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How can genome changes other than mutations be inherited?
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11 WTERA. 2RI %K & i DNA
FSLAL L AR

DNA 1 34k (DNA methylation) & ¢ W it 14 27 11
R RGER S, TR IR YTl AE7E . ok B s
i ) e P g W 55 5785 S (BmC). 5SmCIE ik 12 7
Fi: (1) DNAAREEEE )5 FUHRFL (ubiquitin-like,
containing PHD and RING finger domains 1)¥33£4k4:
PEH L L REDNMTL, {8 4k FF 5L AL DNA XUEE H oA
FEAEE 0 H Ak, koA 2EREH L4k (maintenance meth-
ylation)t™>21; (11 ) iy M3k &4 i HF 2 fL iEDNM T3a
FIDNM T 3bfi fb oK H i fL DNABUEE 1 A 3k FY 5L 4k (de
novo methylation)®272>! DNA 3 Ak 75 18458 Bk PR s 5%
B P T UUBR DL R 4Rt AR B . XY AR 0 2R 15 45 7
A & 5 L EAE .

1M DNA 25 B Ak i) & A= WL )6 5 9k 20 i = 3
F AR ZE. 40 A 3 A 0 ] DNM T L0 2 35 o 4
b3 P 3Fe BH BT DNA Y F AL 48 45, sl 7E 40 A 7 240
Tt v AR AU i R 2 v P R A i i W 1) %% 1%, SCBDNA
B LW Ak, X Rk B 2 AR AL /N B (Mus
musculus) it it & & 1 F2 i A= 5 46 g (primordial
germ cell) 2 [ 5 [ 41 5% 25 DNA 5L £k 19 O 3 HL
w28 s s LM, DNARY F23h 25 i 4L 2
— ARG E S T AN 2 R, R TET
(ten-eleven-transl ocation) XU il 42 il R 15 AL 5, K
5mC 4 1k ok 5 i % g ¥ H A& 1 5hmC  (5-hydroxy-
methylcytosine), LA S it — 2 iy %A 1k 7= # 5fC (5-for-
mylcytosine) #1 5caC (5-carboxylcytosing)t?”?8, & (]
2 DNA H B4k 5 25 B b 2 3 a5t 4% 27 1) 22 41 %
[ e o R = AR N N T = 95
SEREAN AR I A ke 2 R Y 1 1202

F B 0 F AR, RS - 76 A R R B At
SEAIE YL AR, AT S Sk R B B B AR R L
Ec | (A4 G 20 i e gl SE PR e, [l 7 1k 2 36 13
Wl RN AN EE. WA ZEE, K
DNAH G = 50 25 Ak, 107 Bk DNATE 73 244t F o
708 bl 20 A W Ak . 32 ORG DL D 41 DNA 25 H 4k
AR S M, B AH R & 8 B B 19 AN [H) 32 RS B9
W, BEDIZIDNA K H SRR A7 B % 22 5190 X F

DNAH IEFERSR, B TR SCHE & IDNMTL, DNMT3a,
DNMT3bZ 4k, Bt oe 7 /N B ) & BLAS 4Ff DNA
B RSl DNmt3C. WF 5% & 3K, Dnmt3CHE7E T il
AEFEAR L . O IR DT BRAE R L R T, I 4
Mtk AR BAE R K ZAEYdh, DNMTICHY [R5
FERIEANTEALE, $ % ) BE ] AE 9l L fth DNMTsHR
1R, 7EDNA 25 F 4k Oy i, WP 9%t & BLTET % ik
RS & ORI IG & B AR T AT A A
?E’T/EJEH[Z&BZ’SS] )

