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| mprinting genes modified parthenogenetic embryonic stem
cells produce full-term mouse via tetraploid complementation

Xu Li, Kéi Peng, Jinxin Zhang, Qian Gao, Wenhao Zhang, Ruotong Hua, and Ling Shuai

Sate Key Laboratory of Medicinal Chemical Biology, College of Pharmacy, Nankai University, Tianjin 300350, China

Abstract: Parthenogenetic embryonic stem cells (pESCs) derived from bi-maternal genomes do not have competency of
tetraploid complementation, due to lacking of paternal imprinting genes. To make pESCs possess fully development potentials
and similar pluripotency to zygote-derived ESCs, we knocked out one allelic gene of the two essential maternal imprinting
genes (H19 and 1G) in their differentially methylated regions (DMR) via CRISPR/Cas9 system and obtained double knock out
(DKO) pESCs. Maternal pESCs had similar morphology, expression levels of pluripotent makers and in vitro neural
differentiation potentials to zygotes-derived ESCs. Besides that, DKO pESCs could contribute to full-term fetuses through
tetraploid complementation, proving that they held fully development potentials. Derivation of DKO pESCs provided atype of
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major histocompatibility complex (MHC) matched pluripotent stem cells, which would benefit research in regenerative

medicine.

Keywords: parthenogenetic embryonic stem cells, imprinting genes, gene editing, tetraploid compensation
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B27. JEEE . FRGIPE A IS 3 Thermo 24 F .
£ PCR®HII H Roche 28wl o T FHHTAA 4
H Abcam 23 Fl o 51956 B P B G 5 SR A
AR F 58
12 H&
121 JRMEREG T HHRER R

FEIUON RGP KX B 129SviJae % 2 Y HE
PEATIE 4T 5-10 U /) PMSG (%, 48 h ) iE
S5 5-10U () HCG it & . 14t HCG 14-16 h J5 .
AbBEME B, 00 D A I TR EL I, PR B B2
Jitl & F 50 pL (ERERH (CZB-HEPES) k31K,
ZJETE 50 uL KSOM (f1 i 55) HfRm, B
F 37 C. 5% CO, ¥ 754585 5% 30 min, F7ES
A A i AN SrCl, BB M R R FR 6 h 2247,
THUE TR B R IE1E KSOM gk S 7% B4R,
W FEE T RL+2i 85370 R 3R 2 40 4 1L
Wb, B ER SR 3-4d, W] UL PN 2 A A1 98% H O e 1
Frlz B ERERE, BRIR, frmbER KA, Pk
SERETHE AL AR
1.2.2 difusks 5

/NERUE A T4 il & ESCs. pESCs,H19-DMR""
PESCs, DKO-pESCs #i##F R1+2i HiaR+ .
R1+2i KiF# A5 DMEM/F12 (Gibco) ., 15%]i
A 1% (Bl) . 1%f% NEAA (Millipore) . 1 U/mL [ 1fi.
S il X -F-(lif) (Millipore) . 40 mmol/L PD0325901
120 mmol/L CHIR99021 (MCE). %j % K i 1 fiff
(Gibco) f&4—kAt, Kig&F 37 'C. 5% CO, H5 54
Hi, kT 3kf% H19-DMR™ pESCs. DKO-pESCs,
Ky 1x10° Ao e, A 8 ng Bk,
SgRNA-cas9 : [l FEABARR S 101, MR
) & Ui B 458 ] Lipofectamine LTX kit (Invitrogen)
PEATHE YL, 6-8h i, 36 h Jrik GFP FH 4N
(Cas9 BH ) . 43318 J i 20 B4 FH G418 (250 pg/mL)
ik 7 d 35458 H19-DMR'~pESCs, % i F s 25
Z (Puromycin) (1 pg/mL) #EAFHCMER % 3 d 3545
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DKO pESCs. X4k H A v e i 47 3 PRI R 3 o
S5 A 03K 3,
123 HETICLE

R ek fs, 4% 25 P R I
7E 10 min, PBS{HYE 3 X, Jil A 0.3% Triton X-100
XA HEA AL B (30 min), Z )5 HEfT 3K PBS i
Pk, FIMAT 3% BSA [ PBS#Ef A, =ik
B 1h, IMA—FT (1:200) 4 Cidk, ZJ5 PBS
e 3, IMATHL (1:200), % 1 h, PBSH
PE 3K, A DAPI (1 : 200), % iR E 10-15 min,
PBS W VEIG . B9 GEIGR 3 R . O3
R BMBIEER o SCh T —dtiW B Abcam
ANFE, ZhUE A RS AYARA A
1.2.4 JRNMHE

