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The Establishment and Development of Nuclear Transfer

Liao Zhaodi, Liu Zhen, Sun Qiang*
(Shanghai Institutes for Biological Sciences, CAS, Shanghai 200031, China)

Abstract Nuclear transfer is a technique used to obtain clone embryos or individuals, in detail, people
apply micromanipulation skills to transfer donor nuclei into enucleated oocytes, then the reconstructed embryos
undergo either in vivo or in vitro culture. From 1950°s to the present, nuclear transfer technology has been widely
and deeply developed, and play a significant role in the fields of life science. The establishment and development
of nuclear transfer technology can be divided into two stages: initial stage started in the eggs of amphibians. In
this period, nuclear transfer technique was firstly used to study the function of nucleus and its interaction with

cytoplasm. This technique was further improved later in mammals. Compare with amphibians, the application of
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nuclear transfer technique in mammals is more intensive and extensive, and this mainly includes: clone of different

mammalian species, clone with multiple types of cells, micromanipulation method and procedure improvement,

reprogramming mechanism research and efficiency improvement of nuclear transfer, endangered species protection,

personal stem cell therapy and gene-modified model generation. In this review we will discuss the development of

nuclear transfer technology in the two stages and give a future prospect about the application of the technology in

non-human primate model generation.
Keywords

primate
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nuclear transfer; micromanipulation; amphibian; mammalian; reprogramming; non-human
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(1171 000, T /N B 14 51 REEH A 00 Lb G 5FBE4H i 4 22
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TIERLE L. M EMIRE R BB ZE.
19734F Lin %5 PP 32 Y i K35 Al & 3 25 1 14 48
LA — 08709 B A VR S 1) — 2 ) \ R IS 3 ) /0 B
JVR i O i v DL 3044 20 i 55 B SR Bkl A 1 H .
19755 Bromhall* £ 3£ 47 8 4 ) 4% #% A S 565 5 X
FLEN A O BEAE IR R R BOR BEAT T — e, X2
S SR AE I LA P 2R — IR, (R
W LB T BE IR G v R B 2 SR E IR B B B IRk
1, X H G LB A s LE K, 1984
M, 5 [E R} 22 5K Steen Willadsen ™ 45 = O BE 4 Ay
PR AR B BLTR 3 — 2 1 B o MR BB R DLIE B 4% B
(1), JE2 A I & 30 BR 6 325 B s v ) B B R 2 0N
FALHER Sy, SR AT )\ 2 A B 3 () B9 2 Bk N Y
JA B I A RO i B RN R 3 A S, R
Jo I o) v b MR I R A [l S2 AR AR 2 T3
R B4 F X bp B 4G 5 B 28— s B FL2h 4
MIHEAE . 19964F, Keith Campbell %" 7E Nature I )%
2T ABATTR] 4 = VR 16 4 i 40 A% T R 1Y) b e 4
Ji4 TNT4(totipotent for nuclear transfer 4)iF17 %%
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Dorset) Bk 2 19 FL BE 40 i A% Ak 44, DL 22 [ (Scottish
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Blackface) £} 3 {1 1 5 4} o 5 £t 1k, 7 — % M &
$ 0 5 A o A5 — KR 7 R Dolly™(E1 ).
Wilmut 30275 35 TR ¢t % P T 26 i e £F 4
YN A A A 5, 3 LU 37 T3 5 s e A, (e
“Dolly A (15K B SCHE T8 AR A PR A 2 4
SR EL 2 43P R PR AL, IR T 4
O FLE R AN E — 52 2 PE R ISR L R B R 5E
KRR S, “Dolly 2 J5, V5% oAt ey e
I LN 5 7 AW AR R, B B
ESENN  [CNNTTECIE N UM 2 S
I EEENTACNE CONE=CINPN- CoNE L N
BT, JREBFAEC, RO, RN, e, e
JKABO, BEIEEIRIR T, R RS T D2 E R
SR AR M FL A R,

3 MELEhR AR ERIE R R A RIAE
ESTIED
A0 e — 1 B B A 2

TR, i B AR 20 f AE B g AR R aE 2 1 FHAS, S8
HA R K — 5 se B G AN BRI E 7 32 HRE OF —FE K
H, MRE—/NB R K E RNTEAN K. 4
JE AR PHAS T AR 40 M o B R IR B IE 8 R E, XN
A D8 A M e 0% 15 X B [ A [a] 5 21 4 R R
BHTR PN ARG e AR ?

