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(I JTARHEER SR 22BE T RE K S i P SRR IR B R S0 . )R HEL 524088
2. EA RO B B AT BT T KSR AE Y E R S RS L A I S
TR EEERHO R O R SR IS ISR IR F 8 266071)

WE FlEREY, BTEN BT RAGENERE, ZWHEENXERNE. BFREZTRR
WA EFR PN, BT, B FhE. £EERETF VR BEFaad, 2em
HOTER, WRHARERZIEN, Hd, 4B aB AR A ThRERLIRPRETEEMER:
A F G ERA NG R X CBRE R REM S L AR AR DNA B4
BRARHIEZEBINRSE DNA RENHBE; 2XAMATARAREERFTEREHNEAR
B, AEAREBARATLCEREM P RKEEZ M. wAK A H RERAE A2 B 5 4%
KR 4% 8 H2A fn H2B R ER F R e R ekt B A& A a; H33 E H3 REEWN
TR, EABAY AR B ERK;, AEOHANEH#HLEBWAT A2 —, BEMTRARALE
AEATR, AXBERAEATFREGN, MET FEMA, TBN, BBRA, ZRME T TN
HEMAEOLTRELEREARB PN EARAE, MEAMEARAE A TRREGHHATT
B4, B VLR 8 (Cynoglossus semilaevis) y 7] 18 B 4 3% Sh 8 58 3t K A s i F R E BB R .

KEEiA

hESEE S971 XEEERINAD A

1 AEEPFEREIHAEXEE
11 HAZEE#HR

HEAA 5 AFEELE: HI/HS, H2A. H2B,
H3 1 H4 (Bhasin et al, 2006), HILHAESHET
(Birnstiel et al, 1985; Liu et al, 1989), &A%Y+
ST HE i 2 —(Nelson et al, 2005), 203 H 24
WEEAEYRORGERGHEAR, HHS T
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2 PN R P A . R L AR T T
It H.5 40 it By Ab IR 85% #Y) J2 2% (Handy et al, 2011;
Meyer et al, 2017; Maamar et al, 2018; Xavier et al,
2019; Allis et al, 2016), sh¥ 4RI 3 LU
AEARE . DNA H3AL | 21285 A B3R5 184 ANl 2 i
RNA (ncRNA), A SO H G O 4 8 B X —ad 72 .

21 R B i T FEAZ O AL i R AR
FEETR (B W W R R B TR) s in—> "B RE T Ui
(Peixoto et al, 2020), ZH 4 FIEME B 3= 2 4E H i it
Yy o, J5T Rk SR RN i SR O 5 1) B M 3R 3K (Zhang et al,
2001), o] LA 45 Fh & (A B P 45 5 457 (Patel et al,
2013). 7EShYH EHRGE A E ABME T3k, &
MAk . ®ERe ik . 2 E1k. SUMO 1k. ADP #WH{LAI
i Bl L R TE 1L 45 (Peixoto et al, 2020; Jha et al, 2017;
Sabari et al, 2017),

1.2 HAZFEHEWL

AR A R P R BB AR (OR e- 282
HOR MR (R)FRFER) o-IEE ERYEM, T2 THE

F H3 5 H4 /Y N s, Forb, g R ok 5L g w5 Ok
fo. ZH R E = A, iR 2R % Ak H e s
Hefk B — F B4k (Chioccarelli et al, 2020), 1 3L A 2s
AR 21 R B I i e A, T2 R R R TS B
W45 5% (Zhang et al, 2001), & VL2 & (1 H 3L L& 1
P75 5 IIRE L2 1 (Cell Signaling P3Y), 2H 4 (A
R (HMTs) 2 418 b e, S si i
fig FBLAE i HMT FROM 2 8 Al 20 R P Ok % A% il
(HKMT), stk amRsks P 5bm HMT ROk &
i F 5L 45 7 i (PRMT)(Godmann et al, 2007)., KZ%k
TR R R B AL 25 M S A SET 4543
(Marmorstein, 2003; Yang et al, 2018), ki, fF1E—
T e A P 3 U Y S % B8 Tl DOT 1L (ARl St T 3K 114
T ), Hiez @ersstanm, S Hs
1 H3 (H3K79me)ifi 2R 79 5% H F4k(Yang et al,
2018), HMT K o H S AL 2R AT, TR 2 3%
iR A8 Ak Al TT DA el AR F AR S M o filan, RELRE kA B
(Neurospora crassa)Z & 1 H3K9 H FL5% it 58 48

N

xR 1 BERBRENEMGASFITIEE(Cell Signaling M)

Tab.l Common methylation modification sites and functions (Cell Signaling website)
HEH (A iR g SRR g
Histone Site Histone-modifying enzymes Function
HI Lys26 411 F 3L Al Ezh2 LRSI
Histone methyltransferase Ezh2 Transcriptional silencing
H2A Arg3 A5 &R H I FL B PRMT1/6,. PRMTS/7 e SEOE Transcriptional activation
Arginine methyltransferase PRMT1/6, PRMT5/7 B SE A Transcriptional repression
H3 Arg2 KSR W IEFE S B PRMTS . PRMT6 AR
Arginine methyltransferase PRMTS, PRMT6 Transcriptional repression
Arg8 AHE R I FL 0 PRMTS . PRMT2/6 5 FE0G Transcriptional activation
Arginine methyltransferase PRMTS, PRMT2/6 A Transcriptional repression
Argl7 RS E IR WAL I CARMI e SRS
Arginine methyltransferase CARM1 Transcriptional activation
Arg26 SR H LTI CARMI e SRIs
Arginine methyltransferase CARM1 Transcriptional activation
Argd2 R L Rl CARMI e SR
Arginine methyltransferase CARM1 Transcriptional activation
Lys4 H3K4 HIEH RSl Set] (BRIPT S E) FOVFH Y 0 i (1 JE L)

H3K4 methyltransferase Setl (Saccharomyces cerevisiae)
H3K4 H IEEFL B Set7/9CH HESh )

H3K4 methyltransferase Set7/9 (vertebrates)