7£ MIT CRISPR Design i b 15833 X i 4
sgRNAs, sgRNAs Hifit DNA H Bt4 q, I
IR , % A Bbs T 4t ki PX461 (AddGene)
Bk, Wp S AT R . S TR R 5 2
K, Eciiid PCR )y kA5 A EE DNA F B
SHirtkh B, ZJE—2 % A pEasy-Blunt
Simple Vector (TransGene)tr, £ 55 iiE ) f5
K, MEEFEY . sgRNA P41 L% 1.
125 E& PCR

Pz WA FH UL IR Trizol $2 5040 i 6
RNA. ZJAHl 1 ng RNA F cDNA S5 587 &

&1 sgRNAsFF|
Tablel Sequence of sgRNA

Primer name Primer sequence (5'-3')
H19 DMR sGRNA1 TGCACGTGCAACCAGTTCGA
H19-DMR sGRNA2 GGCATCCACCATGAGCCGGT
H19-DMR sGRNA3 GTTCGATGGCCTCCCACCCC
H19-DMR sGRNA4 CTACCCGTGGGCGAGGCTCT
IG-DMR sGRNA1 TACGGCAACCAACGCTATAG
IG-DMR sGRNA2  AGGAGAAACCACTATAGCGT
IG-DMR sGRNA3  ACACACGGTCCGTTACAGCC
IG-DMR sGRNA4 TGCTGCACATCCGGTGTACC




N8 F/ENEE E SR EI RS T AREIRE ME AR MEEED

(TaKaRa) #4754 5¢ , Mkt 10 185 347 7E & PCR.
S PCRIXHI &M H Roche AT, W &40 -
95 °C 10 min; 95°C 15, 60 'C 60's, 1t 40 /M
. UL GAPDH YE N Z: , i 7€ & PCRX (Thermo)
WK, A 2704 e R SR A At B 4 rp
IR R REEEL . &5 1P HI 3% 2,
1.2.6 WHEREE: DNA B RALWF

PEEUANMI LA, 4 BT AR 7 DNA
FALRF & (Qiagen) UaHAUETT DNA 11 1 B iR
M, mE i s DNA, #1720 PCR ¥
HHE B, PCR ™ ¥i%E4 A pEASY-Blunt Simple

% 2 gPCR % DNA BEW&3|¥FEF
Table 2 Primers for gPCR and detection of DNA
methylation

Primer name Primer sequence (5'-3")
Gapdh F TCTTCCTGGTCCCCACAGTTT
Gapdh R GCAAGAATAGTTCTCGGGATGAA
Oct4 F GGATGGCATACTGTGGACCTC
Oct4 R TTTCATGTCCTGGGACTCCTCG
Nanog F CCAGGGCTATCTGGTGAACG
Nanog R CCCGAAGTTATGGAGCGGAG
H19 F GAACAGAAGCATTCTAGGCTGG
H19 R TTCTAAGTGAATTACGGTGGGTG
H19-DMR BSF1 TGTAAGGAGATTATGTTTTATTTT
TGG

H19-DMR BSR1 CCCTAACCTCATAAAACCCATAA
CTAT

H19-DMR BSF2 TATGAGTATTTAGGAGGTATAAG
AATT

H19-DMR BSR2 TTTTATCAAAAACTAACATAAAC
CCCT

Snrpn BSF1 AATTTGTGTGATGTTTGTAATTAT
TTGG

Snrpn BS R1 ATAAAAATACACTTTCACTACTA
CTAAAAT

Snrpn BS F2 TATGTAATATGATATAGTTTAGAA
ATTAGT

Snrpn BS R2 AATAAACCCAAATCTAAAATATT
TTAATCA

Vector ", PN B BRI . ARAGI 345 51
B S A http://qumacdb.riken.jp/#Ef 74T
S0k 2.
1.2.7 DUk