20055, 2K [ H AERALAT F¢ T i Teruhiko Wakayama
1 BABE 20 55 1 25 LB BRE A a) 7R TSA FH T AL 2 /1N
B PR A A B A RS R IR iR, R IWTSA W] DA 25 48 T H
WG & B . %5+, Wakayamald] PAPYH TSA
ALER/NELON F A MR T4 . AR B AT 4E A
e R0 A 0 e 1 e B VR S, DU 2 1) S JIR 2 ] 49 i)k
F75%. 40%- 60%H180%, I 43 il FI5 nmol/L
150 nnmol/L TSAKLHH G Fr- 41 o A% £% 1 IR i 35 T
N AR T RI6% L L

1E 5 AR Ab 52 K (in vitro fertilization, TVF) [ HE P4
G H A AE X G AR 235 (X chromosome inactivation,
XCDIL G, HAE ) 32 202 1k Xtk A 1) —

®1 EBRERRFEM AL

Table 1 Reported cloned mammalian species

Yo FEhy PBEARIZ AN S 1Y
Specie Year Donor somatic cell type
Sheep 1997 Mammary cell
Cow 1998 Fetal fibroblast cell
Mouse 1998 Cumulus cell

Goat 1999 Fetal fibroblast cell
Pig 2000 Granulosa cell
Gaur 2000 Skin fibroblast cell
Muflon 2001 Granulosa cell
Rabbit 2002 Cumulus cell

Cat 2002 Cumulus cell
Horse 2003 Skin fibroblast cell
Rat 2003 Fetal fibroblast cell
Banteng 2003 Skin fibroblast cell
Mule 2003 Fetal fibroblast cell
Africa wild cat 2003 Skin fibroblast cell
Deer 2003 Skin fibroblast cell
Dog 2005 Skin fibroblast cell
Ferret 2006 Cumulus cell

Wolf 2007 Skin fibroblast cell
Buffalo 2007 Skin fibroblast cell
Camel 2009 Skin fibroblast cell

Crab-eating monkey 2018

Fetal fibroblast cell
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2k &, MY Bk IR 30k b (1) 77) & b £ (dosage
compensation), B 7E I S5 I EPE VR g A I G
FR A X G A A DG 5 BRI 3R AP AR TR, 48
11 2010 4 Atsuo OguralZIPAPY R I, /N o B IR i
()X % A T R SR8 7K ST AR T 520G B9 Fe i it 35
i, [FIHBAT R B, Xist?E 7o B IR A b 5 8 Rk, 1X
5552 4% O Hh Xist ) 8 15 O B 2 AN Ao T Xst A
FXCI 5 B K B E 4 ASRNAPL BT DLABATT A N,
Xisthf 57 221 5 /I B 40 P o 1 R i Hh X £ 4
SIEA RPN 43Rk TN SR Xisting B 1 B
Fr 4 R 52 R SCRF AR AT R RS AR SR 0, 28I,
AR 1 /N B o e JUR i w4 0 BR ) X e A A DG
D] P B0 2504 T AR AP, e 28 A AT T B e 40 i
2 R SRR T M 1D o B AN A R AR 2R A R T £1012.7%
F114.4%38, 20114, Atsuo Ogura 4] P\ HO7E /N LY
A 20 A% 6 A IR I 3 S Xist /N T HERNA (small
interfering RNA, siRNA) LA flXXist#& ik &, 45 &
TSAKL 33 F 2H 7 [ V54 52 4 SR 4 M %) S o 1 AR
REETEENZ120%. (HIX — SZ56 A2 3T R T FE IR AR,
S /N DL O A0 B AR AR I, R I XistRi AR
FEAS REFE T 1 v B JVR i 1 LB AR 80, IRV AT U
ZLH Xist sIRNA ] A7 24 B AR MEPE /) B 5 B2 i A Xist
FIL &M,

A 240 16 o 5 VAR i R 3% R A IR B S A
AR BRI R B AR — AN EE R E. 2011
S, ERF B ARSI RA W AT R e ORI G R A
(7730, R IE 5 52 05 20 AV e mh 5 79 380 1 DU i
ATV i 5 20 i 2 TS S T P 400 P A 5 B — S I
G, SRAFIA 1B 5 K E 68 )1 00577 4R 2 B v B IR
e g A E AR, IR READAT T A TR, &
oy AR A 1) A R 315, 7%, 326 ey 13 v b R AR 1)
2.7%. B UGS SRR R I 2 B S 2 R
LR NRIG R B AR R BN = 2 —, R v b
BRI T EHE S %

20144F, Wl R 27 5K 55 A AR A b A s 40
IR TIELC T /N B S ORE OP AE 2 B B S — 4
I A G S 2, it — 3 i B A A A T v S 4R 3 T 811
ANEIVE G — 40 B i 3 i Rk ) R X . S8 5
Bl R I 6 [X 45 7 2% 7 VS Ji — 400 i B ) 3R K
S, RINFL 3424 XS AR AL RS AR IR i Rt — R
T, 2474 X S R BE B > B YR AE, 542224 X1
FOIR MG T AT S BN IR L X PRy 5E 4

i g A2 [X 35 (fully reprogrammed regions, FRRs).
47 .9 £ X 3 (partially reprogrammed regions, PRRs)
N H G 201 [i] [X 35 (reprogramming resistant regions,
RRRs). B J& AT 7E 7 48 JfL K P 1247 1 44t Ak 4
2 H e M /7 (chromatin immunoprecipitation high-
throughputsequencing, ChIP-seq), & I 7E RRR[X 13,
17 W] 55 FH3K9me3 & 48, 38 i £ — 20 Mo I 3003 20
H3K9me3%§ 57 (41 25 H 2R K dmad 7] DL 2L
o A1 A 24 A% 2 A8 VS i T H3 K 9me3 1 2R 38 7K~
2S00 R B, 8 Kdmad i) AR 20 B v B I G AR
HIRTT£188.6%, HAF AT FETHAT.6%(IN 41 )i1) A
8.7%(52 ALSCFFAM) -

