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Mechanism of Erasure, Establishment and Maintenance of

Mammalian Genomic Imprinting
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(Key Laboratory of Animal Biotechnology of the Ministry of Agriculture, College of Veterinary Medicine,
Northwest A&F University, Yangling 712100, China)

Abstract  Epigenetics modification of genomic imprinting results in single allelic gene expression in many
mammals, which are mainly regulated by DNA methylation of imprinted genes. Imprint erasure occurs in the PGCs
stage, and its main pathway is demethylation mediated by AID and TET. The imprinting is established during game-
togenesis, with marked differences between males and females. Maintenance of imprinting is accomplished under
the combined action of various ffactors, including Dnmt1, Dppa3, KAP1, ZFP57, etc. Maintenance of imprinting
runs through the whole development stage and is inherited to offspring through cell division. The normal growth
and development of organism depends on the normal expression of imprinted genes. With the discovery of /IGF2R,
the first imprinted gene, the study of imprinting mechanism has been advancing. The paper will summarize the
mechanism of establishment, maintenance and erasure of genomic imprinting and the abnormal reprogramming of

methylation in cloned animals.
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o BB IR I AR B N, B4 A 40 ik R R A
P2 U153 I RUE TS BE, PR A AL UEHE DURTBEE 5 U,
HEF G0 WA DU B Rk, BIXEE A k.
201 20 804F AR F 1, 7E/N BRI B BOA FE R I T o6
AT DR 2H AN 2 LS A7 08, L 1 BIOME 1 T 1
KA RE R, o R A TABM . 199 14 A 7 (1)
o — /N S e ik HE R IGF 2R (insulin-like growth fac-
tor 2 receptor){X £ BRJE #% D1 IEP, X fh i 55 A7 Kk
(LR e SONERTE R, B S ORI T IncRNA H19,
IGF2(insulin-like growth factor 2)%5 % /NE[IICFE[A .
FIH AL, CEAE/N R AR HIT200/ Bl £ A,
TENEFRA 165 Bd JEpRldE H H 3Rk >k H
ACURBLBEIR B8 UL, IR H B £ B0 FE R
b, 3B I A7 T2 PR g ) B R R 4% X (im-
printing control region, ICR) W # FRAE 22 573 H 4k [X 43,
(differentially DNA methylated region, DMR)KSZH 1,
AR IR 7S R B, BC R T R4 IR
8. MEKE LA GRS 7 T # K E
SRR, BRI HE DR ) S B Bk k2 S EUR 2500, B
W IREREAE. B IREZAAE. AngelmanZy
BN G FE IR LA R AR,

B A B G 40 B A 74 20T 485 s A =] 22 [A]
4, AR D RE A2 BT AN [R)IN) 23  SB R ) 22
5, FEA R HEBEE EAE . R s AL 8 5 T it
DNASEAMb 2212 . 4 EE R3S 21 FIRNAA T &
()2 R TR SR AR AT, MR AR 15 16 B 2K Y
1K BB PR 5 18 R RO AL R 1, HHDNA
R A B R R ) 3 22 4% T 2, 02 s e 1)
R TNz —. IXFIDNAF AR T %
WUABEAN BB B, 15 B 46 A FE 41l (primordial germ
cells, PGCs)idk N\ A= FELIE I 3 P22 [, P A B 241 P 7 L
AR I CERCHT A ST R A, T A B A A R A S
A TFUE ST, P AT T8 . B R DR A
BB BSLAZEREN T2 K B 2 B R E .

