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BE: KBRS FE MBI VAR ZET, 2847 A R B 2R fhok i WHE TR F7, o
W I BRI AL AL RS2 B A, A T SO SRR RO 1 R M RE L 2= AL, AR5 X B 5
(Danio rerio) R LT 4E 4R ZF4 HEAT R DIMRIRM A (18 CALRE 3 d, 5 d A1 10C4bHE 3 d. 5 d)FKIERE MG
(18°CAbFE 30 d), #RJ5 HIEA A IR I SE L AU (9 [ 24 Hpa 11T Misp T 4 A SE R 41 DNA 047 L) LA WS 00 40 ff
SEN 4 DNA H AL K28k o 45 51 o d IR WG~ ZF4 40 AR K A2 S B80T, 1 gt K MR 0 Y
ZF4 QAR IR J 7= T — i@ it . I B ARIRMNA T DNA kK 2 s A48k, 8 IR IR 1 77 40 g i Ik
20 DNA HI SRR /KB 8 39 5, (HR K IR BR 3R 40 1 DNA H SR KSF R i F R . ok, AR5 & i 805
N-Z 2 B &R (N-acetylcysteine, NAC)Z#E I3 8 JA-B 4N L4 7K 548 25 (ataxia telangiectasia mutated, ATM)
iz KU-55933 Af LM 18°C 5 d fRIRALBS A9 ZF4 4L DNA H 3R Ab7KF A3 =, LI % M 4 (reactive oxygen
species, ROS)AYF=AEFI ATM BYIKIG /5 T DNA H ALK B3 . ABFITSS R B, EHRERBT ZF4 4
ROS 774 520 DNA #5115, %75 DNA #G &2 AL, 360 S BSR4 DNA F 3K BT, RPN G D
01 R HR a8 431 WL BT 5T B9 1 R

KHER: BEL 0 ZF4 A0, IR, ROS; ATM; DNA H%fk
PESES: S917 kAR ERD: A X EHE: 1005-8737-(2019)02-0271-09

DNA H 3L 2% 4T DNA s eSS 7 bk

A 3 o A0 B B AR AT, A B s SR

J7 bR — R A B, VR —Fh s L bRid,
DNA L LB 2 pE B 5 3L L Dy RE | L R 5% 5%
AR X Yo ik Aoet 2, Ze B HEsh T, DNA
FH Ak T2 2 R A A WA T ) O g g A7 6 b Bl
£ CpG & I, WF5 & BAE NN BRI AG T4
JfiH, DNA 3k CpG & X 3t 7778 B4 646, 4%
X AR CpG Ao o5 A FH 6 Ak 78 s 41 40 A 1
S AP MOk BFSY R BLER T I fEfig ik
AR IR 20 F A K, I yLR L R R 4P
FEAEY T, DNA IR 1h 8 2 W 3 1o 25 3 TR A

ks B EA: 2018-03-13; 11T HHA: 2018-05-17.
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= DNA WU W 400 Fe kg i P o R R, AR E
1T ROS AEHN—F 5543 T BEIK I 41 M 5% S i
5 DT R 9 I Uit I R ) R 3k, e A A A 3 T
IR FE G5 i 98 40 P BIF S % B ROS ETE I
ST CpG &=L Ak, 45 5007 Ae g 554
DNA HI 56 R 1(DNMTDZEF AR S5
DNA %t F AL, WIm il o3 R i s 510
ATM J& )% DNA XURE Wy 24 18—~ F1 2 1Y 4% [
T, BE - NI, BENE kR
R DNA 5521 B IE ROS fEfS
T A F % B M A B 5K OAE 28 48 2R 1 (ataxia-
telangiectasia mutated, ATM)!"*! {H 236 PE 48 S 3%
(1K) 48 5075 5 1 R 0 S 40 i Y A /K O ik AR S 7
A K AN

Bt 5t (Danio rerio) i T Zy 57 | 5 0 B
H IR AL 4 75 B 2N AR S —Fh )32 B 45
T B AR O BT £ AT A
YL ZF4 A R BERIETF AT 1 d BT MR,
WO B 9 B £ 2 N o R P B PR R Ak TR
D VTR I & 2 Y AR N S e A T O N
] 5.3 d. 5 d A 30 d), FIRTRNER BE 2544 T (18°C
F110°C), BELfh ZF4 4/ DNA H bk 281k
KSR T2 Z R, NEHEL
o 41 AR TR 300 43— F AL A A 5% B4 5 JE i