H3K4 LS MLL, ALL-1

H3K4 methyltransferase MLL, ALL-1

AR H P SRS i Ashl

Histone methyltransferase Ashl

Permissive euchromatin (di-Me)
e S (= W 51l
Transcriptional activation (tri-Me)
e SR

Transcriptional activation

e SR

Transcriptional activation




SRR ] WS HE N KRR AR P IIAE . DUKA: SR TR A 1) 15
gR1
HEH (A= 3R A i Bl
Histone Site Histone-modifying enzymes Function
H3 Lys9  ZH 8 F HIEH AL Suv3oh LB (= W k)
Histone methyltransferase Suv39h Transcriptional silencing (tri-Me)
E3 iZ R &0 Clrd
E3 ubiquitin ligase Clr4
I AR P %L Goa 1 SF Wi Transcriptional repression
Histone lysine methyltransferase G9a FLH EN Genomic imprinting
A W RS SETDBI A i (= 5 k)
Histone methyltransferase SETDB1 Transcriptional repression (tri-Me)
Dim-5CHLRE k78 5) DNA HEEAL(=H FEAL)
Dim-5(N. crassa) DNA methylation (tri-Me)
Kryptonite(3AR§IT)
Kryptonite (Arabidopsis thaliana)
T B 8 I ok P K ik it Ash e SR
N-acyl sphingosine amide hydrolase Ash1 Transcriptional activation
Lys27 7 A PR B Bzh2 3 SEPTER Transcriptional silencing
Histone methyltransferase Ezh2 X 1% (= 3AL)X inactivation (tri-Me)
HIE A BRI H LRSI Goa LSS/
Histone lysine methyltransferase G9a Transcriptional silencing
Lys36 41 i (1 WAL F  SET2 B SRV (REE AT
Histone methyltransferase SET2 Transcriptional activation (elongation)
Lys79 20 8 P =R T AL 5% o g Dot W e i Euchromatin
Histone lysine methyltransferase Dotl o SR TR (R A
Transcriptional activation (elongation)
K 4F i )2 B Checkpoint response
H4 Argd KSR SR A2 B PRMT1/6 e SR
Arginine methyltransferase PRMT1/6 Transcriptional activation
K52 R P AL o Bl PRMTS/7 B SR A 1
Arginine methyltransferase PRMT1/6 Transcriptional repression
Lys20 4475 (1 W L5 RS 1 PR-Set7 e S UUAR
Histone methyltransferase PR-Set7 Transcriptional silencing
AR B RS i Suv4-20h S (0 (= H L)

Histone methyltransferase Suv4-20h

N- £ Tt 2 BRI K Al Ash1 (PRI B
N-acyl sphingosine amide hydrolase Ashl (D. melanogaster)

AR A W LR A SETY
Histone methyltransferase SET9

Heterochromatin (tri-Me)
e SRV
Transcriptional activation

Har A i S

Checkpoint response

(F281Y)J5, M = W LRl o A Sy B Ll , 76 N 2R
(Homo sapiens) DIMS5 [R5 41 & (1 N-#i 2 i 5L 75
i 2 F:N(G9a)2 78 T (F1205Y), M 25 F Ll A8 Hy
P L (Collins et al, 2005), 7EHE 5 ffi(Danio rerio)
o, prmt5 (F 2R W AL A0l S)BR R 5, B 52 e 5 5
AR AN ) IE F RS, TR R A R T AT
FERMW, prmtS TEHHESN Y MEIR & B LR s 1+
Ay E LN FA{A(Zhu et al, 2019), BFFE A G 2 55 146
THEA B H3K4me3 ., H3K27ac, H3K27me3 F

H3K36me3 7EBE kG ¥, OI+. 4 4HHEATH . 256 4f
i FsF 0 0 55 T30 AR i 5 DR 2L PN ) A e 5 SR
WEFRHNAM R LA “Xid12/b(dememorization)”
TEZHE Z R B 2T 0k % 4 (Wu et al, 2018), #HEH
2 AR SR th 4 8 2 L (HDMTs)$ T 14 (Yang
etal, 2018), T il rYHRs 418 R R4
EHELEHIEREILE 2 (Godmann et al, 2007;

Marmorstein et al, 2003; Yang et al, 2018; Collins et al,
2005; Zhai et al, 2017),
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Tab.2 Histone methyltransferases and histone demethylases

AR SRR R Tl
Histone methyltransferases (HMTs)

2H A 2 B ARl
Histone demethylases (HDMTs)

%R Lysine

f08 SET Z5 (41 7E A B #K)

Contains the SET domain (histone tail)

£ 9F SET Z5H (A E A% L)

Contains a non-SET domain (histone core)
W& Arginine

PRMT(Z 1 JBUAS 2 R HY SL 56 7% Il 2 It

PRMT (protein arginine methyltransferase) family

#i & R Lysine
KDM1/LSD1(HiZ FR 45 5 Mt Y S 1 1)
KDMI1/LSDI1 (lysine specific demethylase 1)
JmjC (£2 % Jumonji %)

JmjC (including Jumonji domain)

W& Arginine

PAD4/PADI4

1.3 HZFB B

2 AR 1 2T Ak 2 & 30 i 1 R e A SRR 1 2
EABMZ—, W RREZN . HEA LB
AR 1 B R T (HATS)FVE I T, TEAZ O 4R
F(H2A . H2B. H3 Fil H4) N-7K S i 20 R M B 1) -
FE I SRS . 2k Ak R AT R S R AR R 1Y I PR A
¥, HIS T DNA A& AZEMHEEER T, 5
SO € TR BN IR e SIS T o AL, IREE IR
HOBEBRIEE IR E S, NS 545N
JUFA A DNA 1% (Legube et al, 2003), # WHEH Z
WEAAG 7 5 AN TN BE UL 3 (Cell Signaling ®3k), 2H
HEH OB HAT 458 A #k B A, A RIFN T
MR, SAHIRGHEL, BRI A C SR A @R
SEF T BRI o B B L B S RS RO T 20 i I
Hr, HAREMH G AR H . Hitk, B BEFFRE L
[ e O N S TS A SR s e = I S E N I S o
(Thiagarajan et al, 2016). £l H i Z BER#(HDAC)
THE AWM L OB R, ARAE DI RET FI AL,
HDAC &R/ Uk, 125, A S B 24
MRy “Z 8 HDAC, HiHHEnl gk fidr M 5 2 A(TSA)
o, i 2802 NADIRHE R K%k, RNZ TSA &
M IV A S HA AR AE P A0 AR A, B A = B Y
%5, 5 HAT Mitt, HDAC M7 4 SrEae(k, mw
SR E = R RV A5 YRR 1 8 2R B (Milazzo et al,
2020), WFFTFRI, B A 5E TR 4 PGC FR{L
2 Sinhcaf /™S ML £ B AR AE H (Tao
et al, 2022), W78 A G BER AR BE D f 3 A SR R
H LR RS, X Rh 5 30T IR iR kA 1 R AT
5| PN 2 TS Y R DL O IG FE T (Zhang et al,
2018),