UL S 2 0K Ay o B D 4 o oy 2 20 LRI
ZJEN 2 i E T RS W I TE 3k, RGN
0.3 mol/L H# . 0.1 mmol/L MgSO,. 3 mg/mL
BSA i1 0.1 mg/mL PVA. e Eal G witk a)
WATELG . BA TR MIRIR4kECR H KSOM i f1h%
7%, 1 h JaWgg, KBRARAG G . dkabisiin
o2 4 difEhirfG, BERHFEA 8-10 ARG T4 T
R JE B b AR R E KSOM K5 323015 30 min
B A E] I CR i A B ) O A5 v o

*3 ERELEIMFT

Table3 Primersfor genotype

Primer name Primer sequence (5'-3')

H19 F1 CTCCTTCCCTGCACAGTATTGG
H19 R1 TCTCATGCTGGAGTTCTTCGCC
H19 F2 CTTCTGGAATAGCTCAGAGGCAGAG
H19 R2 GGAGTCTTCTGGATAGGCCAAG
H19 F3 GAGGGGTTTGGGTGTGTGAG
H19 R3 CTCCTCAAGCCACTCCTGTG

IG F1 ATTCAAGTTTCCGCCCACTGC
IGR1 CTTTCCACACCCTAACTGACACA
IG F2 CCGCAACCTCCCCTTCTAC

IGR2 AGAAGATGATGGGGGAGGCA
IGF3 CTGGGTGGTAGTACACGGAC
1GR3 CCTGAATCTGTGCCACGGTAA
D1Mit46F AGTCAGTCAGGGCTACATGATG
D1Mit46R CACGGGTGCTCTATTTGGAA
D14Mit5F CACATGAACAGAGGGGCAG
D14Mit5R GTCATGAAGTGCCCACCTTT
D2Mit102F TATTTCCCTGTCACTCCTCCC
D2Mit102R TGTCTTTATGCTCAGACATACACA
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T 345 pESCs, M B IEAT T B HERT

2 SrClL G, Z4iifMasth = B (CB) AF)5E, 3K
1 DICHE — AR NRRG . BICHE — A5 ORRRG 7T LA IE 8 %
HEEMR (B 1A), MMEREERL, WG
MRS BRI . NAHARIE (ICM) . WSR2 SR
240 (TE) 45K (I8 1B). BRIk R AY S IR RD
FET RI+20 BYEEFR MR, AN, 297 1
AR, TS @R pESCs 7il% (K 1C). ik
— R T BN 5L H19-DMR F1 Snrpn 75 pESCs

A
Qocytes 4-cell  Morula Blastocyte Outgrouth
40 36 (90%) 34 (85%) 20(50%) 8(20%)
B
D
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OOOOOOOOOO%
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COOOODOOQOOCODOQ ( ole] ] [ 1]
CO0ee800000OCO000
QOO00DOO0OOCO0000

Snrpn §¢83535825385353 |
2080008000000 88 U
olel I 1 1 1 lelele} ®
L I JoI I lol lelsle ®
ool I 11116l 1) L ]

32.5%

B 1 BEHFHEINSMAMIXG pESCs FHFITHX
ENifs B E A9 DNA B EL460

Fig. 1 Derivation of pESCs from chemically activated
oocytes and detection of relate imprinting genes DNA
methylation in pESCs. (A) Development of
parthenogenetic embryos. (B) Parthenogenetic blastocysts
in bright field (BF). (C) Established parthenogenetic
embryonic stem cell lines in BF. (D) Schematic of
H19-DMR DNA methylation by bisulfite analysis. (E)
Schematic of Sarpn DNA methylation by bisulfite analysis.
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FEF A b RS . &K H19-DMR 7E
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HEEEIN H19-DMR 7 pESCs A 42 B H AR Y 54k
RS, T Snrpn 7E ESCs K&K 41 i H 34k K Sy
32.5%, fE pESCs K41+ H 3k Kk 86.9%
(E 1E), 45 R 5 A BER ED 8 5L K] Snrpn £ pESCs
R B Y RS . DL RS, B
AT T pESHM AR .

22 pESCsZ#HMERE

e pESCs ) Z etk , Xt pESCs 4T H 1
WA YL {0, 455 B R pESCs HA & (i ml M i
MRS (B 2A), #F— % HaebE, Mk
Pee YL 45 FAEW] , pESCs %3k Oct4 5 SSEA1L

SSEA1/DAPI

Oct4/DAPI
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S 1 [JESCs M pESCs
=} .