FEW LS, 32K A I RS 7 R BR 40 i o DNA
AL SR AN T SZAE AT, A7 R0 R 40 )
[AZH DNA FEH 54k, HoAS -+ DNAH AL B 2%
T ONEEANNE; ZAEIS, K AER R Y K A K
B2 AL, HAC U5 DNA 25 HY e Ak o B pe T HF I
DNAE HI JE Ak 3 3034 42 YR DNATE 240 it R 91 E 5
AR GE KRR 32 3h 25 H Ak, 20 R R S R T Ok
H I 20 i ) TET3 85 A 5 19 3 30 25 B 35 4k 58 Al
Fty L33 R Y5 DINA DU 75 48 R 1) Sl A R 2 R Ak
TE T R TT A ARBY B, IR R A DNA H 354k 7K F [ 5]
A S, A B X DNA 3L 4 2 45 5 /K OF
UNENGCHE A B30 g iR, 40T 4R E A BBy
B, DNARIIEAL 1 TF, 3840 57 45 Fh R 40 i () DNA
SRR, TE WG T 40 4310 o DA A B 20 i A ot
T2, DNAW AL KA 4tk B, SR bR A 7l 40 g 2 [
20 W AL, S TR LA A S AN T R B A R, )
by 2 5 B A A, L P 41 DNA & 2B 55 — ROR BB 55
B 3EAk, 045 EDIC 2 N AO DNA B 34k Bl 48 B, i
43 ¥ 527 9 0 2 P IR i S 23 AR DNA k.
117 A B B 40 AR 2 — 25 7 A iR S A0 JS, DNA
FHORL AL S i, 37 A B 40 O Y DNA T 3 A 55 5
Ep g & (M 9 DNA 36 fb o 76 b o F2 o # &
717343637 DNA I 34k 0y sh S B TR T &k
faE A~ RE, HA A S 0 e R RS IR R R AR
{%F%BB%O].

AR, T8 F h DNA I Ak 78 35 #E 3h i) 5%
K 1E KR TIRIG & & T R ST S T A
WF9E & B, BEL 4 (Danio rerio) k5, TAU KMt
5 FEJR A DNA B LA 3%, 0 88 M 4k R A TR A K
T DNA W AL [ 1514142 B 1 fn 1 AR IR I 2k 7 A2 AR
B A 1133 T AR 4 3 TR B B e 3R 0k, X PR
IR E I R B B A EEMZE L. WA ZRE
75 B A2 P DNAFIEE 5 DNA B HH b1 AU DNA I 3
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PR3, EAL 5 BE D fa A R 3 L s G R i
KB RRATTT R KA DNA I b 82 5 Jf
By A, 7RI ad T2 DNARY 54 2 5 B sh 25 1
(BB, it BN FE N, HDNA F 3 ARR 25 78 i
WA TEANR E L AR it AR, BRI
gty e HoAb A gl i b, ERIC 5L R ) DNA F SRR
B—HEE TRk, gK T QAR ENEE.

1.2 KRk, SRS & & ok b 41
A &4
FERS TR 2R MW kB kR, fEREZFh
IR B h A R it HE A R, 2
BhAk . BERRILAE. 2R P SR A8 T T R L
TRV RGO TR R L. FEARE T, S5 Rk
T FH 56 B9 41 4K P B 1 H3K 4me2 FTH 3K 4me3 3 B 43 A
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B 1 il s Al G A A T DNA F Ak o g sl 2872 fb (Bdiske 1A SC
BRI37]). (8) AZRLEFA4NNE; (b) /NEUAEFAANM. FGC: IR A FE 4L
(fetal germ cells); Soma: {44 i (gonadal somatic cells); PGC: J&
TG EFE AR S (primordial germ cells)

Figure 1 Endogenous DNA methylation reprogramming in mammali-
an germline (Data from [37]). (&) Human germline; (b) mouse germline.
FGC: feta germ cells; Soma: gonadal somatic cells; PGC: primordial
germ cells
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FE5 & B A I 56 R 7 S A R 7 A DA R AL TR R A
A ERIEFE R A, S L 8 B i H3K 27me3
W) & 4R A BE T8 B A I IR e b Az 3 0 ) 3h
BB R 2w, AT RO T A0 b R A A
A FEPA200FT IR I, (A% /IMATE B — 1> FL A E AR 19 25
¥, SR NS 4 AR R A TRl RS B L i e Y Sk
S EUOAT o B W R AL AN HAS ph & £ 8 15 e £ JiR
CEM YT R R A A R S AR RS T R RS T
e o J5R A 3R 150N, IHe A7 A5 B IR A 16 A Bk 2 e X A2
Kk B R TR L B PR AR AR KA S R 10 Ak, A
VT BYBF T K PG F & A= 3 F2 FP H3K 4me3, H3K27me3,
H3K27ac 2 # 1 1& 1 ik 5 Y4 4 it 7] J 7% (chromatin
accessibility) #1 ¢B. K§ T kR B, KT 4
90%~96%0 1 2H £ [ fie 24 233 1 L WEAb A 5 B R it ik
2 E R A i 3 X LA AR IMATE SRAE 7R, 4
THEWHEAMEZILESEHEASERLT
BB I AE 32 R 1 A oK LT AL B 21 2R P B A
ASZAE IR X Bemk A RG24 4R 1 AT Bk B 2Ll Ak
Rk gk (e AL B LR S, AP ik — 25 F 9

