2014 4F- 8 H o R R AR R August, 2014
¥24% Hel CHINESE JOURNAL OF COMPARATIVE MEDICINE Vol. 24 No. 8

PR LR
§§ﬁs§m§
S =

A =

CRISPR/Cas9 &4t . MyadE N R
S RAR T 1 B R

WEF,RE N, ZRIL
(hEPBEBER L 5 & B2V, L 100101)

(WE] I PIRERITEV R AR PIRBOR PRI 25y Tk rh e 3] 7O EN . EARKESY R THA
KGR, RN GARAT PR A 2R B ST RE #2055 5 LA B R 3 mT
WS RN 2540 1 1) SR BRI, SRTAT, 82 KB W i R JiG T 4 M 3R, 15 50 0 i TR T S0 5 AR 1 R Sl gl R
KPR Bl R A BL R G 4B B R CRISPR/ Cas9 22 G E ) % JE BH #EA 71840 F R I T B K i
J1o ARICKA4 CRISPR/ Cas9 BA Y & BRI , AR RAZESPE R 2B A T PG 1 e 3R 3L

[X$#i7] CRISPR/Cas9 R4 ;AE AN R K280 ; SR AT R
[FES%EE] R33 [X#FRIREE] A [ XEHS]1671-7856(2014) 08-0070-05
doi: 10.3969. j. issn. 1671. 7856. 2014. 008. 016

CRISPR/Cas9 system: a new gene modification tool for
establishing disease models in non-human primates
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[ Abstract] Animal models are highly valuable systems that have been extensively used to elucidate human disease
pathogenesis and to find therapeutic ways to treat human diseases. Since non-human primates are close to humans, monkeys
are important model species in exploring the mechanisms and treatment of human neurodegenerative diseases,
neuropsychiatric disorders, cognitive function, and neural circuits. However, due to the lack of embryonic stem cell lines
in large animals, the traditional gene targeting technology is difficult to establish primate animal models of human diseases.
CRISPR/Cas9, as a recently developed tool for genome modifications, has been successfully used to target genomic loci in
mouse, rat, monkey, and other species. Here, we discuss the utilization of CRISPR/Cas9 technology in establishing
monkey models for studying human neurodegenerative diseases.

[ Key words] CRISPR/Cas9 system; Non-human primates; Neurodegenerative diseases.

MR AT PP 2 th M o B R A ek JRUEBIE | 5 SR USRI AE | A <8 AR S . B A
JIEk, BER AR AL TG, S B RERRG, WL AP R S T A A S, AR N LA AN
AN 2R BE ALAE U SRR CE AR SUR BRI, AR AT PR B 2 T 2, (L BOR B SZ B A 2

[ H&TE BT E R E AR5 B GRS 45 :2012CBA01304 ) FI4r T4 75 2L Y124 5 5 5 S s 28 2 e )
[EBB N IHHFI (1987 - ) WFF0AE , EHMFT )5 1) AN ZIRF TSNS , E-mail : weiliyang@ genetics. ac. en,,
[BIER ] Z=HEVL.(1957 - ) WFE 5L, EEMF 5 T7 ) PRZRATPESE0 , E-mail ; xjli@ genetics. ac. cn



P LA B A 2 2014 4F 8 A5 24 358 8 1 Chin J Comp Med, August 2014, Vol. 24. No. 8 71

OISR, I PR R 22 & s AL ) v AN WA
TCAH BRI T HE i, PRI, 0 326 VR HE A 8
2RNARTT i I ST RE SRR A S 4
IRAT I 0 i R ) A7 B S W S T B ok B, BN
RPN 27 Ba il b oA A= FpS 2E 1
T EEARARL, Bl 28 TA Sy 2 BEAR A4 5 0 F 95 sh 455 1
FE 2 g BN TR B A i S R R T E
BIVER, U H BB & B CRISPER/ cas9 % A [H
fRT B 70 ELBE %K 1 A0 X 56 IR 90 4708 1 , 1 45
CRISPER/ cas9 A 37 3 RS M o R B 480N 28
KPR AT fE