Z NS NS T\%S
o [

510 4|

[
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=

[

=2

Pax6/DAPI

2 PpESCs%#EEMEE

Fig. 2 Identify the pluripotency of pESCs. (A) The AP
stain of pES cells. (B) Immunofluorescence for SSEA1
and OCT4 in undifferentiated pES cells. (C) gPCR
analysis the expression of the pluripotency marker gene
(Oct4, Nanog, Rex1). (D) The NSCs differentiated from
PES cells. (E) Immunofluorescence for Nestin and Pax6
in NSC derived from pES cells.
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RNA 7KL A4, 5 5 i PCR 45 R UK,
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AT AMEMPREIERE (K 2E). DL EE5RIEW]
PESCs H.#¢ R 4f I 2 Retk .
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T iEid CRISPR/Cas9 fiffk H19-DMR, ¥tk
FRJ7 SN 3A Firzs o # sgRNA-Cas9 (Cas9 #4iy
GFP#nic) Bk St TRL, i Yu5| pESCs
Z 5k GFP PHMEAIM (] 3B). K433 [l i) 20
MUEfT G418 Hutkifive 7 d, IRAGPidEgnm (&
3C). #Hitk pESCs W v B A% AR HEA Tk 5 7 4
G, Mpa R BN ARG T (K 3D), Ifamsah
H19-DMR'pESCs. Jift—#:4R# pESCs MK &
Whe, 7€ H19-DMR™ pESCs i IG-DMR,

D Fl_» F2 .,

Genome SV40 promoter figo/ polyA Genome
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D i o

E 3 j@id CRISPR/Cas9 N+ SHIEIREEHR S H19-DMR™ 5 DKO pESCs

Fig. 3 Derivation of H19-DMR"" and DKO pESCs through homologous recombination mediated by CRISPR/Cas9.
(A) Schematic overview of H19-DMR knockout. (B) Flow cytometry sorting of eGFP positive cells from transfected
PESCs. eGFP positive indicates expression of Cas9. (C) G418 resistant results after 7 days. Right panel is the cells with
transfection, left without transfection. (D) DNA sequencing of H19-DMR subclones genotype. The F1/R1, F2/R2 and
F3/R3 indicate the sites of the H19-DMR genotype primers. (E) Schematic overview of IG-DMR knockout and DNA
sequencing of 1G-DMR subclones genotype. The F1/R1, F2/R2 and F3/R3 indicate the sites of the IG-DMR knockout

genotype primers.
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JERL BT AN R 3E FIT/R o 483 1 2040 1k 5 IS
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D25 FAED], 1G-DMR 1) 225 o7 5 DR o 4 i e
(¥l 3E), K154 fir 4% 5 DKO-pESCs.

ol SHs 2H

2.4 DKO pESCs & kiMERENRELEE
3K1% DKO pESCs J&, w5kl T H19-DMR
5 IG-DMR L H Rk, 450K,
LA H19 Y5 Meg3 ik i & T RE, BRHEENIT
FH 1gf2 5 DIKL ik at BF. AT iE—2 0
FH G5 pESCs ML REME, XHIEAT T IUfE

RAMESEES . 250 B /R{RBR H19-DMR JGik 345
DU IARMES Y, {H 2 DKO-pESCs #1 AT L3R5 Y
fEARAMEZN Y, JRAERCEAL (0.29%) (& 4B).

P A5 A AR /N USRS 3k, (B2 AR
Je BPFET, i L5 X B4 ] — % H A A A RN
BROGTEE AT DU BE, /NERAS AR /D, Sk,
SAS I (18] 4C) . SR 2 F DO A AR R M R A5 1Y
INEUET R IE T DKO-pESCs, 439147 T SSLP
WEHREENMYKE (K 4D-E). 45 R BR, %N
R SE A 129 DKO-pESCs K i . LA X dE 16

A
4.0 . MES@EpESCs e
[JDKO pESCs
g NS T
Z 30F L. k¥
E *
520} N
2 NS
=10} ﬂ
ol [ I VI
0.0
H19 Igf2 Meg3 Dik1
B
No. of embryos  No. of Implatation No. of embryos arrested  No. of full-term
Donoreells - rangferred (ET) site (%ET) 10.5-17.5 (%ET) pups (oET)
WT-ESCs 315 182 (57.78) 4(1.23) 3(1.23)
H19-DMR"-pESCs 1221 578 (47.34) 5(0.41) 0(0.00)
DKO-pESCs 342 199 (58.19) 2(0.58) 1(0.29)
D E ¢
\Q)\)b - 4’\"0'6 5 QQ o Q\}Q
A N of
S S FO =
D2Mit102
D14Mit5
DI1Mitd6

