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Abstract

embryo, which subsequently develop into an individual through spatio-temporal cleavage and differentiation. How

After fertilization, the highly differentiated sperm and oocyte are reprogrammed to a totipotent

this process is accomplished is one of the most fundamental and key questions in reproductive biology, develop-
mental biology and general biology. Recently, thanks to rapid development of technologies, the molecular bases
underlying these events begin to be unfolded with unprecedented depth and resolution. Epigenetic reprogramming
plays critical roles in these processes to facilitate the parental-to-zygotic transition. Epigenetic information, includ-
ing DNA methylation, histone modification, chromatin accessibility and higher order chromatin structure, is ex-
tensively reset and reestablished during mammalian gametogenesis and early embryogenesis. Additionally, some
epigenetic information can also be transmitted from parents to the offspring. In the review, we summarize recent
progress in understanding epigenetic inheritance and reprogramming during mammalian early development, and

their underlying mechanisms and biological implications.

Keywords

programming; gametogenesis; early development

TEBND AT P A e A2 A 5 A4 A e et ek £
53 T B e BE R AL B FRLASAAKS - ANOR 7 RS A BR
Tl 2R R B2 ARG O, TR 4G 1 BN A
. R R AN 5P an o] FE 2w A2 oA 4 RE
PER)SZHE R, FHE 1 R B B— At 2 Fh i S A A
JSC ) S0 BEAN AR, R A i R 2 A A e R A AN DB 11 1)
2 — . WALSNYIE A KA R B & B A2 A
BE1R 2 B Z A0 A o 7 AT, ISR R %
Wiy BHE RNAREfE . & 7 5L 4 B0E (zygotic ge-
nome activation, ZGA). 4 #AiE b, XYLtk
TEEEN X LA R AR AF T DNATF FI v 1) is AL {5
SRS T, @i 5 E A R R E S . i
i, 72528 Ja IZGA AR &, sk AR & Rz ) &
% F2 DL 58 B BEYR 7] A - 11 5% 4 (maternal-to-zygotic
transition, MZT)®. i 45 £ A () 33t 20 RV FE(PIER AN,
R B % [ IE S K B, DNAF 51 2 A R st AL (5
H(epigenetic information)[F] ¥ & 1% 7 BHZ 148 F1E
R4 D RER

2 WL 18t 1% (epigenetics) i - HH Waddingtonfi i,
i 1922 HHAEDNA Y #1) A2 1M 51k 19 AT it A% 1) 5 [
RIBB R B, FEAFEDNAF R, HEH
B JeBRITRCIRAS . et i m g 454 DL A AE 2
IRNAZETY, WAL A5 EA R e B XA H K
AEFNEASARA, T E I 45 R R SR IR R 2 M AR )

DNA methylation; histone modification; open chromatin; chromatin higher order structure; re-
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AIAE 2 SR AT U L s 1~ A B A IR fif A B ek
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KB, AEM ALY T R A I R R B i R,
B PR BALAS DA A T )2 1M 24 ) B g R
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TR T BRI T RS S wIL KT
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Table 1 Representative methods for profiling epigenetic information during mammalian gametogenesis and early development