20164, 2R B [R5 R 1) i 28 5% F AR F IR

5V RV R /) B A 20 i e Y i PR R B SR X

R HEAT I P 53 A, T B DN SR BRI 4k 22 5% 57 I
EEH KB W8 E 5 AR TR I 8 =
Y0 B A5 T (NT 2-cell arrest).  — 2 Jif 25 DU 40 i 452 i
(NT 2-cell to 4-cell arrest). M 4l K & 2 ZMNT
2-cell to blast). PUSHMIFFHHT(NT 4-cell to arrest). A
VU4 B /& & 2 B IE(NT 4-cell to blast)&E52H14, i
AT 20 — 4t st S 1 /) BRAZ 2 A W IG5 0N BE4H
b0 ) i R 3 38 AT L A 4 3] 4 5 DR 4H B0 (zy gotic
genome activation, ZGA)IN =&AL, 285 HLER
NT 2-cell arrestfINT 2-cell to blast # [ 2 7 £
BT, AATTAK, FENT 2-cell to blastZl #4557
T J DR 4 5 4 M T S0 240 i v o VR I 4k 2
BRREM, T 245G T Jisha Antony 551 T
TESERE 2 E A AT Ke Kdm4b mRNATE 532 /1N B 1A 41
v B G, 2 e e 2D £ 41 Mg i ChIP-seq 73 BT K
B, 70 FE R P H3K9me3 3R 1A /K - 2 3 PR AIG, H 3R
W ZWAG BN BT RSP I7%, A TENT
4-cell to arrestZH FAINT 4-cell to blastZH H # 4K 2] 1
— e gE BV RIA R A . i — P H, A AAE
NT 4-cell to arrest &3 | Prpsl. Rad54b. KdmS5b.
Dyrk3FNFgf4555/> 5 4 17 41 i 4= B 1t AH OC i JE PR 3%
A A, R e L 1) o [ 2H R JIG P S K dmSb
mRNA UL 2 FRH3K4me3 FF A0 i D) 5 B HE R0 DY 4
LB A ) 5 & BELARY . B 2%, i 98 il i Kdm4b Al
Kdm5b 3L [F 4/ F 4 /N BRAZ F% 1 2 R 3R 52 T 31195%,
AR WA F11.1%,

20184, 5K 3¢ 4] BAUIZE & KdmAd Fl Xisti i 1X
PR R 7 544 O e 4 R 52 AL SRR A L ) H A 2R 45l
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T 218.7%H123.5%, X & £ LAk /N B e i AR
e [ ARTE o AFL[F] I AT T A B, RS /) B o 2 i
JiE 1 & R AR v 1T LK dmad N Xistiag [9: 45 4 2 ok
AL E T AR NCR, Ko IR X Re8 T2 B
PR FEIABE K B e BARS, RIARATIA N, &
AR — A/ BRI s B IR IR E IR 5 R &
P RS, T PEASEE IR AP T T2
AT T A R T B R RS AR VR IR ATV IR G (1) 42
LR A R A e i, 25 R R R, TR A /)N BR v B
JVR i P F Ak 7K - 5 (] ATV E I G () R 240 7K
FHRL(15.6% vs 19.1%), Bl Ja 0 22 S 4 A0 DX
A3 AT A R R BEL A v B IR G B IR G K B IR QB
JiR PRIEEL TS AT T 0T 0N BB B R () R AR 1
BEAT S AL 0, RIS TEIVERE I BEAS B0 1)
A7~ R 5T HEREENE, 0556 82 H e,
Slc38a4. Sfmbt2. Jadel(Phf17)F1Gabl7E 1th 172017
S — TR AL A R A& HH3K27me3 41 3 T i B
T AU f S AT S8 R B 3 B TVE IR fig 47
H3K27me3 {7 sURE 5 11 40 B IR 4R 31 1 R & BRE Y =
FIH3K27me3 & 4 [X 3, 1M 1 6 [X 3 (1 BF Y5 45 72 7
TE AR A B AZ AL BV I b 0K & 5 2K, B DAAAT T2
H3K27me3 /5 (1 BEE E 10 35 D] 1) S5 A7 R IA 1R 7T fig
FE R /N BRAZ RS HE AR 26 ) ) — AN G B RGO, (]
AT B2 FL I A 2h H v X — Rl 1 B AR 7
%o