mEsCiR K, WMTHhaEZSmAEAZER, HL
FASRHLt, HIT2 HILS1, H2AFIH2BH SR TH2A,
TH2B, ssH2B, H2A.B.bd, H2BL1, H2BL2, H2AL1-
H2AL3 M H3M AR A H3t, H3.3. ik L6 2 #R [ 248 (A K HE
S5E/MEUBEYIME, IS5 ki AL a1 % &
Yo, ) F HE AR AR i AR P9, 7R 4R Ht (Caenorhabditis
elegans) Tt K B, HEHH2AZEIRHTAS L2k +
e, A UG S R B L R g R B,
H3.3JE MM FLsh ks 7 b 1) B EANK, 706 T I8 il
T oG Y € IR S B PR 4 SR A R B LA &
BB, RS kR AR R A A B O TR Y
HE AR, ENIFER T &4 K& g f o #& v A
fEH, 7 dE—ar5E.

K FHEABMN ST RESBUERIEG KT
SH . =l TR SE R, ot ks Il
H3K 4% B 34k il LSDU/KDM1A, 530k FH3K 4me2
JK R O A B 2E CpGAL U DNA T 34 ) 1B 2% 53
() 15 b 22 A e F 080 4 )5 A 21 B RS T #5758
2 IE R LSDLHE DB, Az = A i e AUt B4 1E
i 1 L 4L DNA, {H iy T 31X 2605 1 H3K 4me2 ik 7k
F, HEANERERBOLE 200 f, HAENE
A 10%A G B HRA S5, M EE S
HOKML B AE; HF2JE AR A 5% A H BLiX



e U B ) e T S 18 SR DRG0 41 2K 11 H3K 4me2
B S K E o IR AL AR

(B 75 B Y J2:, 20164F XielF 58 411585 | Gaofff 5t
4119 Arne Klunglandh#1Bin Renfiff 5 20 SU 5 i T /0>
4 A 3R W 0 B B B R T, 43 0l 7E Nature 1
Molecular Cell I kF£ X, Bx T ke LG &k
H L B AR A, DL R Y B T R
Xof 35 DR ek A RIS, S0 8 ) i R IR IS & T I R
Hh MR - 1) 4 U U] %) 7 b 4H B 0B 1 H3K 4me3 T
H3K 27me3zh 25748 1h (1) £ W igt A4 22 R 3%, I HLUEIH H
U1 AR B IR R %) 26 00 8 45 L ) A A X 158 o,
AT & B, K B 40 i Y H3K 4me3TE 32 K5 5 21 240 il K
Wz 00 S A 2 W 3k, MRS T AR 2 H3K4me3(5 5 X
T AZH o 350 3] 5 S PN 200 B PAT ) A0 R R PR 2 i g 58,
X BB I AE — E R JE bR T 4R B (R
H3K4me3 I H3K27me3) 7F 52 4% Ji iy A 4 ML, I T
— IR R AL 2= A5 5 P AL A ML 25 5 JE A

1.3 KRGS RNA

TERG T kA M ZAGE B, /hRNA (MiRNA)
P /NRNA (endo-siRNA), LA K 5 Piwi & (1 AH B4
FHRYPIRNA (piwi interacting RNA)Z5/NIE 2 5 RNA
(small noncoding RNA, sncRNA) 5 5 i 11462764,
IeAk, 5T & BLIRNASK I 1 /N RNATE 52 1
%E%%[B’M’Gsl-

