R &5
EVIEWS

ERBREFRARNLREAEMEZTRINA

WARSR, B

266003)

WE: KRN % B R LA 4454 BB (zine finger nuclease, ZFN)HUK . £ FO#E F AR B T4 8
B (transcription activator-like effector nuclease, TALEN)# K A= s 32 69 AL B B 6942 @ L & 4 5 7|
(clustered regularly interspaced short palindromic repeats, CRISPR)/Cas #% BA & % %t X B K CAR S 2 A T42
KA. BFHHEMHGER DRI EFBIER R, ERET A RS LA FEH., AXHENLT ARAR

BIAR, Fadr T XA AR T 6 A,

VAR A Ak AR B 3h B MR AT A B AR ASAR AT ik A,

XA R B4 %%, ZFN; TALEN; CRISPR/Cas; # %

RESES: Q785
doi: 10.11759/hykx20151225001

DNA

DNA , DNA

DNA
DNA
DNA
, DNA
(double strand break, DSB)
(non-homologous end-joining, NHEJ)

) /

, DNA
( 1)[1-2] [3-6]

DNA
DNA DNA

[7-8]

1 43 % B (zinc finger nuclease,
ZFN)E AR

ZFN DNA

ERARIRED: A

X E S 1000-3096(2016)04-0149-07

Fok1 DNA 0]
DNA a ,  —1~+6
1 [10]
DNA
(i DNA

DNA , DNA,
DNA s DNA

DNA [12-14]
ZFN

(4]

ZFN

[15-17]

(gene knockout) 10° ~
10° 81 ZFN
) ZFN
, GFP ZFN

R ZFN
[19]

:2015-10-28; :2016-02-22

(2014AA022001)

[Foundatlon National High Technology Research and Development Pro-
gram of China, No.2014AA022001]

(1990-),
: 13869896715, E- mall Lin agen(/126 com;

s s s > 1 0532-82031636, E-mail:
yguanpin@mail.ouc.edu.cn

Marine Sciences / Vol. 40, No. 4 /2016 149



R gk @
EVIEWS

¢

Cas 5| FRNA-
CasH R E 14k

b

DSB
DNAXEEYI O

NS

73

- fDNA
HSMEDNA F Bt

DNAJF511 5875

1 ZFN, TALEN, CRISPR/Cas
Fig. 1  The principle of ZFN-, TALEN-, and CRISPR/Cas- mediated genome editing

RNA

) DNA DNA ,

DNA , DNA, DNA

ZF, zinc finger,

; DNase, deoxyribonuclease (e.g. Fok 1), DNA ( Fok1); Cas, cas-encoding nuclease, cas

RNA, RNA; DSB, double strand break, DNA

2 %i&ﬁ%ﬁﬁﬂl @%*Z Eﬁ%(tl‘a- [23-24]’

nscription activator-like effector

nuclease, TALEN)H K
TALEN N
(TALE) DNA
C TALE
., DNA
33 ~ 35 :
: 12 13
s N33I35 A3 N33G35
C, N33Nss G A B
DNA : DNA
TALEN ZFN
TALE DNA
DNA, DNA,
DNA : DNA
DNA (221

150

T, H33D35

, TALEN

; fDNA, foreign DNA, DNA

TALEN

TALEN
TALEN
TATA GC
[26]
(27-281  TALEN
( )
18740 TALEN ,
[29]
, ZFN , TALEN
ZFN 3
TALEN DNA 4
4 , TALEN

[30-31]

/2016 / 40 / 4

; TALE, transcription activator-like effector,

; gRNA, guide

[25]

TALEN



R HREER @
EVIEWS

3 KEWHERRHNEEXELF
(clustered regularly interspaced
short palindromic repeats, CRISPR)/
Cas U B R A
ZFN TALEN

, DNA
, RNA “« oo
CRISPR/ Cas
CRISPR
21~48 bp 26~72 bp
CRISPR
4~20 CRISPR (cas),
CRISPR/Cas
DNA
[32-33] i DNA
CRISPR crRNA,
crRNA cas
Cas s CASCADE
DNA , Cas
DNA , CASCADE
s , DNA