1.4 HEEABRL

2 0 TR A 2 e TR U i 17 30 o Al TR
M, FELAEEHEA N 2R . 2R
AR b BRI A E I T #A 4 1 HL
AR T Y BT S AL R LA ) A AE RGN T A s
T FIlG 5 DNA Z5G 06 TT, M 5% 5 B (PTMs)
215 DNA XUEEWZ(DSBYEE . a4 H Al
PRI IT IR AL fi 278, QnAE 40 it 43 2433 1]
H1 1Y 1~3 DN22Z R ] K ERRAL , TR 225 54t
W1, H1 A 3~6 MLAMRB AR KA BRI, HAh
4 B 1 Y BETR Ak 1T L& AR 7E N AR g DX sl 1) 24
R R HE | (Chioccarelli et al, 2020), # WL4H 25 A Wi B2
FABA AL 35 S5 DI RE W3R 4 (Cell Signaling W), £
WA T HE AR SR T A A ST A2
K PR YIA 5% . L% (Oncorhynchus mykiss) i 4 75
HEMIER P ok, IETE A R I 2 ) 22 200
I R i 2 B AR A I WAk . AL, S TR] Y
PR Ak T LA ik A TR RS - 0E AL, X R H
BRI AE & A 0 28 rh A G T VR o S2ALKS 1
W IR AL A I N B T o) B A i 3 A 1 A= ) = 2
filt, 7T L Ay 2 5 K e S 4 1 98 1 AR A S )
PRHE TR o BERR LA S 28 0 A B VB E A
TR NS , BEREE F A E BOR ] T e
TP AN B B4 B R B B TS A BIL R o AN AR 2 T R
(Cynoglossus semilaevis) 1 & Bl RAN 25475 I (RanBP2)
FETE 4 DB A, TRE 2y 7 5 20 4l i 5
I F1(CdeS1 Fil Cdc40)HH EAEH(Li et al, 2023), 7F
rh B 44 B 8 (Eriocheir sinensis)H & P H4 41 25 (I #E R
b5 MR Y A 8 T B DIAHOG , AT ok - I 1Y)
FWIR AL HRiC (Zhang et al, 2020).
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Tab.3 Common histone acetylation modification sites and functions(Cell Signaling website)

HEH (A= 415E H Bl ik
Histone Site Histone-modifying enzymes Function
H2A  Lys4 (BRiP§EELE) HE I LW Bl Esal e SRS
Lys4 (S. cerevisiae) Histone acetyltransferase Esal Transcriptional activation
Lys 5 (Wil sh#n) L3R UL £ BEFE R Tl 5 Tip60 e W

H2B

H3

Lys 5 (mammals)

Lys7 (BRI EELE)
Lys7 (S. cerevisiae)
Lys5

Lys11 (BRIEBES))
Lysl1 (S. cerevisiae)

Lys12 (WiFLsh#n)
Lys12 (mammals)

Lys15 (WL ah#))
Lys15 (mammals)

Lys16 (BREEELE)
Lys16 (S. cerevisiae)

Lys20
Lys4 (BB R

Lys4 (S. cerevisiae)
Lys9

Lys14

Histone lysine acetyltransferase 5 Tip60

HHE A LB p300/CBP
Histone acetyltransferase p300/CBP

HEA LB AL Esal

Histone acetyltransferase Esal

HE A LB p300

Histone acyltransferase p300

AR S B RS i ATF2
Histone acetyltransferase ATF2

HEA LB NG GenS

Histone acetyltransferase Gen5

HE A B H p300/CBP
Histone acetyltransferase p300/CBP

HEH OB ATF2
Histone acetyltransferase ATF2

HHE A B p300/CBP
Histone acetyltransferase p300/CBP

AR S BERC RS g ATF2
Histone acetyltransferase ATF2

HEA LB NG GenS

Histone acetyltransferase Gen5

HEA LB AL Esal

Histone acetyltransferase Esal

HE A LB p300

Histone acyltransferase p300

HE A LB LA Esal

Histone acetyltransferase Esal

HEHA LBEFEFENE GenS

Histone acetyltransferase GenS
JE N8I SZ AR B % [ SRC-1
Steroid receptor coactivator SRC-1

HEHA LB RN Gens

Histone acetyltransferase Gen5

HIEH LB T PCAF
Histone acetyltransferase PCAF

HEA LB AL Esal

Histone acetyltransferase Esal

HIE A MR R OB 18 5 Tip60

Histone lysine acetyltransferase 5 Tip60

[ A2 VA B X T SRC-1

Steroid receptor coactivator SRC-1

AR F SR RS B A 52 5 W il AL % ELP3

Histone acetyltransferase extension complex

catalytic subunit ELP3

Transcriptional activation

e SRV
Transcriptional activation
B SRV

Transcriptional activation

B SRV
Transcriptional activation
B SRB

Transcriptional activation

R SRB

Transcriptional activation

SR

Transcriptional activation

e SRV
Transcriptional activation
B SRV
Transcriptional activation
B SRB

Transcriptional activation

B SR

Transcriptional activation

SRV

Transcriptional activation
DNA 42

DNA repair

SRV

Transcriptional activation
B SR (AEE A1)

