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Research progress on the response of DNA MMR system to cadmium stress in higher plants

WANG He—tong’, JIA Chun-yun', ZHANG Yan-zhao’, ZHAO Qiang*, LI Xiao—jun', GONG Zong—qiang', LIU Wan""

(1.Key Laboratory of Pollution Ecology and Environmental Engineering, Institute of Applied Ecology, Chinese Academy of Sciences,
Shenyang 110016, China; 2.College of Life Science and Bioengineering, Shenyang University, Shenyang 110044, China; 3.Luoyang Normal
University, Luoyang 471022, China; 4.Agronomy College, Heilongjia Bayi Agricultural University, Daqging 163319, China)

Abstract: Cadmium (Cd) is one of the heavy metal pollutants with the most severe toxicity to bodies of water and agricultural soil in China.
Various DNA lesions occur in plant cells under Cd stress, such as mismatched bases, DNA single/double strand breaks, and methylation.
These DNA lesions rapidly induce DNA damage response (DDR) signaling, such as ataxia—telangiectasia mutated (ATM), ATM and
RAD3-related (ATR), and their downstream signal pathway, including cell cycle arrest, endoreplication, cell death, and recruitment of
DNA repair pathways, such as homologous repair(HR) and DNA mismatch repair(MMR) systems. In the DNA MMR system of plant cells,
the heterodimeric complexes, including MutSa (MSH2/MSH6), MutSB (MSH2/MSH3), MutSy(MSH2/MSH7), and MutLa(MLH1/PMS1),
can interact with key enzymes (e.g., proliferating cell nuclear antigen (PCNA ), DNA replication factor C (RFC), exonuclease 1 (EXO1),
single—strand binding protein (RPA ), flap endonuclease 1 (FEN1), DNA polymerase delta(8), and DNA ligase ), participating in the DNA
MMR system in order. The above—mentioned processes can initiate the DNA MMR response, which plays important roles in sensing DNA

lesions, coping with DNA damage, activating the cell cycle checkpoints, maintaining genomic DNA stability, DNA replication fidelity, etc.
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However, plant cells with a MutS knockout (KO) override the cell cycle arrest regulated by the DNA MMR system, which can severely

affect plant tolerance to Cd. In this review, we emphatically illustrate how the plant DNA MMR system works in a Cd-induced DDR and

how multiple epigenetic factors regulate the DNA MMR system under Cd stress.

Keywords: Cd stress; DNA mismatch repair(MMR); plants; DNA lesions; cell cycle arrest
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DNA #£ I # MutSa . MutSB 5% MutSy 7 i I it &2 &
14 ; DNA J24# (Clamp) PCNA 5 RFC 4545 ) , 5 MutLa
AHEAEFH M & 4% PMST B PN B0 il 336 2 5 38 5 1 1)
AL, MutLa o EXO1 57 =3 SN A= 5 i 1k
AL, IR AR XS 37 K i 2 5 0 G B V12 b
Y, H 8% PCNA-RFC {2 #2040 SR, 76 57 - K ity
PCNA-RFC Z 5 87 U1 9 /E AR & A BRE“, Ky
PCNA {{ 25 DNA &Z Hl HLH 1) —F 53, DNA MMR iH
S 5 DNA & il 18 B¢ {X &5 DNA MMR 2 GE 19 10%~
15% , 838 — 8 Z A 2 TR R, YIER DNA 5 e
AT DL AR EXO1 B HL 58 B, 78 AT g 38 Z [ A
FISEES, FENT N Y)/PMST N YI/EXO1 4] DNA 4%
KO B AL 5, RPA 455 /547 ssDNA , I HAZ #E 4145
HY45 s B J , DNA R G T & 45 08T 1) DNA J BOE#b
VIR A BRE  DNA 35 420 1 3% 820516 0 DNA £,
N 58 B 52 55 A LR 1Y) DNA J 4712720
2.2 DNA MMR R4 B EME#H HREE

HRAB S FEAT 2253 54 R3804 [R5 % G R ey i
XoF A1y 5 1 B v B VI BR DSBs B9 B ZA/EH o Mimi-
tou SEHHLIE , HR AR [ V5 e X 1 I ok e € B, T
PMBEE A 225y 24 B T 24 YL Kk . HR £ SSR &
A2 AR A2 A5 1145145 DNA (19 52 1] SOl it o R HLAg i

1% WHART]