7] 47, e 28 2R A BRI R A VS i 3 A 2 4
/N BRI AR 41 B v B IS R 23 INT 2-cell arrest. NT
2-cell to 4-cell arrest. NT 2-cell to blast. NT 4-cell
to arrest. NT 4-cell to blastZ52H F-5F %21 1 UF 24 Bk
HEAT /> B Y B A R R 2 PR AR . R BN B
A 2 B % B2 AL VR i 10350 4 22 S M PR R AR X IR 7
WG & & ik 72 H P R H 2k AL (re-methylated DMRs,

rDMRs), A Al T[F B & B, 3X £erDMR [X 35k [ 240 2
Y B S BURE S 1, TR A AT, I i A
() X 4552 FH A Sk Y B AL 36 72 B Dnmt3a/3b 41 3 (1197,
T I 17 /) B AR 24 L R R B A A R L RS
fiFDnmt3a/3bIsiRNA LT H R IA, i/ B o
B A R 0 A SRR T 35.33% ), TT#E 45 4 7 Kdm4b
FIKdmSbZ J&, O Fr 4 i 5 B G 9 H A2 22 m] ik 3
17.21%, 55K 3 B BN 1918.7% 1 73 4211

4 RKEHYEBERLFRSHR

19974F, DA il A 5 — 1 25 1) 36 [ A8 X R K
ZEHIF 7T O T Don Wol 1 AR Fi - 343 R i B9 24 Bk
o B P R . AT RE R HE B — A
JE B AR LA R 25%~35% 1) 5P M5, Je 4 FRAS B 2 R i
N B JE B o 3 7E 107 cycloheximide AICB K SOM
FRV G N R, T4 Bk ) U R R EORE
R, RlE E G 5 K B 40 B R A S [R5 7710
[F 1% 9256 LU EL T fresh MIT, aged MITFIA A5 )
G T A2 RS ALV i A s, R I AR e 4H
FHEL, ZAEIMILE & 5200 1 B 41 R G 1) A IR L1
26% K B )\ E N 4U ), & T OPimR AR,
TMifresh MIIEHAG 55% & B B\ 2T/ 4R T,
fresh MITZH (I 29M0 e B IR G R A8 (n=9) J5 76 3 R 5241
Z, o2 Fp AR R — M2 H e B, X R
o B A FRSR DAL IR G D BB A B, (EL A2 2R
— 5 e [ tH A7 RASSR BN BIARIE, % H S R4
SRR AR 3 SR (B ).

20024, Don Wolf[#1 BAFY & YR & 1 ) 18 7]
WA 40 M i 47 R R L0 i I8 . 721X T
WFFE R, Al — D7 TR R 7 M3 YLk T2 R 422 o
T4 B B AT A 20 S R A B A R I IR R B
(R SEE, 27y — 7 THD X A 248 R o e JUR 6 1100 850 s ) (P

Somatic cell reprogramming

Donor somatic cell 1-cell 2-cell 4-cell

8-cell Blastocyst Cloned monkeys

& -O-O-@-&—0- T

Kdm4d & TSA

—

Kdm5b, Xist-knockout & Dnmt3a/3b-knockdown?
E1 BEIEARKAETES PR AR EWIEA IR SR A EREZNEF

Fig.1 Factors certified and uncertified in non-human primate that claims to promote somatic cell reprogramming
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RlG 2 /T AN /NI IOE O BB Rl G 2 5 3 B
Rl A 3 /N I 225 B0 AL U7 V5 (lonomycin/
DAMP fllionomycin/roscovitine/CB) i 4T | 8 i+ 5%,
o 2t AT T 42 LA A A0 925 A 3L S ) VR i i 4 4 4
M AR, E A4 B 5 O B 5 il 34N /NI 22 S
CAUDAMPIE BT ARG, FHR 140 40 fo i fe A
JEREFAE 313 A 524K, (R 2R B R0, 5K
Y53 DA 75 41 i st S5 7 B 2R 3R Oy A% it A 4 B AT
TR 2K, HRAE1SS R B I G PRk 1E — R
SRR,

20034, FHGerald Schatten 7455 ) [ A2 33
e AT A B A2 4 B i F2 AE VR i B AN 16 A 3244, 1
EHRA MH . I, SchattenZEPIEIX I 7 H
UM R AR AL AL IR IG A 22 5 0 g5 i
(2 AL GBEAT TR, AATTIA Xt 51 BE 40 25 4%
{1 1] B B8 R T NuMARTHES TIX 4 A 5 41 fild 4y ¢
AXRMEE, NS T ERRKE 7.

20044F, Paolo Martelli[#] P\ P>'#F SchattenZ 1) %
it 2 b o) B A A4 20 A A% AL VR G 1) 2 — IR O 2Rk
1T T RS T, F-8EH 17 SpindleView+: A K SZIH
PRUE 2% A BSR4 B A R3S, IX 2 W R
FORLEAL R M AU B IR FH o AR AT 5% 21 7E AR
AR NRIG2/INI 5, KR 23 o [ VR B £ &7 Bl A S AL
SERIE G R R o RIS H BT B FUE AT 2T 7
1) 5 J P O3 A 24 e v B R R F8 N 31 A 524k, {H
B AT 1) S AR R R 5 A I 60 R P