( 2) crRNA , crRNA crRNA

(tracrRNA) RNA(guide RNA, gRNA)

gRNA DNA, Cas

DNA , DNA gRNA,
Cas s
gRNA Cas DNA , Cas
DNA, )
DNA (341 Cas gRNA
DNA CRISPER/Cas
[35-36]
CRISPR/Cas 171 [38-39]
[40] [41]
CRISPR/Cas , 2
gRNA Cas DNA 2 .
(42] Cas
mRNA gRNA ,
[43]
ZFN TALEN
, CRISPR/Cas DNA

Marine Sciences / Vol. 40, No. 4 /2016

.

>

CRISPR/Cas
gRNA ,
CRISPR/Cas

gRNA,
[44]

L]

cas CRISPR

RN Feshn T

crRNA

Cas

CASCADE
& gaik

e SMEDNA B
| | il Y

2 CRISPR/Cas
Fig. 2 CRISPR/Cas-mediated defense mechanism in bacteria
CRISPR
s crRNA(CRISPER RNA);

CRISPR cas Cas crRNA
Cas CASCADE DNA
> CRISPR,

clustered regularly interspaced short palindromic repeats,
; Cas, cas-encoding nuclease, cas
. palindromic repeats, ; l], non-repeated

interval sequence,

, ZFN
TALEN DNA
43 TALEN  CRISPR/Cas
, - ( ) (
) [46]
4 AAEEAGEHEANTR
, DNA
b b (
151



R R LRiR @
EVIEWS
, DNA DNA
) [49]
DNA ZFN ,
, DNA ZFN Genome (301 TALE
DNA >
(electrophoretic )
mobility shift assays, EMSAs) B1=2 TALEN
(enzyme-linked immunosorbent assays, ELISAs) > TALE
, (Phaeodactylum tricornutum)
(471 CRISPR/Cas ~ TALEN ( )
DNA >
) CRISPR/Cas R >
gRNA , 56% 27%
(481 DNA >
gRNA ’ i ( lkbp) 13 ”,
DNA TALEN , TALEN
N SNITRE ’
5 FFEYGE BONERE T A , 4 CRISPR/Cas
(D , Cas gRNA 24h
(Chlamydomonas reinhardtii) ZFN )
(53] Cas
5 ZFN > Cas
) mRNA s
x1 ERBERERAREREED A EH
Tab.1 Examples of genome editing technique applications in microalgae
Chlamydomonas reinhardtii ZFN COP3 [49]
Chlamydomonas reinhardtii TALE ARS1/2 [51]
HLA3 [52]
Phaeodactylum tricornutum TALEN - UGP [53]
Phaeodactylum tricornutum TALEN UREABC [54]
Chlamydomonas reinhardtii CRISPR/Cas FKBI2 [55]
, DNA ; ,
1% [56-58] ( 3
DNA )
) ’ 438
DNA Ku70 Ku80 DNA 6 %s
v , RNA
152 /2016 / 40 / 4



[10]

[12]

[13]

[14]

HRLZIR
R EVIEWS

Shrivastav M, De Haro L P, Nickoloff J A. Regulation
of DNA double-strand break repair pathway choice[J].
Cell research, 2008, 18(1): 134-147.

Chapman J R, Taylor M R G, Boulton S J. Playing the
end game: DNA double-strand break repair pathway
choice[J]. Molecular cell, 2012, 47(4): 497-510.

Smith J, Berg J] M, Chandrasegaran S. A detailed study
of the substrate specificity of a chimeric restriction en-
zyme[J]. Nucleic Acids Research, 1999, 27: 674-681.
Gaj T, Gersbach C A, Barbas C F. ZFN, TALEN, and
CRISPR/Cas-based methods for genome engineering[J].
Trends in biotechnology, 2013, 31(7): 397-405.
Mashimo T. Gene targeting technologies in rats: Zinc
finger nucleases, transcription activator-like effector
nucleases, and clustered regularly interspaced short
palindromic repeats[J]. Development, growth & dif-
ferentiation, 2014, 56(1): 46-52.