1 CRISPR/Cas9 %%

ST B R R Y e DR G 6 7 v A e R A
FISEPRATHE B 3 DA BTN 07 o0 A0 Y5 A TR 3
ABEEGRIEH AN, IR E S A T —MR, 3)
Pl 3 D EOR AR AR D7 v A WA ek IR iR
A N SR B A G, R R Y
K A AW DR~ I 58 B A A 7 v R 45 T A S
BERVET . AL PR AT BEBOR S i i 2 N R DNA
E L WU PR A P 0 R — e R TR TT A 2
PoTs BF 5 32 ik DR B T RE 60 478 % PRI i o 11 i
AN ALGER PR TR AR T IR T 40 &R
SRR T 4 2 P b AT BRI AT HE , SRS AT
FLJS BRIG T A0 ML SRR LR R R A 58
R RS, Tz RS RI IR T A0 &,
WABSE ) B T REHOARME T HIOR dSr R KK 3h W)
P AR B B T R Y SE 1) ik DR A g A T VA
CRISPR/ Cas9 HORRETENE RN b B ATHE, © )
2 T AN TRI R e ok AR5 DA 20 Bl i Ak R A

CRISPR/ Cas9 J&— PRI T4l AR AP S 2 1Y
1 RNA 455 Cas 5 17X Jk PRLHEAT 4 48 FE i 00 87
oA, HAE 1987 4, H A K BK % (Osaka
University ) 7E X — % 4 & J 05 09 B8 P 0 R i
(alkaline phosphatase ) 55K FEATHFSE I, % BLIZ 5L
Sy DX IR I A7 AE—/NBOAS ] S5 79 DNA B, X
86 5 B py 75000 T 52 P 91 28 A, T L AE R B TR i
FFE— B KK A P51, 978 2002 4F 1E
% CRISPR J#41'  CRISPR, SRR Ay HL A A% 1]
b7 45 18] SC & 42 ( clustered regularly interspaced short
palindromic repeats ) J&—MF5K ) DNA # & P9I 5K
7 S P i R < I S e B R N R D N
H'2 3 CRISPR {338 H iy 5 BE AR SF R F 7

Hl (repeats ) 2 1%, & ¥ 5 Z 8] #% [\ b5 ¥ 5
(spacer) f T, 7E CRISPR v 5 i, 47 1E — £ 4]
CRISPR #H ¢ ( CRISPR-associated, Cas) JE A, 41 &
1127 BF5F M, CRISPR 5 — R 5IM X E 1 R S
o — A — R SF L2 B R G, NEE Y
FREAMES 00 T A S A MIR S [R BR AP e T
CRISPR/ Cas9 1 A 21 1 A1 vty 4 P 76 1< B fb 2o
TR A — i i P S e B A, T R XL AR
I BE S MR DNA RV, S TR AR 40 TR ), Cas
B A5 0 1) I 2 fok s T R R DR AL vl e 1) i 78
[B] B 7 51 ( proto-spacer) , 1% ¥ 5l J& 5 CRISPR [8] @
P 470 [ 58 1 e T A 35 R 41) , 9% i 3k 8 Dt 784 (i) o
H|#45] CRISPR 7 A5 (4 5735 | Bl i i 26 Ja] g 7
H 4% 5 i crRNAs( CRISPR RNAs) |, 24 W [ A F- ¢
s B R B erRINAs A g 455 i L 1) s 5 £ 1
Ji 0 16 B 51 5 R cas 35 1 BEATH0 0, DA X HE
ANBEIER AR . Jinek 25X CRISPR/ Cas9 40
PEATEGE B crRNA Al tracrRNA2 A7 51 38 i — 4>
DU 11 3% B2 I I R Ok, M L — AN BT Y ) R
RNA , A1 %F F B 4= % i) CRISPR/ Cas9 R4t (i A
2) 17 ST IR 1) 2R G5 T N 2% B A I LA R R Y
FTHEECRT) . Cas9 INUIREALE 7] S RNA 43 FHY5] 5
RS ) DNA SEATUIE], P BERUEE DNA i
1, 8K J5 40 e 2 1 B [ 58 2 2 ML ) ko I ) 05 A i
HEFEALHI T KT 240 DNA SEAT8 8, 25 40 i 3 o 7]
IR AN HATIERE , & 53 4b—BL DNA | Bediib
WrZd % DNA SO, TS5 A— BB i 15
B B 255 # H, RNA A 1) Cas9 R4
RERS DA AN T /N BN B 5 IR G N 24
JeL AED AR A N R 2 Bl £ A R I S 1 3
[RI2H 7 ") (Kl 3) 7-13171 " Rudolf Jaenisch 257
FHIZA AR B T A8) T [R] s 485 77 22 4 3 DR 2R 728 14 /N
R R ZE S s A B I —Fh 5 5 CasO
A B A B B 58 AR 1 S A LR B 1 1)
RNA , 7E3X 45037 JE R || CasO BEME VI #) & A 548
() DNA JP51 A AT B A 76 45 47 ik PR o o2 A% 1 i
TS B k A g I 5 A8 1 /N B2 RGO v, RS G IE
R RAR AN S8 T AN BN X
S IRAESERE S R A CRISPR £ 424 1E 20 1)
GEARFE I TR T 90 . 5 ILFIRY  Hans Clevers A
il CRISPR/Cas9 LA K — 0 & Jfi AME AN
G AR TR AR N ST 20 M 2 1E T 5 2 1 27 4
R 56 W B B, B D) 55 B T D) RB OE H Y R R



