2012; 30(9): 836-8.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al.
Multiplex genome engineering using CRISPR/Cas systems.
Science 2013; 339(6121): 819-23.

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et
al. RNA-guided human genome engineering via Cas9. Science
2013; 339(6121): 823-6.

Lloyd A, Plaisier CL, Carroll D, Drews GN. Targeted
mutagenesis using zinc-finger nucleases in Arabidopsis. Proc
Natl Acad Sci USA 2005; 102(6): 2232-7.

Li T, Liu B, Spalding MH, Weeks DP, Yang B. High-efficiency
TALEN-based gene editing produces disease-resistant rice. Nat

61

62

63

64

65

66

67

Biotechnol 2012; 30(5): 390-2.

Zhang Y, Zhang F, Li X, Baller JA, Qi Y, Starker CG, et al.
Transcription activator-like effector nucleases enable efficient
plant genome engineering. Plant Physiol 2013; 161(1): 20-7.
Shan Q, Wang Y, Chen K, Liang Z, Li J, Zhang Y, et al. Rapid
and efficient gene modification in rice and Brachypodium using
TALENs. Mol Plant 2013; 6(4):1365-8.

Gao H, Smith J, Yang M, Jones S, Djukanovic V, Nicholson MG,
et al. Heritable targeted mutagenesis in maize using a designed
endonuclease. Plant J 2009; 61(1): 176-87.

Tzfira T, Weinthal D, Marton I, Zeevi V, Zuker A, Vainstein A.
Genome modifications in plant cells by custom-made restriction
enzymes. Plant Biotechnol J 2012; 10: 373-89.

Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. RNA-guided
editing of bacterial genomes using CRISPR-Cas systems. Nat
biotechnol 2013; 31(3): 233-9.

Dicarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM.
Genome engineering in Saccharomyces cerevisiae using
CRISPR-Cas systems. Nucleic Acids Res 2013: 41: 4336-43.
Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD,
et al. Efficient genome editing in zebrafish using a CRISPR-Cas
system. Nat Biotechnol 2013; 31(3): 227-9.