Transcriptional activation (elongation)
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HEA BL A IR A i ke
Histone Site Histone-modifying enzymes Function
H3  Lysl4 hTF I C90 RNA K& i Il 5% 5%
RNA polymeraselll transcription
TAF1 RNA RE 7 I 5%
RNA polymerase Il transcription
HE N W FE Bl Sas2 LESEN
Histone acetyltransferase Sas2 Euchromatin
HE I LI R Bl Sas3 Il SR (REE i)
Histone acetyltransferase Sas2 Transcriptional activation (elongation)
Y LIS R B p300 e SR
Histone acyltransferase p300 Transcriptional activation
Lys18 HEH LWFE R Gens e SR
Histone acetyltransferase Gen5 Transcriptional activation
DNA 2%
DNA repair
L 1 L WEFE R i p300/CBP DNA % ffi
Histone acetyltransferase p300/CBP DNA replication
e WA
Transcriptional activation
Lys23 HE N CWEE B Gens e SR
Histone acetyltransferase Gen5 Transcriptional activation
DNA &% DNA repair
YA LI B Sas3 e S (AEE i)
Histone acetyltransferase Sas3 Transcriptional activation (elongation)
A H LBEFE R p300/CBP e Fe i
Histone acetyltransferase p300/CBP Transcriptional activation
Lys27 A H LBEFE R p300/CBP e e i
Histone acetyltransferase p300/CBP Transcriptional activation
Lys36 HEH BRI Gens e S
Histone acetyltransferase Gen5 Transcriptional activation
Lys56 (BRI%ERE) Spt10 e S
Lys56 (S. cerevisiae) Transcriptional activation
DNA &5
DNA repair
H4  Lys> HIE A LB R Rl Hatl HEHDIM
Histone acetyltransferase Hatl Histone deposition
HEE 1 L 5% F51 Esal e SRV
Histone acetyltransferase Esal Transcriptional activation
20 1E 1 PR L k% Bl 5 Tip6o DNA B4
Histone lysine acetyltransferase 5 Tip60 DNA repair
AR S BERC RS g ATF2 e WA
Histone acetyltransferase ATF2 Transcriptional activation
HIE A LB R p300 e SO
Histone acyltransferase p300 Transcriptional activation
Lys8 HE N LW Bl Gen e SR
Histone acetyltransferase Gen5 Transcriptional activation
A LI ¥l PCAF

Histone acetyltransferase PCAF




SRR ] WS HE N KRR AR P IIAE . DUKA: SR TR A 1) 19
&R3
HEA BL A IR A i B}
Histone Site Histone-modifying enzymes Function
H4 Lys8 HIEH OB RS Esal B SRS
Histone acetyltransferase Esal Transcriptional activation
AR FUB L LB A 5 Tip60 DNA 5%
Histone lysine acetyltransferase 5 Tip60 DNA repair
HMHEH LB R ATF2 e e i
Histone acetyltransferase ATF2 Transcriptional activation
HEA OB S YA ELP3 BE SR GEfil)
Histone acetyltransferase extension complex Transcriptional activation (elongation)
catalytic subunit ELP3
3R H LB RS i p300 e SR
Histone acyltransferase p300 Transcriptional activation
Lys12 H I LI5S % Hatl 2l #5 UL Histone deposition
Histone acetyltransferase Hatl Uit BLITER Telomeric silencing
HEH LB Esal e S
Histone acetyltransferase Esal Transcriptional activation
AR FUBE L L B A 5 Tip60 DNA 55
Histone lysine acetyltransferase 5 Tip60 DNA repair
Y LIS R B p300 e SR
Histone acyltransferase p300 Transcriptional activation
Lysl6 HEH LB ¥ Genls e SR
Histone acetyltransferase Genl5 Transcriptional activation
MOF (R i Rl ) B SRS
MOF(D. melanogaster) Transcriptional activation
HEE 1 L 5% F51 Esal e SRV
Histone acetyltransferase Esal Transcriptional activation
R U 2R O L A 1 5 Tip60 DNA B4
Histone lysine acetyltransferase 5 Tip60 DNA repair
AR S BERC RS g ATF2 e WA
Histone acetyltransferase ATF2 Transcriptional activation
HIE A LW AL Sas2 RN
Histone acetyltransferase Sas2 Euchromatin
Lys91 (BT REE) HHEH LBEFE R Hatl/Hat2 Qe 20 %

Lys91 (S.cerevisiae)

Histone acetyltransferase Hat1/Hat2

Chromatin assembly

15 HAEFERZEWL

R 76 DNEIERAR N/ NEH, HiE
iz R AR TR K I A G 2 FR iR A 1 e-2d 2
L Wz R AL S PR WL 5 (Cell Signaling
W) o 12 F AT R R 3 Ah B[R4 A 9 B i
FFEZ RBOEE(EL) . 12 RE5 G (E2)FINZ R iE G
(E3) (Sun et al, 2021), ¥z Z bk K1z R LEF(DUBS)
KB, AWK, ZEKEEM E2 7850 QR # U
(Procambarus clarkii)F1k & ffi (Larimichthys crocea)
S5 TC - i AR RVE R B ok R A DT T AR A EE L

R R A FH (BB IR 4, 2017; RIBE %5, 2016), 5T
KB, 7 E S, Ubc9 JERAE b —Fh B2 455 1
R, 25 TG E S FAPENEMHu et al, 2013),

[ X iR (Penaeus  chinensis)7E /&4 WSSV J5iE i1z
E—1E M A %42 (ubiquitin-proteasome pathway, UPP)
Xof B SO R IR A (R A T e BRI A, R 40 AR A T
IR (MG A, 2018), Z R R IEImIK R 5 FEN
(UCHLS) 5% & H ¥F(Exopalaemon carinicauda) bl £
REABYLRFEEE, 2022), ZREIEER—Z
R ZZ R, B—7 R A F B A U Y T 4
B kg H A 1 5 A2 A AR B A Ok 4 o ik [
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)35 (Osley et al, 2006), MEZEZELSE5 T 20
HRE, AEEA-EAMEEN . BEARFRS. 2F
AL RERS 7 A TR 40 B g 42 v 45 S BE R B A R WD o
12 ZALAE P AL RO 1 & A vh R 3 T AR