72 PE RS 20 2014 4E 8 4524 %45 8 19 Chin J Comp Med, August 2014, Vol. 24. No. 8

gl B8 B B l
— — — ismnm
S CACTIuD L R oo— _V T

| |

cas 3R I 275 WA FH) ] HJ‘F?U

Z] 1 CRISPR fi s 454>
Fig.1 The struscture of CRISPR System'”’

I I I I I ! IE-:
tracrfRN A ARARGUGGCACCGA
a Frni GRRA
GUUCAACUAUUGCCUGRUCGEGAUARRAUY CGAURACGA. . —5'
~LLLIT- Trrentre
crRMNA 5= FUAGH :
w N
HNH N
3 w M sannnnaennnn- 5
e NN ENENY Cas9® lIIIlIllIIIllj
3 = NRNNNNNNNN, NRNNNNRRNNNNN- 3
Ny RuvC e Chromosome
N .,H‘“
g v N mw
L J
T
Protospacer PN
L S
=2
8=8
< < BT
w o= 5 @
S=% E B
B8 < s £
= =
25° :
§:§ suide RNA o
= =
v G TARGECUASUCCEUTAUCAR
thlrennienrnennrinn
uu"n t Trig
o HNH My
N N
3= HNNNNNNNMNNNNN -
[ AN Caso [
§' —NENNINNNNN N -3
oo RuvC £o Chromosome
N
M,
Bl PO NI '
1 J
L
Protospacer PAM
B

2 CRISPR/Cas9 RAMBIA L
Fig.2 Schematic of CRISPR/Cas9 mediated DNA double-strand break'”!

it AT AR AR T A 38 1

Streptococeus pyogenes SF370 type 11 CRISPR

B/é g@ aﬁ‘\j E,(J e ﬁ iFﬂS 1 T ﬁté PMA occurence in human genome(NGG)
/N o
I~ Median:8bp
]:aj\c\r;lw ; % Guide RNA E Mean:12.7bp
e ' s
Genomic NDA . g
g
ST
0 DonorDNA ° 20 40 60
_'Te?a?r v B distance(bp)
il
g o ORI 4 PAM FHITE NFSHE DR Lo U SE
949/ Zebrafish e Fig.4 The frequency statistics of PAM in the
’-~:ﬁ human genome sequence’®’
B3 RNAJ E'FH’J Cas9 ?%mrﬁ“” CRISPR/Cas9 Vﬁjj—ﬂ:%? Y 21X ‘ﬂﬁlﬂﬁ?ﬁ T