FMBALE S W I3 DNA/ZH fitl 5 S AR/ A EEBEN
Epigenetic information Method DNA amount /cell number  Experimental procedure/feature Reference
DNA methylation scRRBS single cell Restriction enzyme digestion, library preparation,  [36]
bisulfite treatment, PCR
MethylC-seq 5-20 cells Sonication, end repair, adaptor ligation, bisulfite [20]
treatment, PCR
PBAT 5-100 ng DNA DNA/hun-  Bisulfite treatment, adaptor ligation, reduced [31]
dreds of cells DNA loss
T-WGBS 0.5-20 ng DNA/100 cells TnS treatment, bisulfite treatment, PCR [47]
STEM-seq 10 ng DNA/500 cells Bisulfite treatment, library preparation using [41]
TELP, reduced sample loss
scCOOL-seq single cell The combination of NOMe-seq and PBAT-seq, [37]
multiple epigenetic information can be tested
concomitantly
Histone modification pnChIP-seq 500 cells Formaldehyde crosslinking, sonication, immuno-  [21]
precipitation
ULI-NChIP 500 cells MNase treatment [22]
STAR ChIP-seq 200 cells MNase treatment, library preparation with TELP [19]
Chromatin accessibility scCOOL-seq single cell The combination of NOMe-seq and PBAT-seq, [37]
multiple epigenetic information can be tested
concomitantly
ATAC-seq+tCARM  Hundreds of cells Tn5 treatment, mitochondria DNA removed using ~ [43]
CRISPR/Cas9
liDNase-seq 30 cells Dnase I treatment, optimized purification proce- [44]
dure, reduced sample loss
3D chromatin structure Single-nucleus single cell Optimized in situ Hi-C, no biotin labeling, re- [45]
Hi-C duced sample loss
In situ Hi-C Hundreds of cells Optimized in situ Hi-C, reduced sample loss [39]
sisHi-C Hundreds of cells Optimized in situ Hi-C, reduced sample loss [46]

NOMe-seq: A% /M4 (5 A I A6 27

; TELP: il Je—2E{f—i%4%-PCR,

NOMe-seq: nucleosome occupancy and methylome sequencing; TELP: tailing-extension-ligation-PCR.

AR

1 IR FAEMEIRERAE

TEM LB IR IR & B AR, — /Ny
Y Ak A TR A A B 4T B (primordial germ cell, PGC).
TAERIPGCIZE D HE T . 34k I B A A i
ZO AT AR RS 7 BROP T, 2 R RIS T K AR
(gametogenesis), fi 4 k& T~ &/ (spermatogenesis) £ 5P
TR (oogenesis) o TR AL RS AR TRE JE - 4H L
(spermatogonial stem cells, SSC), &= EEF5H 22 5y %4,
IR 5 ZRRG 1T 1 (spermiogenesis) ™+, H R
I 8 A 2253 248 AL RS JiR T 20 i ATB AL A i
T4ui, wUE R HIREHRE ), Ja 7 W B AT o)
g RE . B, KT R AE LABAURS IR 41 i 9 ke 5%,
L PR UG ZE P IR B 2, T A S AR R T K

T B Ta— /5024, Uk, H. R4S
e ERT EE B, AT B, LA 2H 3R e f RS R 3 B 55
KB AR 7 WEVE A A0 R AEET3. 5 R JT
GERE N RAC Ty 2R, H A R JE A5 AR B A 2
RIS A XU I, I RE N P BE A B B 72X A

BT BL, O BEAR AR 2RO 1 BHERNAM R 5
ﬁDNA@%%@%, ALFE LR E1CP, MEPEIH FL3)

POVE A, AR SR BORBAE R 58 1303 — IR AL
I B HE S AR A Bl SR R R R

HHA(MIT oocyte). 52K &, TERE T IIHIBL T, UPBE4H
0 578 1B — IR DRA oy BT T HE H A AP

K10 B9 138 SRS A R T BCSZ RS BB, A
ARG K B R . RN A — R 51 o83t
T2, T R2-40 M. 4-40 . 8-4ffig. S HLf(morula)
1% JIR(blastocyst), 1XANFr BOVR N IR AT G X &
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(pre-implantation development). Pfi J5, & S N T
B EEFF 4556 IR J5 IR G & B (post-implantation develop-
ment) . FEIR AL ) FOH M G K B kR b Bl
BRI EEREY) AT, AR TS I B
RNAPFF i 2-40 fa(/) 5)E8-41 (N B B IZGA,
FENE IS HH 28 55— IR AR M i3 53 AT RS P 400 B T R
FRAMNRIZ, A0 A3 — 28 oy AT B B R RN R 4
WIRE. EHIRZ G, dE i RIER S 5E . 1T F A
Ak, TR G- . A R, A -
G AE N B Al R o B S d i 5% 1 (gastrula-
tion)JE RN H. AF=ANRE, A2 BB R ST
MH LT RAEBE | B,