. fi8ffi(Monopterus albus) "7z % 4 3 A vt /K fift B
UCH-L1 (—F 232 28 B 70 P M e AL RITIE 4 AR i
s Rk, JEATRE R FEE A9 5 /E A (Sun et al,
2008); Ml rh2H Uz R AR TR - R A

x4 ENAZOBEERNLIEIGAS S INEE(Cell Signaling P )

Tab.4 Common histone phosphorylation modification sites and functions(Cell Signaling website)

HEH 7 A5 20 2R B Tise
Histone Site Histone-modifying Function
enzymes
HI Ser27 R Unknown S0 Transcriptional activation
Y {0 5 fi# 45 Chromatin decondensation
H2A Serl MSKI1 F s3] Transcriptional repression
H2A Ser129 (BT i k) Mecl, Tell DNA &% DNA repair
Ser122 (S. cerevisiae)
Ser139 (IHFL31¥ H2A.X) ATR, ATM, DNA-PK DNA 1% DNA repair
Ser139 (mammalian H2A.X)
Thr119 (R i) NHK1 B 22434 Mitosis
Thr119 (D. melanogaster)
Thr120 (" FL374) Bubl i 2241 % Mitosis
Thr120 (mammals) VprBP Y ] Transcriptional repression
Thr142 (HFL3h#% H2A.X) WSTF YAfLJH T Apoptosis
Thr142 (mammalian H2A.X) DNA &% DNA repair
H2B Ser10 (PR & BE) Ste20 MM T= Apoptosis
Ser10 (S. cerevisiae)
Serl4 CHHMEhY)) Mstl ML T Apoptosis
Ser14 (vertebrates)
Ser33 (FRIEA 1) TAF1 1 SEIHE Transcriptional activation
Ser33 (D. melanogaster)
Ser36 AMPK 5 1800% Transcriptional activation
H3 Serl0 Aurora-B kinase H 224354 Mitosis
W54 Meiosis
MSK1, MSK2 A7 L EE R G Immediate-early gene activation
IKK-o 5 800% Transcriptional activation
Snfl $ S0 Transcriptional activation
Ser28 ("FLzh¥) Aurora-B kinase A 224354 Mitosis
Ser28 (mammals) MSK1, MSK2 LR FE R G Immediate-early gene activation
Thr3 Haspin/Gsg2 #2534 Mitosis
Thrll (MFL3I1H) DIk/Zip £ 4243 %L Mitosis
Thr1l (mammals)
Tyr41 JAK2 5 18005 Transcriptional activation
Tyr45 PKC3 YA AT Apoptosis
H4 Serl CK2 DNA &% DNA repair

HRG R U (Nickel et al, 1987); 7EZEP /R R
(Solea senegalensis)H & FL T 400 24585 1 & A Ml %
ML, Hi s 242 ZAA K (Forne et al,

2011); P B TR, B3 Z RiEHEAAE
neurl3 Al Cs-rchyl 7EMEMEMERR ML 5K T & & H
H 2% H %A H](Sun et al, 2021; Xu et al, 2016).
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Tab.5 Common ubiquitin modification sites and functions (Cell Signaling website)

HEH (D)

Histone Site

L H B i ke

Histone-modifying enzymes

Function

H2A Lys119 ("fi¥L3h%) (mammals)
H2B Lys120 (" #L3h%)) (mammals)

Lys123 (BRI EE) (S. cerevisiae)

Ring2 15T % Spermatogenesis

UbcH6 VA5 24 Meiosis

Rad6 FESE4I% Transcriptional activation
Y4 it Euchromatin

1.6 HftAZAEM

B A DL 3R B0 F ILAB M, oAt D WL & A7
ETHEAESS, 1 SUMO 1h(H 2z £ i /IME
Yrienm) . B SR T RA(S)5E . AR, BT IR,
KFENMER M SCER T RMR > (Cavalieri et al, 2021;
Wang et al, 2019), b, A AT ER®, ©F
R R, SUMO fb & AETE 22 2Rk AE I, HAR B
MRE B S A & . R B S AR RS i
WG B ARE , 5 Y 0 50 A RN 25 A 1 S e
4,575 2 (Talamilo et al, 2021; Metzler-Guillemain et al,
2008; Kekalainen et al, 2022; Marchiani et al, 2014;
Vigodner et al, 2020), iz AL (KCR)ZEHHE M
WA TR AL Bz — , U T Ak 3 A 21 AR 2 R Y
e~ T R HEOCHAE T o T Ik Ak 5 A T A4 i
53 S4B 3 224 T 20 L b T BR A 6 PR R S A O (Dai
et al, 2014), [EAFAB, HAE/NER(Mus musculus) 5
K 1% 2 A2 5 TR 1 Sk B8 1L DI AH O (Meyer-
Ficca et al, 2011, 2015),

2 HEAEFEREBNBFRERHIINGE

21 BFRESEFLEEREENHTRIFE

K7 kA R AR IR e 6 S I AR, M
31 90% A% Lo 21 B RIS SRR S PR 2 B AR AR AR,
SR G & ok V8 & A (TPS), & JG & i ks & 1 (PRM)
(Balhorn et al, 1989; Russell et al, 1990), & & ¥ & iR
GRS RN Y5 R SRR s A P N R 3 W s = I ]
AT DK - 56 DR 2 A0 26 ol — e e ) B HR e 0 o 45
FJ(Luger et al, 1997), K FUEFREMEH L 50~
100 kb DNA ¥R, S E0ds @ BS54 L3 T A%/ Mk
A YL R e 45 5~10 fi%(Balhorn et al, 1989; Poccia et al,
1986), XFPLERXTT DNA HEA H )4 20 J % /)
TR PR B E B, R AR R
G2 P HRAL 2300 . MR IR I — W b Sk BE 5
fir, FORS T Y (RS AE £ 26 -4 8 A sS 72
FINIE G & B o %A )2 1) DNA & H 3kfbid

F£(Zhang et al, 2018),

KEWFERW, T IZAAEN RO EB RN T A
A 1) 42 % (Balhorn et al, 1989; Russell et al, 1990;
Royo et al, 2016; Yoshida et al, 2018), Hl Fix—it
A G HAZ 4%, H BT RSN LIS R G X H ik
WEFT, ALEE 1 ] £k 85 1 % AR %) 43 R ML 17 75
E—2C B, A, et B AR R AR T &
A ARG ) AT, (H BN TEE
SRR A AR v AT 28 (Yamaguchi et al, 2018).