Ain Q U, Chung J Y, Kim Y H. Current and future deliv-
ery systems for engineered nucleases ZFN, TALEN and
RGEN[J]. Journal of Controlled Release, 2015, 205:
120-127.

Deng L, Ren R, Wu J, et al. CRISPR/Cas9 and TALE:
beyond cut and paste[J]. Protein Cell 2015, 6(3): 157-159.
Ott de Bruin L M, Volpi S, Musunuru K. Novel ge-
nome-editing tools to model and correct primary im-

munodeficiencies[J]. Frontiers in Immunology, 2015, 6:

250. Doi: 10.3389/fimmu.2015.00250.

Kim Y G, Cha J, Chandrasegaran S. Hybrid restriction
enzymes: Zinc finger fusions to Fok I cleavage domain [J].
Proceedings of the National Academy of Sciences of
the United States of America, 1996, 93: 1156-1160.
Dreier B, Beerli R R, Segal D J, et al. Development of
zinc finger domains for recognition of the 5'-ANN-3’
family of DNA sequences and their use in the construc-
tion of artificial transcription factors[J]. The Journal of
Biological Chemistry, 2001, 276: 29466-29478.

Pabo C O, Peisach E, Grant R A. Design and selection
of novel Cys2His2 zinc finger proteins[J]. Annual Re-
view of Biochemistry, 2001, 70: 313-340.

Carroll D. Progress and prospects: zinc-finger nucle-
ases as gene therapy agents[J]. Gene therapy, 2008,
15(22): 1463-1468.

Carroll D. Genome engineering with zinc-finger nucle-
ases[J]. Genetics, 2011, 188(4): 773-782.

Palpant N J, Dudzinski D. Zinc finger nucleases: look-
ing toward translation[J]. Gene therapy, 2013, 20(2):

Marine Sciences / Vol. 40, No. 4 /2016

[27]

[28]

[30]

[31]

[32]

Cir

121-127.

Kim S, Kim J S. Targeted genome engineering via zinc
finger nucleases[J]. Plant biotechnology reports, 2011,
5(1): 9-17.

Rémy S, Tesson L, Ménoret S, et al. Zinc-finger nucleases:
a powerful tool for genetic engineering of animals[J].
Transgenic research, 2010, 19(3): 363-371.

Shen B, Zhang X, Du Y, et al. Efficient knockin mouse
generation by ssDNA oligonucleotides and zinc-finger nu-
clease assisted homologous recombination in zygotes[J].
PLoS ONE, 2013, 8(10): €77696.

Porteus M H, Carroll D. Gene targeting using zinc finger
nucleases[J]. Nature Biotechnology, 2005, 23: 967-973.
Wu J, Kandavelou K, Chandrasegaran S. Custom-desi-
gned zinc finger nucleases: what is next?[J]. Cellular
and Molecular Life Sciences, 2007, 64(22): 2933-2944.
Wei C, Liu J, Yu Z, et al. TALEN or Cas9-rapid, efficient
and specific choices for genome modifications[J]. Journal
of Genetics and Genomics, 2013, 40(6): 281-289.

Yang J, Zhang Y, Yuan P, et al. Complete decoding of
TAL effectors for DNA recognition[J]. Cell research,
2014, 24(5): 628-631.

Miller J C, Tan S, Qiao G, et al. A TALE nuclease
architecture for efficient genome editing[J]. Nature
Biotechnology, 2011, 29: 143-148.

Bedell V M, Wang Y, Campbell ] M, et al. In vivo ge-
nome editing using a high-efficiency TALEN system[J].
Nature, 2012, 491(7422): 114-118.

Katsuyama T, Akmammedov A, Seimiya M, et al. An
efficient strategy for TALEN-mediated genome engi-
neering in Drosophila[J]. Nucleic acids research, 2013,
41(17): el63.