1 #MHEFE

1.1 ZHfm

PEL I AT A B ZF4 1T American
Type Culture Collection (ATCC), >k H] DMEM/F-
12 5555 36 [(7% 2.50 mmol/L 75+ & Wt (Hyclone), #
2 (100 U/mL) f%# % % (100 mg/mL)(Hyclone)
10% 4 i 4 1ML ¥ (Gibeo)], T 28°C . 95%3 |
5%CO, WIEFEAE TP AT R . Rl 2 d U, Y
K 2 90%FH A4 EDTA 1 0.25%f 5 11 il
(Gibeo)HEATIHML, 1:2 UG IA R SRR SR
F%, SCYG AT ANy 4~6 1R
1.2 AFIFLEE

DMEM/F-12 & & Ki 3 3 (Hyclone,
SH30023.01B). Jifi 2 ifiL 35 AR AR 1B I T Gibeo
) G L-glutamine (Hyclone, SH30034.01)

FAE [CWERR 22 vhii DPBS Iy T Thermo A #); KU-
55933 A1 H LA DMSO I F Sigma 23 wl; R
il NI Msp 1 #1 Hpa Il W1F NEB 23 w); H 3
A4S 5] £ 5-mC DNA ELISA Kit (D5325)lyF
Zymo Research 2 w); A H 00 B =4
Mrati

FEALSS: 5] 9O BINEE (Zeiss) . 21 LR
1: 3% 46 (Galaxy170R, Eppendorf) . £ I HE B bR1L
(BioTek). Hiyk{X(Bio-Rad)
1.3 KB RZAYALIE
1.3.1 HR{RIBAEE HUE KR R4 rg B AE
ZF4 M, ST 1d RIS 70%4% /M T
100 mm $5 32 ML, 28°C K5 3% 24 h 5, 1420 i i 5]
R TR, 1ISCRERF 3 d. 5d. 304, 10
CAGIREEFE 3 d. 5 do A ENE B a4 i
LA,
1.3.2 N-ZEFBEBNACLNIEMAE B4
) ZF4 40 HEET 1 d M2 100 mm F5FEI0LA,
28°CHEF% 24 h, FRILAEE 70%~90%, ALK
J¥ 2 mmol/L i NAC T 28°CHikb ¥ 2 h J5 i FI
WRIEFEAE, 18 CAI 3 d. 5 d, B RESTFHFEA T
NAC,
1.3.3 KU-55933 &bIBZApE U450 ZF4 4
LT 1 d3EFh 2 100 mm FEFE 1L, 28°C 85957 24 h,
HICAEZR 70%~90%, 28 Chwastek %
WA IR, EIZRIE N 1 pmol/L # 10 pmol/L
) KU-55933 F 28°CTiAbHE 1 h J5 ik #IIKTE K
iR 18°CALTE 3d. 5d, HRETHELNIE KU-
55933,
14 HRARESHEAERKERNE

28 CHEFEMI AN AL, R T 12 FLARH,
24 h 5 —HE T 28 CHFAE N HIRAT A, ) —
HET 18°CHiFR 7 dER 18 CRIMEEFRA; Ji4b
B 18 CLIR YL 30 d 4Nt ERh 2 12 FLAR P,
24 h JE B T 18 CHFRF R R 3% 7 d 1EN 18 C K
WRFRdH o R ORI T A S, IR 2
PR (PBS)Ff BE 2385 IR, A 0.4%(wt/v)F5
WEHEATIG AR M Y e, AT I 5] ) P sk T E5op i
1rit%k.
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1.5 FR&ERNTIEE N DNA HEMLKFE

FIH WP BR G N U Msp 1 F1 Hpa 1%
[H# DNA #EA7E#], Msp I A1 Hpall DNA 251
fL R IE CCGG, fH2HA AN [F Y H AL Uk
Hpa [l A REXS % 4 L4619 DNA - 47 B DI
Msp T AT LA FH B S0 1 B S 4t i B AT 4 DNA,
1 pg B4 DNA, 2351 Msp 1 #1 Hpa I 77
37°CK R IEY) A . BEDIJS 1 DNA ] 0.8%
B A B S AT LUK 0 B o DR BE 3 i R A
ik B Hpa I /Msp 1 1 FOAELS3 BT 2% it (8] 1Y
GERUILEE 21 & R
1.6 EREL 5% IR B E DNA BAELKE

I AT AR B ML K 20 DNA, J5
Zymo Research /A A ) 5-mC DNA ELISA {5 &
(5-mC DNA ELISA Kit, D5325, Zymo Research)iji
BB AG I L 20 DNA ALK
1.7 HESZITSH

bl AR R ()i i DL AT

1 dc,

=—x
=

v

Hrb, ¢ IR AN (108 cells/mL), ¢ K5 3R}
[#] (day).