T A% G2 1B TRk 25 ko0t B BEH R B 451 495 52
K, BRGNS, T BLAR MEE BT A7 40 B i A8 550 R P It
() N 4B 22 Bk, N T — PO R K BB AR T,
20074, Don WolflA1 BAS30nf #% 4% 48 1) 25 A% 1o i ik
17t . A A1 4# B Oosight Imaging System(— 7 i
PR 22 50 ) K 1 0N 1Y) 25 1% B 1A) 4 6 2101 2 B 2 N,
TR WIETIR100%. [F4E, 1Z0F SR BT 5 —
1 % Shoukhrat Mitalipov ) FH3X — B0k J& 1) 23 4% 77
Y DR VAT A S 2T 24 40 i DAy Ak A 4 i Rl T 2 ST
T SCHENE R KRZ B HE T4 &R, FF DUE RAE &
(1) B 3 K 1 9 R T Nature - 20094 1% [4] BA )
I [EIFE B 7 VR ST T 59 A0 PR SOMEPEAZ 2 1 T 2
[

20104, Shoukhrat Mitalipov 2] PAFSIZE PA_E X 4%
AR 7 AR A B it b SO RGO S A v
BV G 35 R A D IR — P oot . AT, A

I FRLE I 2 2 P B S FE0E, BT LS R A
R IR AN T ZFH G, EBOEI (] - H
JEK B Rl I 24 /N IS RO O Rl 5 S B,
B J5 454:37.5 nmol/L TSA Kb # 5 20 Ik i 22~244~ /1y
PO, i X 8 g, AT R BT I A 4 A%
TR R FER R AT HE T E18% /2 451, FERSAE T 674
RIG S, A7 — MR AAE RIS LRI AL ™, IX 2
20184 Hpr e e oy 1k, R A I v B IR i 72 14
W R B B ARIRIER
20134F, Mitalipov[] BAP g ki 1 N (% %
40 & B 2o, JF HARA IR 20T 58 btk — 224
T RO E AR B SRR . A LR AT
SRR R FCET 2 41 i 5 58 BEMITI ST 90 B8 41 fifd fd 5
J&, 17N TH) B ARG 227530535 T BER AL 9 F 4
(Y28 AL, T 24380 25 A MITER BEAH i 5 1 240 P ok 5 5
WA BOERIE ZI R, Freifi iAoy, % —
o T EON AN N FOE AT RZ I T 95 AR AL
SERIHITE T o A2 I6 A AT AE 48R W PO A caf-
feine, caffeine & — £ [ B ER AL B HI 1 771, ] LLA R
BH L1 (AR BRI P P 2o 380 53 4k, A% 48 ) FE I
e RS WARA T REAE IR 4 o R 0% . TR
N AT FH R 1 H A 21 101 Bk 4 5% 95 53 i (envelop
of inactivated hemagglutinating virus of Japan, HVJ-E)
I P ARG 5 32 AR BF M5 R ST R 2 i
X ERAEAR e OO0 IR 1 & 1 FH TS A M caffeinedX i >
RIF, NH e B R A PR S AR 4 T 34 323.5%, NT-ESC
I R R MIB B]50%57 . R HX — 0K, ZBIPT
H F Leighs & Ak £ 5 B 5 R 5 ) B ET 245 248 i 1 2h
LT 1% A IINT-ESCE. R B M H R
Wik am o e nd = 2w A2 1] 52 380 4 BEIR S T g S
PEALE) T4 R, 5 SNT-ESCH LT D fig 14 41
PR 3697 50 I EL RIS ] HE R S 2 HE e AU, X
a7 M v b D N2 T IR IR AR SR At 1o id Az .
2018H4EfH 4R, ok B E BF 2B s 2 o R G
M T 6 BP0 ik B BRI AE Cell P SCHRIE T ve b
BB, ARG R, RN AR S A
FBIAE N RK KB T ve b o 1% B BAE S 45
THT NG R R A B RACR B AR — P
i, | HOosight Imaging System i 4%, HVI-ES
SN 5 2 AR B0 5T R, R R TR T
T 1M 58 4= 2 Fionomycin/DMAP/TSA(I/D/T)% B i%
SLENAG, 2 FHTSAAEE HAMAG, oS &1
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e, [ IR it o T S Kdm4d ) 5 [ RNALL 52 SERRR X
BH3K9me3 HH A0 1) 23 B, (I 33 4 200 P 2 s 2 1o 72
(R BE AT A T 5 3 $ AR o B IR 2B, 20194F
W1, 1% BB ZE oot B DR S 4 R 3R L ) AR A
B Wk Hp oy B AT R AN AL, AR5 SR FH R — T v s
H S R A AAE, X I 1A & 3K T National Science
Review. M UL F R FALFE M 0T FEdEFEFRATT AT LA
R, FilERKRINIIE RN T %R U 2 47
(R HE AL, AR 27 SRAT TS BURE BT A 1 3% 0 4 A — 5 —
A7, TR g TR NATTVR 22 2R MORN 15 3 1) 48 56 IR 7
W HER b — AR A AR R AR AN 25 A T 3R A5 (1) 6
HERT TR