1 ERBEENIZAVERR

R E T AEDNAF AL A E B X
Rt IR Rim 4, X2 R AAEPGCsIK R 2 BETERIBY
B, KGO0 KE J57~8 hiN, HEJEAZAE S — IRy
iR AE B 25 A, T DA U A 73 Rk 2
JEAHATRENFZ AL . FER P RURNE LN
K, B A e PR H AR W B

ENiC (3B & A EPGCsit . %} FPGCsEliE
BEBRMLEE R 564 T 7, Bt H AT 5B A, Bl
BPHIEIRI . DL/, S — BB, RAFEMAG
KRB 8.5 K (ES.5) T Uh, JEH2H H A4k J L 433k
Ko BB BORAAEEI.SEEL3.S, e S A A
FZLHIEAR, PGCsH I BURE 71 25 F Ak AT DA
1E 34k, X2 SO DNAAE 338 45 Ja AR 4 AR Al /b
frue,

ITAER I U DNA 2 L LB T 2
P e 35015 S 0 B FF i Z B (activation-induced
cytidine deaminase, AID)Z 5PGCs 2 H J: 4k, H Aext
5- B e (S-mC)iEAT i 2 B AE F A 2 A8 AT, /EDNA
ZHELA L R RIE. HAIDBZ 40, 53R %
A2 R EEAL, AT Wk A HAd 1 25 F 2R A0 AL ) A7
T, 5-¥% F L I 5 0 (5-hmC) /& — h B 22 (I DNA £
H AL ] P20, e el R R 8 25 AR LI R 78
rh Ay, B B HEFRDNA F SR R i 1 (DNA meth-
yltransferase 1, Dnmt1)i 47 8% 2h 2 H ZE 007, B8k
T PN S Bl 2 AL TR AR HE 2 F AL
HI{E . 53 4h, TET(ten-eleven translocation) & [ %X
JRAE 25 H AL Rk PR B AR . AR AL B
o, TETH A F A 3 5-mCH 4 J95-hmC, 4 E 4k
FLRES-hmC % AY g 5- HH It J5 it P g (5-FC) 1532 2k i
EIE (5-caC)'®), TETIFITET2/EE11.5F1E12.5/EPGCs
FIRMN, 5-FCHIS5-caCRELE /) BRI I i 440 o 2 [x] 2
FRRT I B2, [, mERR T TETIR /N ROERE 40
Jfih, 5-FCHIS-caC 7K1 25 FAIK, /I BRI i 2k
DRI 2R3 7K 7 7 5 FITCR F 2640, YEHEK 29341 fg
W RIETET28 H 5, e I 21 AH X A8 € 7K~ (1) 5-fC
F15-caC. TET3M 545 25 H B AL 1% 3 16 <5 T2, # il
TET33% PE BRTET3 6k 2% 25 1 B A T 5-hmC I FE 98 20,
(R ARARS-mCHEFRANZ R . %A TSR W, TET31E
A A0 S R LA 5 AR S ARV FH, T AS R A v 2
F A S e ah

2 EFEEENCHEN

57 AN (1) B 25 R 3k 4 it 4y R 38 4% 2 AR A
YN, (HAE I FOop X — i R . 7R OPREAE R
RS 1 & A2 i B2 JT 4f, DNAFF 34k AR 32 ICRs, 1 XX
SR SEDN 2 AR IR R SR DR 2 B i)
SEIE AR A, P RO AT B R ZE N (). TEMETE
A= FE A, TCR H 8 H 254 ke AR TR I 5073 4 i AT
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When PGCs enter the genital ridge, global demethylation of the whole genome occurs to erase the paternal and maternal chromosomal imprintings. At
later stages of germ cell development (before birth in male and after birth in female), de novo methylation results in the establishment of sex-specific
germ cell methylation patterns, including methylation marks at imprinted loci. After fertilization, the methylation marks inherited from the gametes are
erased again, with the paternal genome undergoing active demethylation before the first replication of DNA and the maternal genome undergoing pas-
sive demethylation after several copies of the DNA. Once the methylation is re-established, it will be maintained. Upon implantation, a wave of de novo
methylation establishes the initial embryonic methylation pattern. These methylation markers are inherited to the progeny cells throughout the individu-
al development.