&z, AEEABRAEAMEBEFZECD)
2025 B 5 18 1 (PTMs) (e 78 3 T 21 25 (1 i e 46 i
T, F 2R A OB A RN
s (IDBRESHIEREE F S5 LB IR IS5 A I Y (A
FwI; (IHDNA #Wr R IE lAE R ; LU (V) ks
HH ) A (Rousseaux et al, 2008; Hud et al, 1993;

Ward et al, 1991; Braun et al, 2001; Balhorn et al, 1977,
Gatewood et al, 1990; Erkek et al, 2013; Ihara et al,

2014; Carone et al, 2014; Samans et al, 2014), A CH
RORE(DHX—iT .

22 AZRBTUHBRRZOCEAZEBRERTRE

H I AR TR B B HL R HS SO AR A
DL OHEE H2A, H2B, H3 fl HA 781K, A
WZF, AEHREREAES T S, BR
1k . SUMO fLF1iz E 4L &1 (Champroux et al, 2018;
Boussouar et al, 2008) . £H £ [ A8 PR ] DL sg A8 4% /IMA R
Yufey T 25 R IR A S DR 5k o AL AR VR IR UAE S W3R
ik, W TE A A Al R I A, (AR IR R K
AR, X 2o 2 AR B IR 0 A= 0 D Rk
— BB R T A /MR SS A, T o — e ] 5 5L R A i R E
X 845 4 (Kamakaka et al, 2005), 2H 25 [ 75 74 5 PR 4%
MW AFEFEOHEAENMLSEE, ENSARS
T, 18 5 G RNA 5 245 il—> polyA FEL(Old et al,
1984), fE MG RAEMEEHET B, JafmEY
F2 TR o R AR B S A R R R B S B
i(PTMs)k & 4= 1 (Royo et al, 2016; Yoshida et al,
2018) o 7EFF A 1Y A= 58 40 i 25 78 v s 0 21O [\ Y
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HI/H5. H2A. H2B #l H3 418 AR, ihs Sikk
S FR IR M HZE R (Greiner et al, 2004; Drabent et al,
1996; Yan et al, 2003). SR 17, H Al i A 20 3 AR
S HA AR AR SC BB OGTE H AR, DL H2A |
H2B F1 H3 2844

221 HI A& &4k £ 5 KHAERY, HEH
Hl M2t K. EWzlaith, ot 11 Ffb
H1 AR, A0 45 7 A0 HI A8 (AR H1.0 . H1.1 . H1.2,
H1.3, H1.4, H1.5 M HIx)F 4 Ff A= 58 40 i 4 S PE 1l
ASR(HIT, HIT2, HILSI Ml Hloo), H:#, HIT,
H1T2 Fl HILS1 J& =2 AUFE 7 3R A 1 H1 224K JHI.1~
H1.5 &R 40 3 o 22 1k 1 H 1Y 28, (HEA]
()22 IK A6 AN [R] L ORI 40 B 2 80 v sz 31 P A R 4 o 5
RANAE H1 A LE, HIT X} DNA B945 & 235 M EAL,
Nof Y £, [ B e 4 P BE 80 /)M(Pan et al, 2016), 27 [
HIT (A7 7E T KL 2 300K B3 41 it Fn 52300 (3 2 6 7 41
Ma 5k Bl (Rattus norvegicus) H1 & 3 (Y 55% (Lennox
et al, 1984; Doenecke et al, 1997). 6= H1.1 B HIT
F/NREFATRN, B sHIERETLEE. 5
HIT ANRIZANE, HIT2 &% T2 Rk m
S/TPXK/R {i p5i(Martianov et al, 2005), HI1T2 fF1E
F RS 7 40 i 40 B A b, e RDE A0 foRs 40
Jif b B R M AL, HL S T 20 A TS A
A . /NEURY HIT2 B9Bde i 41 % 7 L0k
BERMBTEHRS F AR IE 5. X e gs L0,
HIT2 RIEHW K F A AT, e @ FE R M
i 5 0K 1 200 B 1% 0 B R 2 T T e SRR
HIT2 AR M SHEEAMEEN, ErHEBRSE
AR A& A, X RV HIT2 R4 E A 2 M0k
HEEAMNEA T REDREVEN . HIT2 M4 HEFH 5
0 Ezh2 AHE AR I3 T R AE  4H B A% To v
X RERIATERS T A A K R b, HAT2 Sl )8
A H3K27 14 b i 45 Y (o 57 8 98 M & 45 4E
ffl(Tanaka et al, 2005), HIT2 il HILS1 J& 3¢ R ik
TRSFRERE e fIRAY HI1 8K, HI1T2 A1 HILS1 AYFEIA{Y
BRFRS T 400 . HILST 785 1R A (04 7 41 i v ¢
ik, R M AEAR KRR BE L 5 Y 2R P A AR 2R Y
SEES, HILS] b HIT2 AW 5 DNA 454 5%
F1T7, X AT BE S B A - 40 i e o 5 2 3R 4 m ) D A
(Yan et al, 2003; Tanaka et al, 2005),

2.2.2 H2A #= H2B %4k H2A F1 H2B fif)— L5
RC S AES5MTIRe B b AT TARSY, 5 BB A%
OB AL, ENMREERZE. E&/MET, K
Hi H2A 1 H2B 2B R 7E 5 (R 40 i A% 00 21 8 A BAE A
RSB AIMARI AT E . A H2A ZHAMAR