P s
Fig.3 Targeted genome editing with RNA-guided Cas9 " ﬁ PAM IZEI] NGG’ ﬁﬁﬁ)\ﬁ%.éﬂ qjﬁ 8 bp ’TJEK



P LA B A 2 2014 4F 8 A5 24 358 8 1 Chin J Comp Med, August 2014, Vol. 24. No. 8 73

HBL—A PAM X 40P 4, R AR GBS 23
B2 SIS E N N R R o R R E SR e S |
(TAE AR K R N 2% ML R 36 T ) i e
SRR T A0 355 56 A Sy A7 55 R S 9 R S 114 35 TR DA
111 A B R N S Bl R R S A 2 TR o A AR
AN TR ) 3R T NS S E S R A

MR B
2 FARRENMEFRRBENLS

H AT, NS A& 5 i A (i AF 5y 8 224 7 2R
e 2t BEE M NEL R B/ NSRRI X st
INEVYIAEDT T SR AT R R AR L B R T
FERMEATS Y (R X S /N S P R IR B 58
SRR (1) 93 BRAS A RUE IR, a0 22 5055 2L A
INERAG 2B AT PE % (AD . PD A HD ) #EH JR
HBLIA B A2 oe A AE T 0 Ak, X /NG
Yiis il (NI 2 AR 2 ~ 3 4F) A Ae B
R, R FaE A ME 2R, k1, Tt
FLAEXT HPASE ORGP 2408 B 22 AR 3R S M 4 R 45
YIRS ME T /D BB AL G A R K2R 3h )
Fr R B 22 N BE Ty Fistsc e s, H,RZ
TRIT PR R G 1 25 W) e /N RS A |- R ¥4 H
HIfE NZS PRI 2 > B AT, /N E
NSRRI R 4R B R YT R SR AT B Y
Tk K25, P, FhE 22 5 0] e p 2R AT R
S BRAR AR5 K

AR N RS (Ui S5 7E4E9)
5 AR, 2011 4F, FRERER SN T
AR ] A% i R 4 A FE A A YL SR SN
T PRI [] PP 2 35 939% 1) HL R AR K IR 7E fe i51)
2 b5 NI B AR, SR RATH R K
ST PR A AL F R FL7E 2000 A BFSE A
TR A SO H GFP gt L R 1 95 75 2K
PRIE MO AN B, A5 30 T 5 155 — RN Tk A%
O A ——ANDI ) SESE T ST S N R KK
SRR TT R . BEJS , Yang 25 H) FH S 7 2
TR 55 3265 B B9 7 ¥R AE 2008 AR S T A A A%
7L = QR RE R 0 7 B DR ABE 8 3% N T AB M 1 7 5
DRSS BE i B 400 HD S8 355 110 22 32 22106 TS
AR ANBREFE A3 B2 LK I B A%, DA UE B T 4]
ANEBIRM R K YR ST, seah, F 5L
IV R A S AR 2 B L /N BB R T 7 B A
ARFFIIFET 177 33k S 5 5 DR A 5 455 TR 1) i 2

AR T HE A R KK S W E 58 N s &Pk
PRI AL B B B2,

RO 105 8 7 ik R K sh kA7 A%
AU A — G R R BRI | B AL DR %) Bt ML A
NG 5EAE A 03 TC IR T, 58 A8 0 o ik A5 il A
MR T sh AR A 57, 1 CRISPR/Cas9 & 4t
VB Sk 5 1) 55 PR 1) s 804 4 R 7 A ST K Sl g A 7Y
FHABE KW S, Bz AR o % MRG0,k
AR T A R AP 2B AR Y, i, Niu 580
FEN BRI  F80EE 33 77 29K CRISPR/Cas9 R 42t
() RNA FE5F 206 A SRR v | SIE W2 2R G 0 £
W AW RE AT IE B ) T e R, 5 F
(1) H A R 2 R A 1 I % 4% AR T e R K sh gk
PRI ST 9 TR, BAR H T R K s if
5% CRISPR/ Cas9 13 PR & 11 Ty i i A PR T 356 A 241
DNA 248 AN, o] AT CRISPR/ Cas9 1Y 3 [F &
WTReNs i R KW IRATF R R4 R
Brypdpg ) & s AL T S g 1 R0 T 0 R 24 4 i e
OIS TIL Y/ RN