Bl JMREFLZEMESAERLE RSP SERAMENCHRENERIZTRARES E THE23]1E)
Fig.1 Genome-wide imprint methylation programming during gametogenesis and

early embryonic development in mice (modified from reference [23])

(RIXE I, AN [F] TCRAN [A) 20 2 57 F Ak . BRJREDID AIZLE, g i Dnmt3a M Dnmt3 LA 3 K 43 51 4% mik
BSTIFIE T sh W A 5, £ U BEZ0 b 2T 43 58 Bra, BHEENCTCVE RN, S e IE R Ak &
FRUT25261 i AZ YR BN IE 1) R SELE B AR T SE R, 491 W BRR EC L AR TR IR R AT TR B,
WAE /DN BUHETE AR FE A, SQ R BRI B SLAEEL3.5 Dnmt3L ADD(ATRX-Dnmt3-Dnmt3L)45 #) 12k B¢ 1 il

ZJaANATFUEFFAE A AT 58 A7 R R R v i E R AL PR S
BT TERIL T/ SR PR LR R BN S AL o W LA R A H3 2 M N ARR A AL 8 A b ic i

FLANIAR N A 3T I S 10 M Sk B AL 5 72 B Dn- BREEMEMH. BHRKRMA, HEABMm R 5
mt3a. Dnmt3bAIDnmt3c. A FIEM: A FE 20 A 2 ST IR B DNA IS A 3 1) 2 32 P . 45 i H3K36me3
ENIC #0752 Dnmt3a®), [ERasgrfl ICRAL, Dnmt3bAs H3K9me2 fIH3K9me3, 5 DNA FF AL A4 ST BR AR
2 5 H AL DR A A g S8, P DLEDE 57 9 A 78 el REAFE R 41 UH3K27me3 7] PLiE iF DNA H
4 T Dnmt3b, Z:FRDnmt3b) 57 £E4H Bk T #0% S Ak T 2 ST T 2 7 S DR R S R 3R R, I HLRE
A H I 2 A ICRAK 1 224k . Dnmt3cfei # 4 € N BEL i) 7 VR i 38 5 ) T e

Mk FIL AL I, et X i e 1 AT F A AN PTER,

N TR N RAE R IR L FERICY. SAMEA 3 HEHENICH 4TS

NEEE A FDnmt3L, 5Dnmt3a. Dnmt3blE] YR, 74 Bl — BEE o7, sEE NG K B I R 4
FEANM P KRRk . Domt3LI% A H AL R BHiAL R, X+ HE, ROVEANATIRIGE S 4 5
W, (H e m BRI R EYE, 25 48R Dnmt3all) 2 25 WL g R, T AEICR R ZEAS [A] F 34k DL 3
o MECY, 2 M\ Sk FH I A0 B B2 Il 1) 4 B (R 7P, AE EC L R G X o 2 g A0 740,

TR I B, OHE A R A B 4T PR A 7 2R 1A Dnmit3a Dnmt1 /& 4 Ff 01 5 R ok 72 Hp ki 2 7 8 ZEAE
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o TE/NEAR A, Domt1H 24N AL, 5P BE4H A 4% 5
Y (Dnmtlo) A AARGH A4 57 5 (Dnmtls). DnmtloZE
RN BT VR B 7E — S 40 B ) 0T ) RS . (R,
REJEDnmt1 098 7% 74 I i R Bt — &R B B0 FE AL
FRII S,

Dnmt1sX} 8 Aif i 2 21 45 FF 7R 40 i H 2540
I AE ™), DnmtlofiDnmt1s?ESH i [F] & ) B &
1’Eﬁﬁ DAl NPOSHE 55 4 21 - H JE A0 A7 i o NP9SIE it

RASZE #3851 2 B B ALCGAL &, JFIB I E3Z &
a‘@%@%2%%4&H3K18$DH3K23[461, HE AH3MZ &
1A B T {2 EDNAY: B 5 b 21 F S AH 1) % 807,
Drnme 15 R #5516/ BRI H )32 DNATIG FH 2
1, BERAIE FriBe Dnmtl3afDnmtl3b)5, A5
Wi S YR RIH 19 TCR4EFF H LK, Bt LADnme 155 K %)
YRR AN i F R AR AT B AR/ F, i Dnmt3afil