JAT IR EE MRk {2/ 3 RS S5,
L BT s 45 SR 38 R (AR E 25 (X £SD), r-test 15
FH A 0 UG Ak BB A 8 2, T T T Y 2
5(P<0.05)F] ] Turkey’s 25 HLE R AG

2 HERE5HH

21 HRRELEEESUREERETY

80 A 22 b A B W SR AN it o] LA & R, FE IE
O FR IR B R (28°C)ZF4 41 ML S AN = A E,
MM A IR Y, MRisEte, ML iEm. 75
I8 CRIRALIE 5 d 5, MM AT R E2 1k, A0
A . FE 18 CIRTEALH 30 d 5, FTLLAE DL
AL SR, A3 A0 B P R B = A 0,
AT S AR, 78 10°ChEFRALER 3 d )5, ZF4
20 LR PR A ) = AR T Wi ik Stk 40 i 1)
PR, FAYIMIETS, e 10°CALEE S d ),
AR AT R TR IR (B 1a),

XHIGHR 18°C T 4 M HEAT b AR Kk SR o % B,

28°CANMILL K 18°C FALHE 30 d Hy4HMEAESERN S
4~5 d #ffigis Bl oK L AE K UK, 7351028 0.568 Fl
0.355, 17 18°C T Jai HH b B (%) 41 BN BE S5 26 1 KA
WA, AR R T, ZEME 2~7
KA K BORB AR, 76 0.06 247, JFHMEH
ATLAE H, AHFEEE SR, 18 CHR IR I /0 41 i
B EL A K R 2 T 18°C A RS IR 4 (P<0.05)
(K 1b),
2.2 KB TEEZA DNA FEYKEEFH

528 C G MANMAR L, ToigeqE 18°Cik
& 10°C, IR ) # BE 5 B0 A 2 A 41 H 2
K BT, WiAE 18 CARIRALHE 30 d 5, 4k
PRI 4 H AR KT B I8 T [ (P<0.05) (K] 2a. [&] 2b).
H1 5-mC DNA ELISA 58 &kl R4 3E B AE L T
X} HRZH (28°C), 18°C4LH 5 d 41 g H: DNA F B4k /K
S BT 18 CAREE 30 d i) DNA H Ak /K
TREE 2¢)s
23 EHRETHARBENKFELASEES
FEHEEX

Y © UE IR R85 S 0 5t ZF4
Y ARG PR AR, JF HZERIR(10°C AT 18°C)AbHE
5 d B ROS KV L f i . o 1 Uk B R AR
AR DNA HHEALKE EFS ROS AK,
AW 7T PR AR N-Z B2 B R (NAC)XHIG IR
A0 BB 20 AT AL EE . TR R T DL, AR
TARTALEE NAC BY4HHE, A3 NAC 540 Hny
HH Ak K B2 T R (P<0.05)(F 3a. & 3b). ]
5-mC DNA ELISA 55 & 4 Il [a] At vl DL & 81,
X TR NAC FALFER) 18°C 5 d #iffd, kb
P NAC J&, DNA H 3L /KB R 3¢). X
VLI IRIR R ) T 4ifE N DNA H kK |
PARSRR 2D RE Y b
24 FEHRETHRPENKELHFS DNA
AR ES

PR -B MY KRB ETATM)E
T W R ok LI -3 - Tl A DG B 5 %, /& DNA $ii
PR . ATM BEG2HS DNA 45415 2 1% 128 3
TR EH, MNiinsh DNABEHLH, 4Rk
MuEE AR e, TR TR T DNA
HEALS DNA i M HHEC R, R4 %
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EE] 28°C Xt control

B 18°C St
short-term cold treatment

B 18°C kiR

long-term cold treatment

4 5 6 7
A/ culture time

B A A AN [l B R ) T 4 A A P A R e A R
a. QIIBTEH I 28°C . {RIE 18°CALIE S d. 30 d ISR 10CAFE 3d, 5dMAIIEA A,
b. AR (28 °C)IE R DL B R IR (18 C )8 77 T 9 HUAE R R +Fon I R4l 5
KRR AM 22 R B3, *FR P<0.05, ¥*FE R P<0.01, **F R P<0.001.
Fig. 1 Cell morphology and specific growth rate at different temperatures and time points
a. The cellular morphology at normal temperature (28°C), low temperature (18°C) for 5 d, 30 d, and 10°C for3 d, 5 d.
b. Changes of specific growth rate (u) of cells cultured at normal temperature (28°C) or low temperature (18°C)

for short and long periods. * denotes significant differences between short-term cold treatment group
and long-term cold treatment group; *means P<0.05; ** means P<0.01; *** means P<0.001.