Be R A AR I iR R B 7 2 52 3RS A 1
Rl IA 42 BTS20 T BoA bR BRI, WAL 30
YIle ¥ KAE A ARG R BT R K R 218 . i
TER, BB BRI T B R R, AT AN SR 2K
FIR1E T REANERME B, RN 52
T, T3 TR AR P A B 1R SR s A% 22 it 92
R, BRATEAIE TG T fei AL sh P, FE A
e R AE AR G R 8 o 7R R R A () 3h A&
AL IS AE D RER X e T AR AT
AR AL R AR R ARG R B IR AL T A M
EHRZEER.

2 RUEESA
2.1 DNAFZE

i E TR, H AT AT B 2 1 R 0 S R 4
FEDNAH AL . HE BB M. Gt 5T BOR A A
T Gty it o 2 45 K 2508, DNAH AL 35 11 /2 DNA
551 1E DNAH L F2 il (DNA methyltransferase,
DNMT)AE A N gon - F R A  AEm AL sh o,
DNA F Ak 8 i 28 T CpG A% 1 182 H i e e
(cytosine, C)J 58 SALHK 5718, DNAH I RS 3
FALFEFE 2 M k(de novo)DNA F 35 54 4 fiff A1 24 5
TIDNA F 38 5% #2 g0, J 3% £ 2 $5DNMT3A
FIDNMT3B, DNMT3LA & A H 4 H 5 7% 52 By 15
P, {H 2 0] LLIE HEDNMT3A/3BH i AL E Y.
i, A/ ARG A SRS s I T 5 A — Ak
DNA F 3£ 5 52 | ——DNMT3C, ‘& o 1 A 5 2
VT 15N, DNMT3CA & IR AL TG PR AR, 2
T A B A0 B R 3R Ak b BE R A AR R 300 B i R
T a8 X I R IEAL, gERFE R A R PP, gEFe Y

DNA F 5L 8 B4 iy £ B2 R DNMTI, 6 5t fEDNA K il
J 4 T AR AR (1 R R A K P00 R SR FA A
Ft 3 B, DNMT1EF th B Mk H R (L DNARY fE
2154, Fi4h, DNAF AR aT DA bR . ol dn, anif
S A2 HDNMT T 550 5 B (B an Tevi A %) T
LA FFDNAHTBE L i B R4k, JE DR 2H A ) PR L 2
bt 5 DNAS il R 240 i 73 LA g 1, iX — it A2
BB Bl 2 B 34k; 554, TET(Ten-eleven transloca-
tion) 2 1 5 (L FETET1. TET2FITET3)w] LLiE it
AL R D T 5 2 FRDNA L (1 H ALY, X — i
FERR N 55 AL,
22 HEREM

1% /M (nucleosome) i 28 B Y €8 57 f) 3 AR 45 1)
B, &P T FIH2A. H2B. H3FTHA4 %,
(L B )\ R Ak S g e )\ SR AR E K 29146 bplt
DNAZH AT, Horp, 2H 85 FIN-v 2 B Od o 2 8 70
BMEZ AL, ATUABE I JE . ZFEFE. BERR IR R
B, FROMLLER FE I, FLAE R R Rk U T H
A EERVEREO, AN[E R4 BB AN
W2 50 %, B —FAHE A Em e Bk £ F
g . BN, WAL S 5H3K4 H B AL E#E L 1
fi £ F5SET1A. SETIB. MLLI1-4, ifij 1 5tH3K4H
HE Ak 25 B3 1 B £ F5LSD1/2. JARIDIA-1DZ5061-62,
[FIDNA 54k —FF, 208 (181t mT AZEBE 1Y 7 FH
TR RS, ANEPHE MBS HITEA R T
BRI X3, HPAT A FTEE. B0, H3K4me3 K
Z LR L R 3 1 X 38, H3K27acH LT 2 [X /)
H4 55 1 (enhancer) X 35k, &A1/ 28 RV R 4 S ) b &,
TMTH3K27me3 FTH3K 9me 345 A& 41 15 43 A1 3 4] 5 5% 411
1l DA K S e B T A K1
23 FBEREREN