Dnmt3bE 4 Kf 3L AL 7 i JF AR L FH . LA
WFe45 i, Dnmtl MY 2 5E R A EC I 4E Ry, ©2
5 PRI ZH o T 20 DX ) DS FR A

Dnmtls4E 7 & 41 i & B0 i, X Aok 32 A4
HDnmtZ 5, it A 1R 2 H AR K 7 10 A, @1Dppa3
(developmental pluripotency associated protein 3).
KAP1(KRAB-association protein 1). ZFP57(zinc finger
protein 57) A1 MBD3(methyl-CpG-binding domain 3)"7,
Dppa3it i FH 11 H1Dnmt1 /i 5 (1) M Sk Y A OR OR 47
BEVR B K] 40 B 25 TR B AL PO(B12). ZFPST 2 B4R R A
KRABZ R () — B, BEAERF SQUS AN BRIE 2 A i F Ak
b, BERBIIE4E & BRI 45 & BATGC"CGCPY.
ZFP57/HKRABZ, 14 38 fig FTK AP 1 (. FX /E TRIM28 L
TIF1B)HH FAEF, £ ZFPST-KAP1E &4, 4k ifif 5%
M E A Z OB S 5P (nucleosome remodeling

@ —
IGF2 . 90 . H19
ICR Enhancers
O Unmethylated DN,
@ Mcthylated DNA
— ICR —l
IGFZ H19
Enhancers
KAPl/ZFP57
complex
Dnm3a |Dnmt3b
B) KAPI
: ? H3K9me3

H3K9me3 H3K9me3

A: H19/IGF2(f) 3% 1 BT P 18] B TICRZ 75 H A S SR 1 45 . HI9ALIGF 200 5 31 3L B I — 3 51, 0 FH19 FiiFe BEEYtafh I, Rk
ARICRES & CTCF, PTG 38 7 0f LWIGFIA 30 1 HIAE F, BUEIGF2AFRIETIHIORIE; FEQE Rt ik b, CTCFANE L & 18 S (L KICR, Bf
ICRAVAE AR D) RE 2K, T AEAS T il B MG 58 777 BSOS IGF2 B0 4K T UK T HIOM) sk o B: HERFEIHCIERIICR AL I R 7~ 1 SBZFP57
T “TGCCGC L s (H 1 CG 2 B AL B 1) I3 FIC £ HICR, SR JE AIKAP145 &, HHKAP1ZE4ESETDB1. NuRDE &1, FY i HE A1 K
Dnmt] 55JE RRKAP1/ZFPS 78 A A, KYiHF ETEBIICRA) T AL .

A: the expression of H19//GF?2 is regulated by whether the intermediate ICR is methylated or not. The promoters of H19 and /GF2 share the same en-
hancer and are located downstream of H19. On the mother chromosome, unmethylated ICR combined with CTCF, blocks the effect of the enhancer on
the upstream /GF2 promoter, resulting in the non-expression of /GF2 and the expression of H19; in the parent chromosome, CTCF cannot bind to the
methylated ICR, and cause the insulator function of ICR to fail, so that the downstream enhancer can activate the expression of /GF2 and silence the
transcription of H19. B: the KAP1/ZFP57 protein complex maintains ICR methylation of imprinted genes. First, ZFP57 recognizes the imprinted gene
ICR, through the “TGCCGC?” site and then binds to KAP1. The SETDBI, the NuRD complex, heterochromatin 1 and Dnmt1 was recruited by KAP1,
and formed KAP1/ZFP57 protein complex to maintain the methylation of imprinted gene ICR.