TR A BRI — b S ATM 01 3] KU-55933 %f
T AL BE . IR TR RT DU, e A R
BTFA8C 5 d), MHXFT A M KU-55933 #4711
AEFRAG AR, FHALFE 1 umol/L KU-55933 J5, 40fil
N DNA H ALK i 25 B4R (P<0.05) (& 4a. [
4b), HAMEF 10 pmol/L Y KU-55933 Lb¥iY
1 umol/L #H . DNA H FAL/K B A 8% %57,

ULIAXT T ZF4 4iffi & 1 pmol/L KU-55933 Hjin]
ARANH ATM(E 4a). [RIFEHL, H 5-mC DNA
ELISA 7] G ar il & 30, - [) A S 60 Yk B 0 s ] o5
T, WiAbEE KU-55933 ()41 s DNA H 34k K S+
FE Tt B2 IH 2 R B (R 4e) o X T IH T e IR IR
JEJI T 4 M T B A KF- TS DNA fitfhig &
FH
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TR BE 25 DNA H SR F 254k

a. BN EE RN R] SR BRI N B Msp | F Hpa 1 B0 L 7K &]; M: Trans 2K® Plus II DNA Ladder;
b. AR EEFIS [A] ST, DNA HUREAL K S-S A6 S F AL U Hpa 1 AR T Y SSARAR BURR ) 280 Msp 1 B0 HL A1)
c. ARSI, M 5-mC F 2ALAF &0 DNA F LK AR L. *FRRIRAL 4L (18°C 54, 18°C 304,
10°C 3d,10°C 5d)5xf A (28°C)M L 25 R L3, *3KIR P<0.05, **3K7R8 P<0.01, ***3K /R P<0.001.
Fig. 2 Changes of DNA methylation level at different temperatures
a. Electrophoretogram of digestion of genomic DNA with restriction endonucleases Msp I and Hpa I1; M: Trans 2K® Plus Il DNA
Ladder; b. For ZF4 cells under different temperatures and time points, DNA methylation levels are quantified as the relative amount
of DNA digestion by the methylation-sensitive enzyme Hpa 1I relative to its methylation-insensitive isoschizomer Msp I. c. Using
5-mC methylation kit to detect intracellular DNA methylation levels under different experimental conditions. *denotes significant
differences between low temperature treatment groups (18°C 5d, 18°C 30d, 10°C 3d, 10°C 5 d) and the control group (28°C);
*means P<0.05; ** means P<0.01; *** means P<0.001.
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ZHIFFE R, WA TR st 18°CY
12°CPHaE 10 CP ISR it JET TS M
s v — b 15 3 R 27 M DG HE I Rk . 1R BB
=102 B 7E 18°C M 10°C F AL FIEE o 41 1 d.
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PRITMRIR T DNA HEALKSE TS ROS 7242
[ O IBE 2R o 18°C AN 10°C X /™ T A5 i i L 70 )
S BE . ZF4 AR AR AR I A T i A B ES
BEHfh ZF4 A TE 18 C AR MM A T ReiS 1R i ik
N, TAE 10°C FE:F: 5 d 5 A REBANMreT &=
PR R h (B 1a). FEH., THEBE D a0 fE
18°CF HeA KR AT LR B, 16 18°CR I FRIY
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K3 HMRIR T NAC FiAb 35 DNA HE(L/KF 284k
a. NIRISZES S T BRI YIRS Msp | F Hpa 11 B4 Ho. Uk 18]; M: Trans 15K DNA Marker; b. N [A 5256 440, W LAk @0 G
Hpa Il AHXE T H A A SR W) 2808 Msp | BEDI LA oo ARSEREET, I 5-mC HIIEAL R AT DNA (LK P 22 1E.
*FMRIR AL BN G5 R MG AN 22 5 B3, *3R P<0.05, 3R P<0.01, ***37K P<0.001.
Fig. 3 NAC pretreatment inhibited DNA methylation induced under short-term cold stress