W /INMRTE Y )it IR R I 51 40 A 1), A 4
X J5 LA AA B, 7 Ah— B X I U] LA B, Eh Ak
P 5 ER) IX 38 ) 2 S R - BURG SR ML AR I 45, 1K
1 X 45y i % € )57 JF i X 38 (open chromatin), 18
T S T X AR, A, Yt T E 4
% N I8 I 2 4 T S, TR RO T I = 4 7S )
SRS, BRI WP AR TR A R O, e
1) S TR AT REAE 25 () b 2 R B, {H 2 i e
05 R A5 R AR A, R oA E T DB T R
P F Rl — 25 BAS [ e oA b (R SE SR IR A Bh T 22
T2 (A1 AR I G 68 5 30T i 34 2 7 R TR R €8 T M B A
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3£ (chromosome conformation capture) A DA & 15 43

HERBUR AR, AT T2 138 Gyt i 7E 25 R S5 4 F
3 N G 8 A0 35 (chromosome territories).  [X %A/
B(compartment A/B). #f #b 25 ¥4 3 (topologically as-
sociating domain, TAD)A1 4% €4 Jifi & (chromatin loops)
OO, AR RRM, RO SR A R
Z 5DNAK fil. DNAZE . 200 7 280 i 5 4%
Sk . 4N, TAD N # I 4% s — Mo 4 [ —
TADH K 31K . BIA AN [R] TADZ 18] )32 SR 0
BLIX PR R S e, Tl R I DR R IA B e, AT AT
RE 9| R ETT, R, T A G 05 B = A
& VA R EEST . —

3 FMERAXNHANIEFLEME
HAREBR & B RYIEE

BTG IR IRERAE . FEDRMS M6 41 i 2 A0
ANERBEEY AATTR I, RAIBAE(E B, FLFEDNA H &
A 2HEE B RN G B IR 1 2 45 46 55 T REAE I 7L 3T
YIBC ¥ R AEFI ARG R 8 k3 T HE IR, )
an, LA 50 I A% F FE (nuclear transfer)$ AR A A,
7 B 5 A7 T 28 AL A 5 R 2 2 R AR R TR 4 1 i
FETCIFAFTHHITST9, J5 SRAIE B, DNA FF Ak F  En
12 K] (imprinted genes)fE S AR RE A 5 PR 4 TR 7 )
RSP RIS IR IE R K E L HEHT7, MIDNA %
1% HE(DNMT1. DNMT3A/3B/3C)LL Sz DNAZ:
FALBE(TET1/2/3) 1 P R i 2k 22 1 B2 R A Fa e
BEE R IR ZEL, MG D R R AR, B
WRRE R B R A BT T o0 1270800 — e o] B S I I 1)
IhRE SRR 2538 i/ RUBC T R A2 IR IG R B 57,
il iTH3K 4 F 3 5 2 BE K MT2 Bk 2k £ 5 350UV IR 304K
FIMEYE. HEPEA G4, PRC2(polycomb repressive
complex 2)72& W FL 3 ¥ 1 11 Tt i AL H3K27me3 1) 42
MEAEESY, EEAHE: EZH1/2. SUZ12. EED
FIRbApP46/48TE P II4FP 2H 73154, 1 FL 3K W, EZH2.
SUZ12FIEEDAT ] — AN i 43 1) i B # 2% F IR H3K -
27me37K -, 3 BUW G 7R N G I HIZE o088,
AR, Y €005 i 2 45 ) ) 0 I R 35 L A 4 o />
BT - AR A R IR G K B Bk CTCF(CCCTC-
binding factor)s& — M AR FEEIEEH, 5
R 428 258 D] 3 38 I % 000 5T 1) v R 25 RS0 A AT R B,
B CTCF B BEH i TE 1 HE AT IEH BOUk Ao 22, 1M
HL 2K J5 R R BE 8 T S VB 3906570 7 ek A i 4