FE )l Ak 20 72 v v BE LR ST 1 mi RNATE 52 4L )
T A B AT L 2 3k LA i i D900, — BB miRNA
WmMiRNA-221, miRNA-203 71 mi RNA-34b-5p 7 4 T &
Az 1 R v B B R S R 08 [ A mi RNATE B AN
A B 52 L b R BR[O miRNA S 5 1
KA R Z AR, BGOSR p53A K
M A Y BV 2 F B A 2 IR OO Ak, BT SE
RIAE IR AR T AN M | RS SR A, 84 20 B A Y
miR-290-miR2957% (e 2R3k, XI5k A G A0 M . K st
20 IE 3 i R T 00 UYL SR A B 9T kB OR
(Drosophila melanogaster) H P Ji SIRNA . 2 5 H5 7
S AR,

piRNA (PIWI-interacting RNA)JZ4kmiRNAZ J&
RIR— T = S FI AR B R G b B B e A
19 /8 43 - E 9w 1% RNAP2L e 8 7 & A i 7
PiRNA H 4 170 ML 2 30 106G 1 20 B SOkS + 40 Bl v
7 B SOKG 7 vp U A U470 ML I pi RNA 5 H 45 4

B MWD B 4 il CAFL4H i pi-RISCE &Y, %
F PR UTER 5 A A T o 35 PR SR S R4 1 L 361 506G
T RASH A RIE R R IE, 75 58 T 41 mRNA
R RS Hb 6 R R Ak e B e U7 AR RS TR U 0,
PiRNAE Jy “ B (4™ P 45 45 & & A PIWIMIWI Z &
iz Z AU, i fk & JF15 S H A5 A 5 H L APCIC-
2 ZALREARTE, A T IE U W pIRNA S MIWI 4
DL [ X 2 [R) 3 B

piRNATE Y (8 [t KT Fl 55 J 7K S UL R FS 1
WikE T EDNAR St fF, 255 Y@1Y i,
TEA BT UM A FRAEFE LA iz P s 24
KBTI A R p B EZAE . — 7, piRNA
3 oF 5 3 S R I RNARC YT, FR5EPIWIE A1k,
AR A 3000 ST TP A T RINA, - DA T A 3% 170800 B —
J7Tl, piRNA, Piwitk HE & Y1#5:de novo DNA H 3t
1k ¥4 i DNMT3A, DNMT3B, % B 5 (1 DNMT3L,
DL K H3K 9 H %t %% % i SETDB1, H3K9me3iH jill F
HPla, H3K4me2Z: H JEALRFLSDL, X i i 5 e Jog ¥
(retrotransposon)#E17 DNA M 3k H 364k | T Al 5 e £
JR, A 2 T S PR Ak, piRNATE K
JIT s B Tdrd 28 % Jk PR 1 28 4%, ml S 30/ B A= B 40
REZM, Wik T Swe,

20124, v [ BL A4 B sh W iF 5% i B L 28 wF oY
LB, tRNASKE R /NRNATE SRS T i
4. X FRtsRNATERY 2L Ak,  Hh BfF 24404 2 22 Al )
Bt -, 4008 30 5 SR e R MERVL 19 #3624 g 41,
ACAR B 1R AR A 2 i A 2 3 0 RS P tsSRNA S 3 45
JE AR, tsRNALZE A 1CIAI 3L K B o 7, SRR
JIE AR AH G 3 PR e 18 O, 2R T B0 R A AR I 2 T
(N 1 T W il L

B, /MEFISRNATERS T & 4 5t fe i
WA RZ BT ZIRAMESE, WsncRNAFE [ mRNA
E DNARIALE . sncRNA 55 G 8, 5T 8 1 (1) 1 455 9 45
SNCRNATEHS F B 5 324 o B8 v e B PR O B 5 4%
ML 52K 5 A BEE sSneRNAXT IR I & & A T4
TIRIALE] . RIS & B R A L 2 SRR T BL A 4

2 REEPR O A IR A5 2T B
WA 1%

PRGNS R R B BEAC AT EE B R, BR T3 A
DNAZAZSN, FRIEIR REVE T 1 A 3 Wikt £ 2 2
A5, JF HEA IR $ 7R — LU WA A9 e 2 ] gt 4%
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BT AR, A AR 50 35 1% bl A B0 2 % W i
B XLFLA T TP v A RS P s AL 2 U — Fb
S FHLH B0 SR, (RIR 2 AR X s s ——F W
it A% 7E AL o VR —— 1 S s KR T .
U, BFREIREEXIRS 72 Mgt AL 52, SO AR 2
WAL E B B, X IR A B Ay anfel dE b &
T E S, M R EHR T vkl —£.