R FEERIE C BN FI 25 MK E
(Costanzi et al, 1998), EAEM ALY ZI T ZH0
LIRS H2A A H2B 48R 78R, fudE TH2A .
TH2B. H2AL1. H2AL2, H2AL3 #1 H2A.B %5 (Wolffe
et al, 1997; Bucci et al, 1982), H2AL2 7EW A5 25
ARG - 40 i P Ry S 3235, ERT, TPS TR FH R
T 3 I HGH A 7 3k PR 4 2 2 e 1 A B R 5 11 [
B, H2AL2 X I 8 (A 7E A /IMAR B A2 3R &%
) PRM ZH & i 45 5C 8 4E FH (Govin et al, 2007,
Barral etal, 2017). H2A.B 7EHH 2R R 5 20 o 3] |52 T
K rafrhEi ik, H H2AB 2541 E -k
TR PV RS E R E Y H2AL2 FI TP1 Je 8 (1948 A I
R . H2AB FEXS T R4 . Feskdtl . RNA By )55
Firh B w6 H2A.B BB Ik A% /IMA 254
MR Y o 251, SFEC AR EL, X RN
e /MBI AT ZE , XE AR AR 00K B 45 74 (Zhou et al,
2021; Soboleva et al, 2012), TH2A £ TH2B J& 2 FiukG
BURRES I H2 A8k, 3X 2 A EARLE, HhE—A
R shF, XIEATTREIE R & #4F H(De Lucia et al,
1994)., TH2A 1 TH2B W] fig HA7 I 15 Yo 0 o ik sl &
IR KB TIEE , LA HERS T8 S 1] %) 20 28 (8%
fR(Montellier et al, 2013), #ELALTE, 5 AR
AN, TH2A 1 TH2B A] LU i 4546 A R 2 B A2 /IMA
(Wolffe et al, 1997), TH2A il TH2B H:[H fi bR 2 F:5L
KT kAR B A R BB (LD et al, 2005),
H2A.Z 24 & A H2A R, FE3EEE 5% . DNA B
il . FENARE AR FE SR R EEEH .
H2A.Z 3 5o 4 6 5 5 T 32 DR 4 90 e 2 Ao st ok el A e
0 ST 45 A T S I H I BE . SWR 1 AL ) H2A.Z B fe [z
N AT LUK H2ALZ B INMAORE 1 7 380 1 19 2% 6 i
X, N “BoMEgEET o WP R, FERERE
SWRI HJEE I Swe2 H &R B ERAIEY
H2A B/MARBE S, #EMitER T SWRI ik H2A.Z
B H2A B B rp R R B ) 14 1) 43 T HLEE (Dai
et al, 2021),

223 H3 T4k H3 HAHZAER, W H3.1,
H3.2. H3.3. H3T. H3.X. H3.Y. CENP-A #l H3.5
(Shinagawa et al, 2015; Padavattan et al, 2015), H3.1
I H3.2 Z 48 AAE S Mm Rk, H3.3 B Hil 4l
EATE S WA, H3.3 A BT I i e
o TR Y, Y (2 o T 2H N4 B 0K B T
W (Yuen et al, 2014), Faih4 8 H3.3 BYFEHFE
AN JE AR R R Ak, R4 BRI AR i& H3.3
RE LA —FP AR DNA & i 1)y B 5 ik A gL e,
HAFE A H3.3 e FE AR R 2243
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P B & B AEH (Bucei et al, 1982;
Sullivan et al, 1994; Xu et al, 2014), H3.3 (T aH
A F (Ray-Gallet et al, 2011; Tagami et al, 2004;
Ahmad et al, 2002; Goldberg et al, 2010), A= 78 41 iy
FA Y 0 o B AR B, IR R A R B A BRI
(Yan et al, 2003; Hodl et al, 2009), H3T A] fE7E4H 5 H
Stk i A AR A R rh R 1R T IR AR,
B H3T BB/ IMA LA T8 R TT 4 (Tachiwana et al,
2010), H3.5 FEAZRSBAL P SRS, 5HA SR
SYHEAARE, H3.5 TR AR AR5 40 h %
IR, ISR LR S P 2 R 1 AR D R R A R
H ) s 8 A B P 3R 36 . H3.5 T HEFE DNA &
W RN, (EAS ST, H3AZ IR
PR, 26 WX Bl WList AL PR 70 1E 3 00 1 A2k
i # H J& T ) (Shiraishi et al, 2018), ARAMIFFE S
N, H3.5 HARUZ0HEA He HiKIERMEE S
(Padavattan et al, 2017; Huynh et al, 2016),

PR, ORGSR I A8 R 0T B BT /MRS
FE LR RHIE . 25 DA, IRA0 A% O 41 8 A L
A T TG He) Y 2 B AR AR B IR TR BN B2 B % /)N
A, A PP B B DL B e () Y €6 5 B Y R DNA
A B 1A, LB MR S WA S YA G

3 HEBBGNKEIMBEFLENET:
YE iz bRt

KA B LV 2 2 P AR AR PRI AR K S
P, Db, fem 2R A 2 s R Rl R oA, B

B EAA EEM AT R S i B R
X AR A FRIE M2 | T IR EE K AR R i LR
Fhz—, fEAMEEE R ER R ENAEZ—, 11
1 A T SRAE AR 2~4 A o 1 SR LA I RR RS
TRABG, HAWMEOGER TR ZW, (H R 5 A i 4
AW BB, Hig™ 4k Z BT, I Z K
T T AR RMBLE R, P AENEREA S AR
e 2 MR 25 L R R Lk
A v SR B B 5 0 2N - AR, AR A Y
PR AR Y BRAR LR

FRAT T IO 7 £ RO R £4 B O S S — &R 81
BN R S AR P2 S (AR AT 22 7/ o
M L BORS SEB R Fz R, B2 EA
FETERRIR AL FNZ RAC2ZE 5 o AR, Al £ R0 O
G, fE7E 22 SRR AL Az E AL AL 8 ol A
9 NFI 12, (HX S HFERIIE AR TC 2R, RT
e T R BLR e A IR E N AMIF R, R 6
R T2 v B B A M AR R (UniPort B3 o -
o IR RS R A LG R R TE [ -mRNA-
HET XAgMAUIENZ A B BB 4
HA R ALE], S8BT R R A S0 Bl
TR 2 A HE AT BRI DIRE? X 28 [n] AU
T B — B IR ARZR, LI YIA S, PR
BURAERE T A A= IR AL, KA B TR IR e e A
K FHUR I NTE 2R, B A3 R B IS B RS
KA AN, ] Ry 3258 s b R R E
PR 1 g e T %