A I 2 400 AxFh R K28 3h 4, B T4
i BE2EAIR ST B i FH G 1) K 2 h i 2 s £
e, EEELIERE TR SFERE,
R KM T FXE, 1 E e R KK
SRR FEE NERZ— 5 R w58 gy
ARV 25

H AT, A 24 2 ol W 28 7 3k PR {6 i ol 4y 4 A
PSSR B RBRAR . B 58, FHAE G T R AR A
SR R, LR R R Kyt
AR S B MK, i s E R R, Hk, H
TG (9 55 B M A7 AE ik B 2 A PR R 2R
TR AR AR Z AL, RS SR BT AT 4R 2
[RIRE B B M D FR RS2 ik, fe Ak BE o iR
TSRS A 1) B ) 382 7 R A 2 Bl Y A A
1) A

1 SRR AT A 22 B

Tab.1 Biological characteristics of differences
between animal species

- TR F¥ M FHRE
R A (F) ) (TR
A% 15 ~ 18 4F 256 75 50
VRA 3 ~54F 165 25 6
b4 9~11 H 114 7 80
Fil 7 19 ~21 2 0.03
3 RBE

BL[F 2 6 BT R CRISPR/Cas9 R 401 Kl &



74 o P A EE A AR 2014 4E 8 45 24 45 830 Chin J Comp Med, August 2014, Vol. 24. No. 8

Jre fefi A5 s iy 95 e R AR %) 2 ST R T BR 2 BB A
AW AT AL A 4 v S0 I PR A G R B A ]
AE. BN | a7 H AT H R R Ry, (B[]
A AR VAR A 00 | TE R A [R] B B 1 22 14T
AR R i EL A i G 2 B PESEBRFE T, FER
SRR ZE Y i e] S0 i B A A 58 S A N PR 4 T
B (AR 28 2500 DAkt A 28 AE 22 2 1 2 O B ) T
M T REKESIYEMZ RS AN RE N GE RS
5 ANEEA AR, i H TR E R K
PRREE, AR FE R e B R CRISPR/ Cas9
RGN E R L RGBT ) R KK
SRR SR AR OR A W B 2R 0 5% K R A A B T st
W R FR E A AL E i A SR R AL

S 3k

(1] /A, BRES, Bk FER RO s i [1]. &
Il S5 B4, 2006,14:152 - 156.

[2] Jansen R, Embden J, Gaastra W, et al. Identification of genes
that are associated with DNA repeats in prokaryotes [ J]. Mol
Microbiol , 2002 ,43 .1565 - 1575.

[ 3] 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, 2005,151:653 —663.

[ 4] Karginov FV, Hannon GJ. The CRISPR system; small RNA-
guided defense in bacteria and archaea [ J]. Mol Cell, 2010,
37.7 -19.

[ 5] Barrangou R, Fremaux C, Deveau H, et al. CRISPR provides
acquired resistance against viruses in prokaryotes [ J]. Science,
2007,315.:1709 —1712.

[ 6] Brouns SJ, Jore MM, Lundgren M, et al. Small CRISPR RNAs
guide antiviral defense in prokaryotes [ J]. Science, 2008,321 .
960 - 964.

[ 7] Jinek M, East A, Cheng A, et al. RNA-programmed genome
editing in human cells [ J]. Elife, 2013, Jan 29;2.e00471.

[ 8] CongL, Ran FA, Cox D, et al. Multiplex genome engineering
using CRISPR/ Cas systems [ J]. Science, 2013,339.819 -23.