Zu'Y, Tong X, Wang Z, et al. TALEN-mediated precise
genome modification by homologous recombination in
zebrafish[J]. Nature Methods, 2013, 10: 329-331.
Zhang G Q, Lin Y P, Qi X N, et al. TALENs-assisted
multiplex editing for accelerated genome evolution to
improve yeast phenotypes[J]. ACS synthetic biology,
2015. Doi: 10.1021/ acssynbio.5b00074

Ding Q, Lee Y K, Schaefer E A K, et al. A TALEN
genome-editing system for generating human stem
cell-based disease models[J]. Cell stem cell, 2013,
12(2): 238-251.

Ramalingam S, Annaluru N, Kandavelou K, et al.
TALEN-mediated generation and genetic correction of
disease-specific human induced pluripotent stem cells [J].
Current gene therapy, 2014, 14(6): 461-472.

Kim Y, Kweon J, Kim A, et al. A library of TAL ef-
fector nucleases spanning the human genome[J]. Nature
biotechnology, 2013, 31(3): 251-258.

Huang P, Xiao A, Zhou M, et al. Heritable gene target-
ing in zebrafish using customized TALENs[J]. Nature
Biotechnology, 2011, 29: 699-700.

Beumer K J, Trautman J K, Christian M, et al. Com-
paring zinc finger nucleases and transcription activa-
tor-like effector nucleases for gene targeting in Droso-
phila[J]. G3: Genes Genomes Genetics, 2013, 3(10):
1717-1725.

Horvath P, Barrangou R. CRISPR/Cas, the immune

153



[33]

[34]

[35]

[37]

[38]

[43]

[44]

[45]

[46]

154

HRLZIR
R EVIEWS

system of bacteria and archaea[J]. Science, 2010, 327:
167-170.

Sampson T R, Saroj S D, Llewellyn A C, et al. A
CRISPR/Cas system mediates bacterial innate immune
evasion and virulence[J]. Nature, 2013, 497: 254-257.
Richter H, Randau L, Plagens A. Exploiting CRISPR/Cas:
interference mechanisms and applications[J]. International
journal of molecular sciences, 2013, 14(7): 14518-14531.
Naito Y, Hino K, Bono H, et al. CRISP direct: software
for designing CRISPR/Cas guide RNA with reduced
off-target sites[J]. Bioinformatics, 2014: btu743.
Johnson R A, Gurevich V, Filler S, et al. Comparative
assessments of CRISPR-Cas nucleases’ cleavage effi-
ciency in planta[J]. Plant molecular biology, 2015,
87(1-2): 143-156.

Jiang W, Bikard D, Cox D, et al. RNA-guided editing
of bacterial genomes using CRISPR-Cas systems[J].
Nature biotechnology, 2013, 31(3): 233-239.

Jiang W, Zhou H, Bi H, et al. Demonstration of
CRISPR/Cas9/sgRNA-mediated targeted gene modifi-
cation in Arabidopsis, tobacco, sorghum and rice[J].
Nucleic Acids Research, 2013, 41: ¢188.

Kumar V, Jain M. The CRISPR-Cas system for plant
genome editing: advances and opportunities[J]. Journal
of experimental botany, 2015, 66(1): 47-57.

Hwang W Y, Fu Y, Reyon D, et al. Efficient in vivo
genome editing using RNA-guided nucleases[J]. Nature
biotechnology, 2013, 31(3): 227-229.

Mali P, Yang L, Esvelt K M, et al. RNA-guided human
genome engineering via Cas9[J]. Science, 2013, 339(6121):
823-826.

Schiml S, Fauser F, Puchta H. The CRISPR/Cas system
can be used as nuclease for in planta gene targeting and
as paired nickases for directed mutagenesis in Arabi-
dopsis resulting in heritable progeny[J]. The Plant
Journal, 2014, 80(6): 1139-1150.

Hai T, Teng F, Guo R, et al. One-step generation of
knockout pigs by zygote injection of CRISPR/Cas sys-
tem[J]. Cell Research, 2014, 24: 372-375.

Cong L, Ran F A, Cox D, et al. Multiplex genome en-
gineering using CRISPR/Cas systems[J]. Science, 2013,
339: 819-823.