Jf b SR A 1 R BRCTCF 2 2 b TR, S EAF -
BRAT BRSNSk T A48 R e 5 1 % £ )it
SERIE. Ak, AN 5 DY UK B A O R Ephad E TR
2 E|TAD PN HE 58 111 k& 4%, W TADIA 5t i T2
FpEA, UIDNA A BRI (inversion) 1 2%, 76 H
T Epha4 i) ¥4 58+ ] fig 55 Hoh 5 2+ R AEAH BAE H,
S W O PR B R R0, & MG DY SR e T R,
FUMBMGLE T ALY T R AR R IR G & &
W B BRI R DR, (H R R FEAE F Bk
it — L.

2G4 7 25k [R] 3R 38 1 458 7 1Th K ¥5 4G B A
H, PR ot 7E i AL sh 0 I 1 AR A R IR iR R &
KBRS B EE S . IEFK,
B 5 22 W35 % TR a0 9 07 VA I e, B RN AN R
BRI, T AN, kT DA A B DR 2
ACEATIIDNAH A . HE B Yo i T orE
FE DA B e €k 723 ] = 4 G5 40 S (R 1)19212230354T1 )y
MEMZTH T AR R AT R B RS T %
fF, R E 7 AT A R IR IE K E R
LRI
3.1 DNAHREEMMI A& % Fn 2 HARE RS
A BPHERE