5 FMEZBERAEIEARKEER
BREMEFNRERENX

H AT, A BB 70 3 R A KN B sh i
T FR T, gt (R B £ AR5 A AE, X2 BT/ B
HAEWRBU/N SEE. AR MESM A, S
BTl 7E LI DRI R 7 s A5 A8 1 o R B30
), 35 TRl o R R g N S A 7R ) o4 TR 27 1)
RGN T R IE T EEAEH . Hl Tk
(Al 23 B8 5 30 15 88 5 R KK I e i 2
%k R LA B R ZEISY, 1R 2 R KRB Pks
PR B A B AL S ) BE AT 5T AN AR 4 I 7E
Mk U3 4 R0, f kb S5 A, JEN
REBIIEER . DRI E IR Z 705 N m
FRABAOT, R F ARSI S, BN R KT
AR LER AN G T 7 v O BEAR AR . AR T A5 S 1 Ik
T8 55 B G RV i 32 D g g g ol N R A S BE N
B S PR K 7 VR AP AE L RE . B B IR A
33 % RS Vi B 1 DR X R 384 1 5 B0 228 T LA SR
vt RS i o

PR Y A% RS AE R A pe DA b () AR L T — Fhon]
BEo BFFCN GUATT AT LA A4 i AT S R g 4, SR 5
28 ok — R B G A0 BRAR AT P M T B, o 0k e B 4
T AZ RS M, 2R AR TE B AR D S Ak ik A Ak
TXRR T VR BARBAAE T l o R AN gk AT A AE 1,
FEDR N R bR DA R s SR AR A, YR T 3RS AR R
B A B, T K e 5 IR o A LA
BRLT 8 Mk T RKEENWEHIEZE R
R, AT R Rk 1 PR B FH R R 7 1F 90 v S 3R 2 P
iR, AR KRG A% R e SRR Ak

B AR N RACSEIE DR B A 3 A 5 (SR ARG HE ) 45
AR, RN R KB AL IR BN H
IR SRR BL 2 B R Sh A7, s R K st
BNRKKRAEW . BB FICI LRGN FIRE 5 L ik
PRI S AT AT o

SE LAk (References)

1 Wilson EB. The cell in development and inheritance. Mol Biol
Cell 2015; 26(21): 3697-9.

2 Briggs R, King TJ. Transplantation of living nuclei from blastula
cells into nucleated frog’s eggs. Proc Natl Acad Sci USA 1952;
38(5): 455-63.

3 Gurdon JB, Elsdale TR, Fischberg M. Sexually mature individu-
als of Xenopus laevis from the transplantation of single somatic
nuclei. Nature 1958; 182(4627): 64-5.

4 Gurdon JB. The developmental capacity of nuclei taken from
intestinal epithelium cells of feeding tadpoles. J] Embryol exp
Morph 1962; 10: 622-40.

5 Bromhall JD. Nuclear transplantation in the rabbit egg. Nature
1975; 258: 719-22.
6 Baranska W, Koprowski H. Fusion of unfertilized mouse eggs

with somatic cells. J Exp Zool 1970; 174(1): 1-14.

7 Bernstein RM, Mukherjee BB. Control of nuclear RNA synthesis
in 2-cell and 4-cell mouse embryos. Nature 1972; 238(5365):
457-59.

8 Lin TP, Florence J, Oh JO. Fusion of mouse egg cells induced by
Newcastle disease virus. Proc Soc Exp Biol Med 1972; 139(1):
169-72.

9 Lin TP, Florence J. Cell fusion induced by a virus within the zona
pellucida of mouse eggs. Nature 1973; 242(5392): 47-9.

10 Willadsen SM. Nuclear transplantation in sheep embryos. Nature
1986; 320(6057): 63-5.

11 Campbell KHS, McWhir J, Ritchie WA, Wilmut I. Sheep
cloned by nuclear transfer fro a cultured cell line. Nature 1996;
380(6569): 64-6.

12 Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KHS.
Viable offspring derived from fetal and adult mammalian cells.
Nature 1997; 385(6619): 810-3.

13 Cibelli JB, Stice SL, Golueke PJ, Kane JJ, Jerry J, Blackwell C,
et al. Cloned transgenic calves produced from nonquiescent fetal
fibroblasts. Science 1998; 28: 1256-8.

14 Wakayama T, Perry ACF, Zuccotti M, Johnsonk KR, Yanagima-
chi R. Full-term development of mice from enucleated oocytes
injected with cumulus cell nuclei. Nature 1998; 394(6691): 369-
74.

15 Baguisi A, Behboodi E, Melican DT, Pollock JS, Destrempes
MM, Cammuso C, et al. Production of goats by somatic cell
nuclear transfer. Nat Biotechnol 1999; 17(5): 456-61.

16 Polejaeva 1A, Chen SH, Vaught TD, Page RL, Mullins J, Ball S,
et al. Cloned pigs produced by nuclear transfer from adult so-
matic cells. Nature 2000; 407(6800): 86-90.

17 Lanza RP, Cibelli JB, Diaz F, Moraes CT, Farin PW, Farin CE,
et al. Cloning of an endangered species (Bos gaurus) using inter-
species nuclear transfer. Cloning 2000; 2(2): 79-90.