E 4 PO{SikiMEIRS DKO pESCs KRR /NER AL

H19-DMR

Fig. 4 Derivation of pup from DKO pESCs through tetraploid complementation. (A) gPCR analysis the expression of
H19-DMR and 1G-DMR related genes (H19, 1gf2, Meg3 and DIk1), t test, *P<0.05,**P<0.01. Data are represented as
mean Xz*s. (B) The statistics of development efficiency. (C) The newborn pups. The star indicate the DKO pup from
tetraploid complementation. The other two is the normal WT pups as the control. (D) Microsatellite analysis shows the
aleles of DKO pup isidentical to those of DKO pESC but completely different from the tetraploid blastocysts CD1 and
others. (E) Genotype the DKO pup through tetraploid complementation.

http://journals.im.ac.cn/cjbcn



N8 F/ENEE E SR EI RS T AREIRE ME AR MEEED
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ZRIR) R, R AR X 2 4 2R 5 3% 1) pESCs
SRR AN EERNREIRZ —. A,
PESCs (W H.25 BN BE 40 g SE R 41, Pr DL nT 5 B 3t 44
MHC DLRgt, pESCs AT L i B I fik 4 S2 36 57
TR E 45 Fh 2L U8B b o A1 pESCs th nf RAE {41
A RS R AR AT R R, IS Al . L
21 S5 2 Al A DS TR, I R BB AR R S 143
FEOFFE T > RIS, IOHERR G % 2 0T
PLK T Z E13.59, ghh, S I 94 iR ) pESCs
(9 2 fgdk s Lt ESCs % 25—l B3 7R IR
REWNREPERAEEEN, R Yang FERHRE,
PICHE A% AR IR i T 48 M2 (Androgenetic  haploid
ESCs, AG-hESCs) H4ZK UK F1RES), W LL#E
WP sE R O RS S, EiBR H19-DMR,
|G-DMR 5 1 555 3] B & 4t i v AT LA W 5 42 s >
SRR, T H19-DMR, IG-DMR [#9k
WE B % 1A IR G T 20 2 (Parthenogenetic  haploid
embryonic stem cells, phESCs) {3 5 3] 5 £k 41 Jiy
Hh s BT LR T 4R s I /N LA & i R YL
M, A pE— 3= pESCs £ REME, SCHE IO
PESCs H (1) A B3l 36 R kA7 T i . 45 R %
B, 4ENE LA H19-DMR, |G-DMR f4 825 {7 5
PRI R B Je , pESCs SRl /IN BRI LR & 2 .
PESCs il 3:J DU £ 1A 432 11 /)y BLURT LA £ 1) /1N B
AR /N T SRS, FRATT AR 3 R R AR

&: 010-64807509

A 53 A A 5 %k B b DR 1Y) B A5 (67 B PR T g
AR LIS pESCs H 4% fff U5 A kM2 sl i &
HEMd AR RE Sy . th T HE pESCs R A
VF 22 8 0 B 3k PR 7R & 7 1 R bk B oG B
AT, Li %48 PY, 78 %i% H19-DMR il IG-DMR
RUFEAE F X 4%E T Rasgrfl AR DL &3R5
PICHE /DN BRI 0O IR ARAT T 47 1E 5 1 A4 119 9K
WE/IN B, PRI T R T G R 22 ) S A B 3
RIA REfi pESCs iF — 25 $ = 345 DU A5 (A kM 3
PR, I e 23R A% 16 5 1 DIOE s Ak 5 4 .
R TG 3 AF 5 B 3 B PR A R & B R R
ik — 35 pESCs & & WRE, 7T LAZE A B
5 35 K] S 118 I /- e B 3% A 40 6 5 5% A b
PESCI, ARATHEE R A IME S IR/ B, IR R
B 22 A S 10 56 B B R, B X I S B s 3
[N #£ pESCs A&, F— 42 % pESCs ity

Zhetk, PAHERAIMESIY, i pESCs Ky
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