E2 KAPI/ZFP57TERE A FHERENCEEICRAE(RIES E TH4911£20)
Fig.2 KAP1/ZFP57 protein complex maintains ICR methylation of imprinted genes (modified from reference [49])
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and histone deacetylase, NuRD). #1 & FHHH3K9— H
FHEALEF(SET domain bifurcated 1, SETDBI1) A1 Gy ff
Jii 5 H (heterochromatin protein 1, HP1)®**, ZFP57-
KAPIE & Wil id (R4 B2 R A ZTETAY 3 1 2 H 5
A TR 5w, A VR TG - 248 B OR RF S G 8 5T R R AL R
DNA AL, 54h, ZFPSTREHE SLSNRPNAL ASICR
() Ak, HBARHLHIE 0T 7. BRitkZ 4, KAPI
W YRR I I S T iR H L —. AT
W, ) B /) B VR G BRVR A5 T I KAP T3 A,
23508 WG B TC P A 4 7 AR 7 B S e, R I S R N,
B a5 A 7 B ) & 5%, Uk B ERRE A A1)
KAP 1) 5 W IR L 4ERF i 7509,

4 RREFVENCERFEERE

ANTE T IEH 2R B, SObE S AE T K,
RZHiBE G N BB, fe th A e B3I
HOEE RN IR 2 7, wlinso G J LI Ra AL, il
OE. HESREAHRI M EE K, O 4
o WAL RN, 5 RE G B g AR AR A R
B ick 35 7L A2 5 M R 4 R o 208 36 [ B S A 3R

KONOPME Je 2 i, e B s K & 5% T fE Al
Blic kR Rk 5 A K, BN SR & 75 1
S PR AR 1 1 256 BRI AR G 2 0 DA B B 2k R % A A A
EHPRERARARAL . I AR I, ve BE S ERATAEAS
[F) R 1 S R AR S 0l o BRATTUR R SO E B T
10 5o B A G B AN A IR 45 2 S H 2 BRI T 2 A B
0 (K ) R IE FIDNA FF IS0 KT, RSB T wif 2F
Z AL A7 AR KB EAC S R 19 Rk RN R AR K
SPLESE T T A 2 AN R R H I, I WIGF2R
FXIST(X chromosome inactivation)H Fi ™ 5 1] 25 H
B, HERX S H . JATE#E — @ i MeDIP-seq !
FEACI 7 A B A o AT R B T BB T v B AR RIFG2
LA HNCE R R IR O, RATIETE
4 FLIR G EAGIN T HI9/IGF2 ., IGF2RFIXIST=4
ICRs ) FEAL KT, 45 5 B 7R 24K 4052 48 G [
FAIKTAES0%AE £, fH3ANCRs X 7E o B AR Jif 4T
TP [F) L P 11 25 H 2L B 32 YU SIS 58 K
L, X 5T 1 2 e T4 M A0 S B AR b e R
S UL B . DENGEEIH 7t i K 33 H W8 JE T e [
W 2E (R E L R 2 23 Th XIS THY R Ak /K1 S5 35 T e,
XIST(¥y v A0 T g 2 Bl T AN 58 4 1) 36 8 4 72 BT
B, FEAEBET RO T B 1L 2 TR AR R, AT T BE S

FXISTI) 12 9. CURCHOEZE I 78 H19/IGF2
El 0 5 (R 7E o e 20 Rt R ZH AR i i B hE 2 |
125, RIAEEESIRIaE . HEZ2 A A H
47 AETCRAC H B Ak, ] @, % W W HT 91 XU i 3%
5. Tk BH H S5 R B, PEG 115K (progression
elevated gene 11)7E H IR KA (7N H LR 25 H1
SRR R IE ;T AE R 4 B A% RS A A it i PEG 11
BRI R FE R 3R GE, HR6NH 4 Ny g fir
Rk WEISE W R B, A6 1 oo FE 4 in 4
IGF2. H19. PEG3MIGRBIOFNT K i Z AL T 1%
TR, PRSI, PEGIOE B M6 T HAE
ARG ok b 1 5 R v B 2 i A 1 I DNA FH 4L
FE P S v, T A LR B BN IE B DN A Y 3
WAERE . DL R SR B, sl sh ) bt i A7 1 B
O 2R L 1 10, TR AR AN B 2 A AR E
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A E R R FRATHT B s =0 PR kR
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A REAE 5> BRRZEFPS 78 A 2%, S5 HMZFPSTAE A% M
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