18 Loi P, Ptak G, Barboni B, Fulka J Jr, Cappai P, Clinton M. Ge-



B4 MR BRI 5 kR

1039

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

netic rescue of an endangered mammal by cross-species nuclear
transfer using post-mortem somatic cells. Nat Biotechnol 2001;
19(10): 962-4.

Chesné P, Adenot PG, Viglietta Cl, Baratte M, Boulanger L, Re-
nard JP. Cloned rabbits produced by nuclear transfer from adult
somatic cells. Nat Biotechnol 2002; 20(4): 366-9.

Shin T, Kraemer D, Pryor J, Liu L, Rugila J, Howe L, ef al. A cat
cloned by nuclear transplantation. Nature 2002; 415(6874): 859.
Galli C, Lagutina I, Crotti G, Colleoni S, Turini P, Ponderato N,
et al. Pregnancy: A cloned horse born to its dam twin. Nature
2003; 424(6949): 635.

Zhou Q, Renard JP, Friec GL, Brochard V, Beaujean N, Cherifi Y,
et al. Generation of fertile cloned rats by regulating oocyte acti-
vation. Science 2003; 302(5648): 1179.

Gomez MC, Pope CE, Giraldo A, Lyons LA, Harris RF, King
AL, et al. Birth of african wildcat cloned kittens born from do-
mestic cats. Cloning Stem Cells 2004; 6(3): 247-58.

Woods GL, White KL, Vanderwall DK, Li GP, Aston KI, Bunch
TD, et al. A mule cloned from fetal cells by nuclear transfer. Sci-
ence 2003; 30(5636)1: 1063.

Janssen DL, Edwards ML, Koster JA, Lanza RP, Ryder OA.
Postnatal management of chryptorchid banteng calves cloned by
nuclear transfer utilizing frozen fibroblast cultures and enucleated
cow ova. Reprod Fertil Dev 2004; doi: org/10.1071/RD08222.
CVM researchers first to clone white-tailed deer-Texas A&M
Veterinary Medicine & Biomedical Scienc. http://vetmed-web.
cvm.tamu.edu/news/press-releases/cvm-researchers-first-to-
clone-white-tailed-deer 2003.

Lee BC, Kim MK, Jang G, Oh HJ, Yuda F, Kim HJ, et al. Dogs
cloned from adult somatic cells. Nature 2005; 436(7051): 641.

Li Z, Sun X, Chen J, Liu X, Wisely SM, Zhou Q, et al. Cloned
ferrets produced by somatic cell nuclear transfer. Dev Biol 2006;
293(2): 439-48.

Kim MK, Jang G, Oh HJ, Yuda F, Kim HJ, Hwang WS, ef al.
Endangered wolves cloned from adult somatic cells. Cloning and
Stem Cells 2007; 9(1): 130-7.

Shi D, Lu F, Wei Y, Cui K, Yang S, Wei J, et al. Buffalos (Bubalus
bubalis) cloned by nuclear transfer of somatic cells. Biol Reprod
2007; 77(2): 285-91.

Wani NA, Wernery U, Hassan FAH, Wernery R, Skidmore JA.
Production of the first cloned camel by somatic cell nuclear
transfer. Biol Reprod 2010; 82(2): 373-9.

Liu Z, Cai Y, Wang Y, Nie Y, Zhang C, Xu Y, et al. Cloning of
macaque monkeys by somatic cell nuclear transfer. Cell 2018;
172(1): 881-7,e7.

Rodriguez-Osorio N, Urrego R, Cibelli JB, Eilertsen K, Memili
E. Reprogramming mammalian somatic cells. Theriogenology
2012; 78: 1869-86.

Kishigami S, Mizutani E, Ohta H, Hikichi T, Thuan NV,
Wakayama S, et al. Significant improvement of mouse cloning
technique by treatment with trichostatin A after somatic nuclear
transfer. Biochem Biophys Res Commun 2006; 340(1): 183-9.
Lee Jeannie T, Bartolomei Marisa S. X-Inactivation, imprint-
ing, and long noncoding RNAs in health and disease. Cell 2013;
152(6): 1308-23.

Tukiainen T, Villani AC, Yen A, Rivas MA, Marshall JL, Satija
R, et al. Landscape of X chromosome inactivation across human

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

tissues. Nature 2017; 550(7675): 244-8.

Sahakyan A, Yang Y, Plath K. The role of Xist in X-Chromosome
dosage compensation. Trends in cell biology 2018; 28(12): 999-
1013.

Inoue K, Kohda T, Sugimoto M, Sado T, Ogonuki N, Matoba S, et al.
Impeding Xist expression from the active X chromosome improves
mouse somatic cell nuclear transfer. Science 2010; 330(6003): 496-9.
Chen C-K, Blanco M, Jackson C, Aznauryan E, Ollikainen N,
Surka C, et al. Xist recruits the X chromosome to the nuclear
lamina to enable chromosome-wide silencing. Science 2016;
354: 468-72.