m bEprk, ERE T, SN ER R R B sk
RERKE, Sl ZmiEFtsRNAL B s 1, 2
i 71X 1R i GmB773,  Alxd % 1R ifif A ¢ 284~ 3k [H &
RV B EREE R S SR B A R R AR A R
WALAE . = I TR 155 5 Y AR DR v 23 el /)
FURE 19 B 3Rk B, 7 — s B AL b e X, il
Jei A HE B A B T A2 AN RLORD i S AR BT, i
TR AR EOBE R (T REE RO AE b v F T B
T X AR E W T2 5] & 5 G FUR A i ol AR
R AEREET. BeAh, A Qv | f54% . A pl
BI05 . RS ISR 2R, Xk 7= A R ast
f2 00, 18 1K - microRNA - MiR-3755% i J5 A8
RUMEAT A RS B8, g — A BF e & B, X AT g
T )50 5 X (Y DNA 364k T . 4 & A B i
H4K5ac, H3K14ac, H3K4me2F1H3K36me3 | [ 55k
189 i 2 /NS 5T 2 AR T 5T A B, R A
(0 BEE 7 0] DL 5| RS 1 Hh Smbt2)i3 3 1 X 8k & A
e 3EAE, AT 0 T 0 PEPCK R 1 £ 15 1)
AE 1Y miR-466b-3pF 15 T i, MM -5 Z PEPCK & [ Y
Sy, [FIEHFST & BURS 7 H Stmbt 235 PR i) 34k
AR A R AR, S EUG S B R R

Bl Tl 4% R & J&, BRBE 15 ey %R 7 52
IE7E B T M. BB 2R LR I AY i M K R (Rattus
norvegicus) % # T XA (bisphenol A, BPA, HT4&
S SR ik 22 ks 28 N A 4B g 1 1 DL A TR}, &%
HOHAET CT, nTBE A i 5 A AL 52 1 DNA
SRR, R TR E A, SEEF
FIREARI G WS R B, A T DR e

5753k

tH Y DNA 34k Ko 25 F B4 4K 7 ) 5mdC - (5-methyl-
2'-deoxycytidine) 5 5hmdC (5-hydroxymethyl-2'-deoxy-
cytidine) 54pa — H R Es b # A R EE A K, MhRiE
KL, 5mdC 5 5hmdC 5 4§+ 1k i 55— SE T i 4R Ay
— S AR PRI, )RR P BRBE S B RE T R
Wit s 8. ARRE, FHNERARSIELGIL
G RS H 38R, I A PMRAET R,
PR TR PR H T B A0 2584 e 11 SR 192,

WeAh, 2855 R R 34 AT LSS RS vk R A
B TR, A7 IR B BN T 5 Wi B IR 5 & B,
23 S (IR ) 5 4 Wk B S S s e U L
23 S BRI BT B T A R K PM s EL
H WA 1 S PM o ELESE R+ 4 & OB,
TEIFAS LA T AU BE FIDRG 3% 1119, 23 R i A
T s B R (R s i, EL A R R A U
TR T R R R, R A AR T R R A (S
B, IR hER, AT,

PRI N R U RS T BN RNA, DNA Ik af;
HE PG, W2k e, R AR 3R
ik, RS LERAL, DT A PR R AR AT A R rp e A X
B2 i A Al AR S 12 i ) B Ao s W P
I, TS R TR R ME L5 S pL, Xt
T E AR B A 58 B — SO SR AT PR %) 35 A% 5 9 F
RAERE L.