Yan W, Smith C, Cheng L. Expanded activity of dimer
nucleases by combining ZFN and TALEN for genome
editing[J]. Scientific reports, 2013, 3: 2376.

Ikmi A, McKinney S A, Delventhal K M, et al. TALEN
and CRISPR/Cas9-mediated genome editing in the

/2016

/

[47]

[48]

[53]

[56]

[57]

[58]

40

Cir

early-branching metazoan Nematostella vectensis[J].
Nature communications, 2014, 5: 5486.

Héndel E M, Cathomen T. Zinc-finger nuclease based
genome surgery: it's all about specificity[J]. Current
gene therapy, 2011, 11(1): 28-37.

Liang P, Xu Y, Zhang X, et al. CRISPR/Cas9-mediated
gene editing in human tripronuclear zygotes[J]. Protein
Cell 2015, 6(5): 363-372.

Sizova I, Greiner A, Awasthi M, et al. Nuclear gene tar-
geting in Chlamydomonas using engineered zinc-finger
nucleases[J]. The Plant Journal, 2013, 73(5): 873-882.
Reyon D, Kirkpatrick J, Sander J, et al. ZFNGenome: A
comprehensive resource for locating zinc finger nucle-
ase target sites in model organisms[J]. BMC Genomics,
2011, 12(1): 83.

Gao H, Wright D A, Li T, et al. TALE activation of
endogenous genes in Chlamydomonas reinhardtii[J].
Algal Research, 2014, 5: 52-60.

Gao H, Wang Y, Fei X, et al. Expression activation and
functional analysis of HLA3, a putative inorganic car-
bon transporter in Chlamydomonas reinhardtii[J]. The
Plant Journal, 2015, 82(1): 1-11.

Daboussi F, Leduc S, Maréchal A, et al. Genome engi-
neering empowers the diatom Phaeodactylum tricor-
nutum for biotechnology[J]. Nature communications,
2014, 5: 3831.

Weyman P D, Beeri K, Lefebvre S C, et al. Inactivation
of Phaeodactylum tricornutum urease gene using tran-
scription activator-like effector nuclease-based targeted
mutagenesis[J]. Plant biotechnology journal, 2015, 13:
460-470.

Jiang W, Brueggeman A J, Horken K M, et al. Suc-
cessful Transient Expression of Cas9 and Single Guide
RNA Genes in Chlamydomonas reinhardtii[J]. Eu-
karyotic cell, 2014, 13(11): 1465-1469.

Zorin B, Hegemann P, Sizova I. Nuclear-gene targeting
by using single-stranded DNA avoids illegitimate DNA
integration in Chlamydomonas reinhardtii[J]. Eu-
karyotic Cell, 2005, 4: 1264-1272.

Zorin B, Lu Y, Sizova I, et al. Nuclear gene targeting in
Chlamydomonas as exemplified by disruption of the
PHOT genel[J]. Gene, 2009, 432(1): 91-96.

Plecenikova A, Mages W, Andrésson 0 S, et al. Studies
on recombination processes in two Chlamydomonas
reinhardtii endogenous genes, NITI1 and ARG7[J]. Pro-
tist, 2013, 164(4): 570-582.



Btk
R EVIEWS @
Genome editing techniques and their application in microalgae

LIN Gen-mei, YANG Guan-pin
(College of Marine Life Sciences, Ocean University of China, Qingdao 266003, China)

Received: Oct. 28, 2015
Key words: genome editing; ZFN; TALEN; CRISPR/Cas; microalga

Abstract: Genome editing techniques mainly include zinc finger nuclease (ZFN), transcription activator-like ef-
fector nuclease (TALEN), and clustered regularly interspaced short palindromic repeats/CRISPR-associated
(CRISPR/Cas) systems. These techniques are effective for verifying gene function and genetic modification in a
wide range of species, e.g., diverse models, economic animals and plants. They are also applicable in microalgae. In
this study, we briefly describe these techniques and illustrate their application in microalgae, aiming to provide new

methods for genetic modification and improvement in microalgae.
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