* 6 FBEHEEBRETME(UniPort M)

Tab.6 Histone and its variants of Chinese tongue sole (UniPort website)

HEH 4 i 20 3 GR7/puNic oyt
Histone Cellular component Biological process Molecular function
H1.0-B NS UL B DNA 45 &
Nucleosome Nucleosome assembly DNA binding
H1.1-like ¥/ Mk UNLSAES DNA %54
Nucleosome Nucleosome assembly DNA binding
H2A YN AA DNA 454 DNA binding
Nucleosome Unknown FEHEFRSE b iE
Protein heterodimerization activity
G0 5T 45 K Loy
Structural constituent of chromatin
H2B B MAg A DNA %54 DNA binding
Nucleosome Unknown

IR R AL T
Protein heterodimerization activity

VOGN INELT ()

Structural constituent of chromatin
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&R6
HEH 4 i 20 3 ER7/puNic oyt
Histone Cellular component Biological process Molecular function
H2A.1 i/ IMA Yett T4 41 DNA %54 DNA binding
Nucleosome Chromatin tissue AR B iE
Protein heterodimerization activity
Y0 J5T 1 45 K8 B 53
Structural constituent of chromatin
H2A.2 ZUNCS KIkE B IR R AT
Nucleosome Brain development Protein heterodimerization activity
PO e 0, 51 1 45 ¥ 1
Chromatin tissue Structural constituent of chromatin
H2.0-like homeobox  #Z% i S DNA 45& 5 sk T i P
Nucleus Transcriptional regulation DNA binding transcription factor activity
RNA H5 g 15k
RNA polymerase II specificity
H3 NS KA DNA %54 DNA binding
Nucleosome Unknown FEHEFERE b iE
Protein heterodimerization activity
G A 45 K Loy
Structural constituent of chromatin
H3.2 i/ IMA KA DNA 454 DNA binding
Nucleosome Unknown EH RS BT
Protein heterodimerization activity
Y 0 5T 45 K8 B 53
Structural constituent of chromatin
H3-like centromeric 4% /MA K DNA %44 DNA binding
protein A Nucleosome Unknown E RS B LG
Protein heterodimerization activity
Y 0 5T 45 K8 B 53
Structural constituent of chromatin
H4 AN R DNA %54 DNA binding
Nucleosome Unknown EARSE B iE

Protein heterodimerization activity
PN ) Wi

Structural constituent of chromatin
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Abstract
genetic changes, epigenetic changes affect gene expression and protein products in cells, and these

Epigenetics refers to heritable changes that do not affect DNA sequences. Compared to

changes are reversible and dependent on the environment. There are three major types of epigenetic
changes: DNA methylation, histone post-translational modifications (PTMs) increase the functional
diversity of the proteome through the covalent addition of functional groups or proteins, proteolytic
cleavage of regulatory subunits, or degradation of whole proteins), and non-coding Ribonucleic Acid..
This study focused on post-translational histone modifications.

There are five main histone types: H1/HS, H2A, H2B, H3, and H4. Genes encoding histones do not
contain introns and are among the most conserved proteins in eukaryotes. Histones are basic structural
proteins comprising eukaryotic chromosomes. Generally, two molecules, H2A, H2B, H3, and H4 form a
histone octamer that combines with DNA to form a structural unit called a nucleosome. This nucleosome
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appears every 200 bp and is connected by H1 histones to form chromatin.

Histone modification refers to the addition of functional groups to histone tails, most commonly
lysines. This process regulates gene expression by altering chromatin structure through condensation and
depolymerization. Additionally, histone modification creates binding sites for various proteins. Histone
modifications reported in animals include methylation, acetylation, phosphorylation, ubiquitination,
SUMOylation (which is a small ubiquitin-related modifier involved in post-translational modification of
proteins), ADP-ribosylation (which is a small ubiquitin-related modifier involved in post-translational
modification of proteins), and short-chain lysine acylation.

Many studies have shown that chromatin remodeling is a key step in spermatogenesis, involving the
transformation of histones to protamines. Briefly, protamine replacement requires ( I ) histone PTMs to
promote the opening of histone-based chromatin structures, especially histone hyperacetylation and
incorporation into histone variants; (II) binding of bromine domain proteins to acetyl residues and
remodeling of chromatin; (Il ) formation and repair of DNA strand breaks in chromatin remodeling; and
(IV) incorporation of protamine. Herein, we focused on Process ( I ).

In bisexual reproduction, sperm, as a paternal information carrier, is a key factor in a species
continuation. Spermatogenesis includes various stages, including spermatogonia, primary and secondary
spermatocytes, round sperms, and mature sperms. During round sperm transformation into mature sperm,
chromatin remodeling occurs and cell morphology undergoes dramatic changes, in which histone PTMs
and variants are essential. Histone PTMs patterns affect gene expression over a wide range, such as
methylation, which is mainly related to gene expression activation or inhibition; acetylation, which
activates transcriptional activity and participates in histone deposition and DNA repair; phosphorylation,
which promotes post-transcriptional modification or participates in DNA double-strand break repair; and
ubiquitin, which regulates various protein substrates in different cellular pathways. Histone variants have
special functions in regulating chromosome structure. For example, histone HI variants inhibit
transcription during differentiation, histone H2A and H2B variants play a unique role in sperm chromatin
packaging, H3.3 is the most important variant of H3, which is expressed in all stages of the cell cycle and
participates in chromosome formation outside the S phase, Histone H4 is one of the slowest evolving
proteins, and no histone variant has ever been found. Focusing on post-translational histone modifications,
this study reviews the latest progress in methylation, acetylation, phosphorylation, and ubiquitination.
Subsequently, the histone variants and their functions in chromatin remodeling are summarized. Finally,
using Cynoglossus semilaevis as an example, this study briefly introduces the implications of these studies
on spermatogenesis in aquatic animals. Elucidating the effect of PTMs on spermatogenesis will aid in
exploring the regulatory mechanism of specific sperm (W-type) absence, which expands the fundamental
theory of reproductive biology and provides novel solutions to monosex fry cultivation in aquaculture.
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