a. Electrophoretogram of digestion of genomic DNA with restriction endonucleases Msp 1 and Hpa 11; M: Trans 15K DNA Marker; b. For
ZF4 cells under different experimental conditions, DNA methylation levels are quantified as the relative amount of DNA digestion by
the methylation-sensitive enzyme Hpa 11 relative to its methylation-insensitive isoschizomer Msp I; c. Using 5-mC methylation kit to

detect intracellular DNA methylation levels under different experimental conditions. *denotes significant differences between the

drug treatment group and the untreated group under short-term cold stress; *means P<0.05; ** means P<0.01; *** means P<0.001.
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ot A LAE 18°C TR Ky R B AR AE — IR IR S I (1) 3
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ARER, & BLSE HIRIR R 1 R A El T ROS PR AR R[]
Bf DNA H ALK Pt S AB R REAR (B 3), X 1A
THEBE A RIS B ad AR DNA - H ALK
Fh= Fl ROS P2 AE DI

ATM Z1E 0 B RS2 DNA B W 2445 45 3F:
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Bl 4 SRR T KU-55933 Tk 35 40 P DNA FEEfE/KF AR 1k
a. AR SEE F5 AR T BRI VI Msp 1 F1 Hpa 11 B§Y)HL 3K K]; M: Trans 15K DNA Marker; b. AR SEH 5T, H 340 skl
Hpa LA T EAL A BURR [F) 2405 Msp 1 BEUI LG, . ARISZE AT, A 5-mC AL 0] &l DNA F ALK -2 4. *
FORELMRIR A T, 252 5 R M2 He 22 5 B35, *3RIR P<0.05, **R/R P<0.01, **&/K P<0.001.
Fig. 4 Changes of DNA methylation level of KU-55933 pretreatment under short-term low temperature stress
a. Electrophoretogram of digestion of genomic DNA with restriction endonucleases Msp I and Hpa II; M: Trans 15K DNA Marker; b: For
ZF4 cells under different experimental conditions, DNA methylation levels are quantified as the relative amount of DNA digestion by
the methylation-sensitive enzyme Hpa Il relative to its methylation-insensitive isoschizomer Msp I; c. Using 5-mC methylation kit to
detect intracellular DNA methylation levels under different experimental conditions. *denotes significant differences between the
drug treatment group and the untreated group under short-term cold stress; * means P<0.05; ** means P <0.01; *** means P<0.001.
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Abstract: Cold stress causes physiological dysfunction, tissue damage, and finally death in fishes, and increasing
studies have suggested that epigenetic mechanisms play essential roles in the cold stress response in fishes. Our
previous study showed that cold stress induced the production of reactive oxygen species (ROS) in zebrafish Danio
rerio-derived ZF4 cells in a temperature and time-dependent manner and that the genomic DNA methylation level
was increased under short-term (18°C for 5 days) cold exposure and decreased under long-term cold exposure
(18°C for 30 days). However, the relationship among DNA methylation, ROS production, and cold acclimation in
fishes remains poorly understood. In the present study, zebrafish ZF4 cells were exposed to short-term (18°C or
10°C, for 3 or 5 days) and long-term (18°C for 30 days) cold stress, and then the global DNA methylation level was
detected by digestion with the methylation-sensitive enzyme Hpall and its methylation-insensitive isoschizomer
Mspl. The results showed that short-term cold stress caused remarkable growth arrest and cell death in ZF4 cells, and
cold acclimation was observed under long-term cold stress. Additionally, global DNA methylation increased re-
markably under short-term cold stress (P < 0.05) but decreased under long-term cold stress (P < 0.05). Co-treatment
of ZF4 cells with N-acetylcysteine inhibited global DNA methylation induced by short-term cold stress (P < 0.05),
suggesting that ROS affects short-term cold stress-induced global DNA methylation levels. Co-treatment of ZF4
cells with the ataxia telangiectasia mutated (ATM) inhibitor KU-55933 also inhibited the induction of global DNA
methylation under short-term cold exposure, indicating the involvement of DNA damage repair pathways in this
process. Our data indicate that short-term cold stress resulted in ROS production and ataxia telangiectasia mutated
activation, which then up-regulated global DNA methylation in ZF4 cells. The present study improves our under-
standing of the role of DNA methylation under cold stress in fishes.

Key words: Danio rerio ZF4 cells; cold stress; reactive oxygen species; ataxia telangiectasia mutated; DNA me-
thylation
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