Matoba S, Inoue K, Kohda T, Sugimoto M, Mizutani E, Ogonuki
N, et al. RNAi-mediated knockdown of Xist can rescue the
impaired postimplantation development of cloned mouse
embryos. Proc Natl Acad Sci USA 2011; 108(51): 20621-6.
Oikawa M, Matoba S, Inoue K, Kamimura S, Hirose M, Ogonuki
N, et al. RNAi-mediated knockdown of Xist does not rescue the
impaired development of female cloned mouse embryos. J Re-
prod Dev 2013; 59(3): 231-7.

Lin J, Shi L, Zhang M, Yang H, Qin Y, Zhang J, et al. Defects
in trophoblast cell lineage account for the impaired in vivo
development of cloned embryos generated by somatic nuclear
transfer. Cell Stem Cell 2011; 8(4): 371-5.

Matoba S, Liu Y, Lu F, Iwabuchi KA, Shen L, Inoue A, et al.
Embryonic development following somatic cell nuclear transfer
impeded by persisting histone methylation. Cell 2014; 159(4):
884-95.

Liu W, Liu X, Wang C, Gao Y, Gao R, Kou X, et al. Identification
of key factors conquering developmental arrest of somatic cell
cloned embryos by combining embryo biopsy and single-cell
sequencing. Cell Discov 2016; 2: 16010.

Antony J, Oback F, Chamley LW, Oback B, Laible G. Transient
JMID2B-mediated reduction of H3K9me3 levels improves
reprogramming of embryonic stem cells into cloned embryos.
Mol Cell Biol 2012; 33(5): 974-83.

Matoba S, Wang H, Jiang L, Lu F, Iwabuchi KA, Wu X, et al.
Loss of H3K27me3 imprinting in somatic cell nuclear transfer
embryos disrupts post-implantation development. Cell Stem Cell
2018; 23(3): 343-54,e5.

Inoue A, Jiang L, Lu F, Suzuki T, Zhang Y. Maternal H3K27me3
controls DNA methylation-independent imprinting. Nature 2017,
547(7664): 419-24.

Gao R, Wang C, Gao Y, Xiu W, Chen J, Kou X, ef al. Inhibition
of aberrant DNA re-methylation improves post-implantation
development of somatic cell nuclear transfer embryos. Cell Stem
Cell 2018; 23(3): 426-35,¢5.

Meng L, Ely JJ, Richard L. Stouffer, Wolf DP. Rhesus monkeys
produced by nuclear transfer. Biol Reprod 1997; 57(2): 454-9.
Mitalipov SM, Yeoman RR, Nusser KD, Wolf DP. Rhesus
monkey embryos produced by nuclear transfer from embryonic
blastomeres or somatic cells. Biol Reprod 2002; 66(5): 1367-73.
Simerly C, Dominko T, Navara C, Payne C, Capuano S, Gosman
G, et al. Molecular correlates of primate nuclear transfer failures.
Science 2003; 300(5617): 297.

Ng SC. The first cell cycle after transfer of somatic cell nuclei in
a non-human primate. Development 2004; 131(10): 2475-84.
Mitalipov SM, Zhou Q, Byrne JA, Ji WZ, Norgren RB, Wolf



1040

UL

54

55

56

57

58

DP. Reprogramming following somatic cell nuclear transfer in
primates is dependent upon nuclear remodeling. Hum Reprod
2007; 22(8): 2232-42.

Byrmne JA, Pedersen DA, Clepper LL, Nelson M, Sanger WG,
Gokhale S, et al. Producing primate embryonic stem cells by
somatic cell nuclear transfer. Nature 2007; 450(7169): 497-502.
Sparman M, Dighe V, Sritanaudomchai H, Ma H, Ramsey C,
Pedersen D, et al. Epigenetic reprogramming by somatic cell
nuclear transfer in primates. Stem Cells 2009; 27(6): 1255-64.
Sparman ML, Tachibana M, Mitalipov SM. Cloning of non-
human primates: the road “less traveled by”. Int J Dev Biol 2010;
54(11/12): 1671-8.

Tachibana M, Amato P, Sparman M, Gutierrez NM, Tippner-He-
dges R, Ma H, et al. Human embryonic stem cells derived by
somatic cell nuclear transfer. Cell 2013; 153(6): 1228-38.

Liu Z, Cai Y, Liao Z, Xu Y, Wang Y, Wang Z, et al. Cloning of

59

60

61

62

a gene-edited macaque monkey by somatic cell nuclear transfer.
Nat Sci Rev 2019; doi:10.1093/nsr/nwz002.

Birling M-C, Herault Y, Pavlovic G. Modeling human disease in
rodents by CRISPR/Cas9 genome editing. Mammalian Genome
2017; 28(7/8): 291-301.

Antony PMA, Diederich NJ, Balling R. Parkinson’s disease
mouse models in translational research. Mammalian Genome
2011; 22: 401-19.

Meredith RW, Janecka JE, Gatesy J, Ryder OA, Fisher CA,
Teeling EC, et al. Impacts of the cretaceous terrestrial revolution
and KPg extinction on mammal diversification. Science 2011;
334(6055): 521-4.

Belmonte Juan Carlos I, Callaway Edward M, Caddick SJ,
Churchland P, Feng G, Homanics Gregg E, et al. Brains, genes,
and primates. Neuron 2015; 86(3): 617-31.