3 Jr#

TN TR A% AR A S DA K Bl 2 4 AL
T, X T HETOR 10 A LR L S AC TR 38 1% £ X IR
BRI, B A A OB O
[ SIS N RN ) N s SO AW R RS I
it . 4 P ) S WL i AL ML R B A R,
FHSCHARIE O, AR A5 5 R & B 1 T3 By
2 W42 A 20 KLl [R] ey 2185 X004 T 19 3R WL gt %
& R LA S A% ACHIL ] R AR AP bR A4 182 A% (2 3
PEA)RBE T R RERY 71 HE A
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Sperm epigenome and its potential rolein transgenerational
Inheritance

L1 WenJing, WANG SiQing & LAN Fei’

Key Laboratory of Epigenetics of Shanghai Ministry of Education, International S& T Cooperation Program of Medical Epigenetics and Molecular
Metabolism, Institutes of Biomedical Sciences, Fudan University, Shanghai 200032, China
* Corresponding author, E-mail: fei_lan@fudan.edu.cn

Epigenetics regulation is generaly referred to DNA methylation, histone modification and non-coding RNA, which play important
roles in chromatin management and gene expression. Recent studies have found that sperm genome is dynamically regulated by a
variety of epigenetics mechanisms. More importantly, emerging evidences suggest that certain epigenetics information could be
transmitted from sperm to offspring for limited generations. Here, we have overviewed the epigenetics mechanisms involved in
spermatogenesis and after fertilization, and the potential underlining mechanisms of epigenetic inheritance.

In the first part, we summarized the current understanding of the regulation of DNA methylation, histone modification and small
non-coding RNA in spermatogenesis and early embryonic development.

This part started from the establishment of sperm DNA methylome and the reprogramming of paternal DNA methylome after
fertilization. We briefly described how DNA methylation is regulated by DNMT and TET proteins, and its role in silencing repetitive
elements and imprinting genes. We also summarized the two rounds of reprogramming of DNA methylation after fertilization. During
the first round of reprogramming, most DNA methylation signature from germ cells is erased, and somatic DNA methylome is then
re-established. The second round occurring from primordial germ cells to germ cells, during which DNA methylation at imprinted
genes is erased, and germ cell specific DNA methylome is then re-established. It is generally believed that the two rounds of
reprogramming establish the proper DNA methylome for germ cell formation.

We then reviewed the specific pattern and functional involvement of sperm histone modifications and histone variants. During
sperm maturation, most histones undergo acetylation-mediated degradation and replaced by protamine, resulting in only ~10% genome
with retained nucleosomes. The remaining nucleosomes contain canonic histones and various histone variants, including TH2A, TH2B,
H3t, H3.3, etc. Importantly, sperm histones are also modified, such as H3K4me3, H3K27me3, H3K27ac and H4Slph. Some
modifications are deposited to developmental genes and imprinting loci, while others are thought to control sperm genome
accessibility and compaction. Exemplified by transgenerational developmental defects caused by sperm H3K4me2 disruption, proper
histone modification patterning in sperm is thought to be critical for early development. We also summarized the recent discoveriesin
the regulation of H3K4me3 and H3K 27me3 from fertilized mouse oocytes to ICM, revealing a highly dynamic and regulated nature of
histone modification during early development.

The recent progresses of small non-coding RNA regulation in sperm are also included in this review. For instance, piRNAs are
required for heterochromatin formation and gene silencing, especialy retrotransposon silencing during spermatogenesis; certain
MiRNAS, like miR-290-miR295 and miRNA-34b-5p, are required for proper meiosis and cell cycle regulation during spermatogenesis;
importantly, tRNA-derived small RNASs (tsRNAS) in sperm were found responsive to paternal diet and able to influence the offspring’s
metabolism.

In the second part, we focused on the environmental impacts on sperm epigenome and potential mechanisms of transgenerational
inheritance. To date, severa studies have implied that diet, pressure and chemical exposure can alter sperm epigenome, which could
potentially be inherited through generations. For example, paternal diet is demonstrated to affect offspring’s metabolism. Paternal
physiological stress, such as restraint stress or early trauma, could influence offspring’s metabolism or behavior through altered
paternal sperm DNA methylation and miRNAs. Additionally, altered sperm DNA methylation has been observed in male rats suffered
from utero undernourishment, which could contribute to the high risk of type Il diabetes in the offspring.

Taken together, we just started to understand the potential role of epigenetics involving in the transgenerational response to
environmental changes. Future epigenomic investigations of sperm, as well as oocyte and zygote, should provide more mechanistic
insights in how environment could influence the genome and how the effect might be inherited.

spermatogenesis, fertilization, DNA methylation, histone modification, small non-coding RNA, environmental
factor
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