[9] MaliP, Yang L, Esvelt KM, et al. RNA-guided human genome
engineering via Cas9 [ J]. Science, 2013,339.823 - 826.

[10] Cho SW, Kim S, Kim JM, et al. Targeted genome engineering in
human cells with the Cas9 RNA-guided endonuclease [ J].
Nature Biotechnol, 2013. 31230 —232.

[11] Shan Q, Wang Y, Li J, et al. Targeted genome modification of
crop plants using a CRISPR-Cas system [ J]. Nature Biotechnol,
2013,31.686 —688.

[12] Niu Y, Shen B, Cui Y, et al. Generation of gene-modified
cynomolgus monkey via Cas9/RNA-mediated gene targeting in
one-cell embryos [ J]. Cell, 2014. http://dx. doi. org/
10. 1016/j. cell. 2014. 01. 027

[13]

[14]

[15]

[16]

[17]

(18]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

Dok, K%V, A CRISPR/Cas9 AR IHMLE, LTI
R HE R B ER PR [J]. T E A R IR K, 2014,
3.015.

Wang H, Yang H, Shivalila CS, et al. One-step generation of
mice carrying mutations in multiple genes by CRISPR/Cas-
mediated genome engineering [ J]. Cell, 2013, 153 (4):910
-918..

Wu Y, Liang D, Wang Y, et al. Correction of a genetic disease
in mouse via use of CRISPR-Cas9 [J]. Cell Stem Cell, 2013,
13.659 - 662.

Schwank G, Koo B-K, Sasselli V, et al. Functional repair of
CFTR by CRISPR/Cas9 in intestinal stem cell organoids of cystic
fibrosis patients [ J]. Cell Stem Cell, 2013,13:653 - 658.
Charpentier E, Doudna JA. Biotechnology: rewriting a genome
[J]. Nature, 2013,495.50 -51.

Bilen J,
neurodegenerative disease [ J]. Annu Rev Genet, 2005,39:153
-171.

Lieschke GJ, Currie PD. Animal models of human disease;
zebrafish swim into view [ J]. Nature Rev Genet, 2007 ,8:353 —
367.

Dawson TM, Ko HS, Dawson VL. Genetic animal models of
Neuron, 2010,66 ;646 —661.

Bonini NM. Drosophila as a model for human

Parkinson$ disease [ J].
Wirths O, Bayer TA. Neuron loss in transgenic mouse models of
Alzheimers disease [J]. Int J Alzheimers Dis, 2010, (2010) ,
Article 1D 723782.

Ribeiro FM, Camargos ERdAS, Souza LCd, et al. Animal models
of neurodegenerative diseases [ J].

2013,35( Suppl 2) :S82 — S91.

Revista Bras Psiquiatr,

Shen H. Precision gene editing paves way for transgenic monkeys
[J]. Nature, 2013,503:14 - 15.

Yan G, Zhang G, Fang X, et al. Genome sequencing and
comparison of two nonhuman primate animal models, the
cynomolgus and  Chinese [ J]. Nature
Biotechnol, 2011,29:1019 - 1023.

Gibbs RA, Rogers J, Katze MG, et al.

rhesus  macaques

Evolutionary and
biomedical insights from the rhesus macaque genome [ J].
Science, 2007 ,316.222 —-234.

Chan A, Chong K-Y, Martinovich C, et al. Transgenic monkeys
produced by retroviral gene transfer into mature oocytes [ J].
Science, 2001,291:309 -312.

Yang S-H, Cheng P-H, Banta H, et al. Towards a transgenic
model of Huntington’ s disease in a non-human primate [ J].
Nature, 2008 ,453:921 -924.

Pennisi E. Editing of targeted genes proved possible in monkeys
[J]. Science, 2014 ,343.476 —477.

ZERRS, FE . CRISPR-QS A 4 45 4 B A 1 4% 13 3t F 1
[J]. 1% ,2011,33:213 - 218.

(&2 B #8)2014-06-23