TEM AL SV R A B MG & 8 TR,
DNAH WA 1) 2 M E w1 Bl
RO, — A P 4 2 DR AH VG R R DN FE 4L
FBR M E IR, — R AERL T AR, 55—k
RAET 324G 5 B Z A s (B DB ¥, #EPGCK
Bk 2, DNA R AR BT 43l 25 B 2R AN
TETH A4 51 £ 3 25 FEEAEWT B . FIE13.5°K,
FERH ERR 7 — SR B B A X, i e s
¥ & T 1AP(intracisternal-A particle), T £ $5 3 [X] B[
c(imprinting) X 35 7E P ) AR BT A DX HH 2640 L
PR BRI (R S BB TR AR SR, DR H
NCEHT L DNA AL o 1%k REAE M AT T 2 (]
AR Y, A TN K A AEE13 5 R
S {58 FEOR N B, AE AR AR TR R T AR
FEA AR AR AR 2 Jm, FEREE DN B iR B IR
WS AL, 5B, RPN B RZ190%
(FICPGHRAE FF LA ;1T B 1~ K20 HAT40%1CpGA2
AL . 28 =, R EFR T —2CpG Ry Al
Ja BT X3, JLF- 2 CpGHf gk H B Ak 17 R 15
RIEH b, oK R v FR 2 IXCEORT R I R A IX e 5
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FEANRBL T R AR IR R & B g RE h, B AR BRA T Z ME L. 758, DNAEAL/KFAEMEMERC T A AL g RE g g o, {2
KRG T FIDNA F 34l KV 2835 3 TMILOE o 5285, 76 33 25 HEU R ) 25 RS AL B FE F R, DNA B /K 1Us R R, 3
PN WL BB AC. BIRZ G, MEIGEEI A B E  DNAF AL, S350, fEI IR TN N IT RS RO A ohr, LA K ZHDNA 22 [y 1 Jal| 220 ) 2
P R, AR BN X o PEALHE A 77 1T, H3K4me3 HIH3K27me37E G - o BE AR 4R 4R 25 L 1) 7 W AR 2, (R 7E O -1 R Ao et o e b Rk
2 4 (1) 5 WA S, # B Anon-canonical H3K4me3 filnon-canonical H3K27me3, 8(# ncH3K4me3 fincH3K27me3, X Le3EL5 i (MBI 1R £ 4L
T DR A DR B X e SRS, T T ITH3K 4me3 ATH3K 2 7me3 /KT 3uis - [, 1 B 4% (H3K 4me3 FIH3K 2 7Tme3 43 844 28 KLU IR A o, JF
STE2-20 i i A (H3 K 4me3) RN 5 MR (H3K27me3) B A 28 M AR S, 3t e 6 P HCIRAS T 5, R 1 R 1 o €00 I 00X 5k 3 24 R 7E i 3y
TR T XAk FEZGAZHT IR T, HF R 65T IX 3K 2 A T 5 & CpG KA 311 LA BN v 55 PMID 5 PR320 3 [X 3, 3 637 9 [X 358 7
FncH3K4me3 &M 7E2-AHNIGINZGAZ Ji5, 3K et i) T4 (5 X SBOR 22 Y 2%, JRAE R 5l - DX 2, (B 301 DX T g (i A BL R
P o 5L = 45 8 77 THT, MITGP T /D TAD Rl compartment&5 44, 1% ] G5 Fofs i TR R I 5. T HA IES B’JTADfFI]compaItment
45K. 32K A, TADM compartmentZE K55, {H A IR IG A& B IZWTHY 35, 32 IR 01 7 R A TAD Ml compartment £ #4281 [ SR W 115
,U\T;'%iﬁ AR 3R, FARF AR A G oR . B0 AR R )ﬁ@%ﬁ%@ﬁﬂj‘ﬂ;ﬁE’H%X}ulé%{EMEE%ﬁT%E% GO: K11
G BRAINE; FGO: ALK 52 4 A IR REAT AR MIL: 35 A2 ), PGC: JEARZEFHANI; TAD: #4455k .
During mouse gametogenesis and early development, the epigenetic information is extensively reprogrammed. Firstly, the DNA methylation level is gradu-
ally increased during spermatogenesis and oogenesis, with the level in mature sperm much higher than that in the MII oocyte. After fertilization, triggered
by both the active and passive DNA demethylation mechanisms, DNA is rapidly demethylated, and to a low level at blastocyst stage. After implantation,
DNA methylation is reestablished in the embryo genome. Additionally, the genome is also drastically demethylated during the migration of PGCs, including
the imprinted regions. As for the histone modification, both the H3K4me3 and H3K27me3 modifications are in canonical patterns in the sperm. However,
they exhibit specific “broad” peaks during oogenesis, which is referred to as non-canonical H3K4me3 (ncH3K4me3) or non-canonical H3K27me3 (ncH3K-
27me3). Many of these non-canonical patterns are observed in intergenic or distal regions. After fertilization, H3K4me3 and H3K27me3 in the paternal ge-
nome are rapidly erased, but the modifications in the maternal genome are transmitted to the embryos. They are reprogrammed to canonical patterns at late
2-cell (H3K4me3) and post-implantation (H3K27me3) stage, respectively. With respect to the open chromatin, they are mainly found at the promoter and
enhancer regions in the sperm. In embryos prior to ZGA, open chromatin is frequently found at promoters enriched for CpG, and distal regions that over-
lap with PMDs in oocytes. These distal regions tend to be occupied by ncH3K4me3. After ZGA, the open chromatin in distal regions largely disappears,
and reestablished at enhancer regions, with those at the promoter regions remained. There is no TADs and compartments in MII oocytes, which might be
related to its arrested state at metaphase of the second meiosis, but TADs and compartments in the sperm are obvious. After fertilization, both the TADs and
compartments are weakened, but are gradually reestablished with embryogenesis proceeds. Clear TADs and compartments can be observed in blastocysts.
The canonical patterns of epigenetic information are labeled in grey, while non-canonical patterns are highlighted in colors. The intensity of colors denotes
the level of individual epigenetic information. The dashed line denotes the epigenetic information at the stage is unknown. GO: growing oocyte; FGO: full-
grown oocyte; MII: metaphase 1I; PGC: primordial germ cell; TAD: topologically associating domain.
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Fig.1 The dynamics of epigenetic information during mouse gametogenesis and early development
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