YEH . HR A s 17 BRK ff 77 £ DSBs (1) 37 ssDNA J
B, ks i 125 DNA MMR & 4269 MRE1 58{ EXO1
SER, ANV , ssDNA 5 RPA T L A 14
MR B R 5~ BOPR RADS T, JE i 9 RADS 1 4% 85 11 4
2247 B F DNA F BEAY42R A RIS e, e &9 B Holliday
WREZ R (HDY, FofWFFEiEs2 , HR i #2 1, BRCA1
5 RADS1 454 (J5 # /& BRCA1 & FE4F FH i L W b
W) )5, DNA XUk Wi 24445 52 (DNA double—strand break
repair, DSBR) FIK#fi F DNA & i £% 1B K (Synthesis—
dependent strand annealing, SDSA )& 42 i 48 U F1UF T
hte A EH R B AN A, 75 SDSA BRI | 285
DNA FBe iy B4 , BUBE AT A, 318 Kk 3 7] — I 24 B R
Uity (1) ssDN A, 8K J5 1A 350 1 AR (% DNA 45 B R 32 , I
M7 Az E 28 L5 (Non—crossover) 4] . #£ DSBR £ 7!
o, HEROBUIE IE (D-38) /4 DNA ‘B i , 454 F
DSB [ 55— , 51 & Al 4% (955 48 DNA A AL, I
WE— T B — A~ XUE HI (dHT) Hr a1 f )5 dHT R i
AR RS S ), B AR A S

e CAd i T MY DDR {5 5 1% S ad #d vp, i1 51
DNA #1 {4i J& , MutS 5 ¥ — 3 {& (MutSa . MutSB #il
MutSy) H1 ) MSH2 AN 8 5 MutLa . PCNA fil EXOL,
i FL#A 4 ATR/ATM #1 BRCA1, 3£ A ¥E4 7 DNA MMR .
DSBs 5 # ICLs & 21, /48 HR 2 & MSH2 5%
FITEAIBLE A A EEA & B : (1) HRIE K A9 SDSA
AR MMR [ & AR T 2400 G2 1, 75 HR &
S Sl e AR L, T e ATR A 0 56 DR A e, DT 7
A RS XA P, BUR T BB A HY 5 (2) HRAE & 1
DSBR & & T8 i dHY , I 0] 77 A= 58 XA 7=y, fili 5
DNA & il #H ¢ /) DNA #1073 8% HRAZ 52 ; (3) 7E W 4% B
HE DNA F BB Ao, MSH2 4] [ 95— B2 4 HI (%
B, HARSE SGS1P0 ) i segk JLUE A | #E HR of f2H
DNA MMR F 4t 7€ G2 HIRH i o LU ATR 19 7 XA
JEVE SDSA IR A2, A ik 2 v il T MSH2 1 il [7] 5
A, TP MLH1 A4 5 MLH3 JE i MutLp A S 558
SEERTE B, MLH1 3225 PMS1 45 498 i MutLa, 2
5 DNA MMR g #2254
2.3 MLHI KRB F ATM B A XS5 MAPK (55

Kim ™4 i , 7 DDR 15 5 1 % 1 , 5 MSH2 iRt
LS AN [F], MLHT DK T c—Abl B9 77 X #E HR
DNA MMR R4 fl ATM 2 5 ) MAPK {5 55 8 11 h 1
RWEREEEM . Wil S a0 =4 DNA 8455
U ATM AT ATR 3843 76 M, H )2 ATM OS2 ATR) R
PR PONE SRR F c—Abl 1 1k ) MAPK {5 5 18 17,



ERS, ) DNA FEAE S RS Cd 38 TR 705

MLH1 25 R s ol B, Fe il 2 6 Wm0 2 1%
it/ Jun—N 7 it 2 11380 (JNKs ) A Hi 9 MAPK {5 5 &
Trh R EEAER , L4 R AE AN MLH1-KO 2 Jifl & i)
N N=F LN i JE-N" - WAl FE AR (MNNG ) Jilrift 3 72
HRRAS B T UFSE™), Mao SERHF 5 IIE 5L, 7E RSN
i Jifd & /Y HR A1 MAPK {55 5 38 #% t , MLH1 Fl miR-
422a T BUSAA IR , 26 B MutLa 7T LA miRNAs f
YA R BRATT B ST A5 R KB, B TR S
MLH1-KO %} 1% 760 i Cd Jr38 75 5 19 DDR il #
MLHI 25 T T ATM (15 53 %7, Cd Brad
T ,DNA MMR £ %t 2h i 1E & B H R 40 0K o BELAE 7E
G2/M 3, {H J2-A bk MSH2—KO 20 it I 40k BHL 48 7644 i T
ATM f4 G1/S ] ; 76 4 ¥k MSH2-KO/MLH1-KO 4 il
Hh T ATM (9 G1/S J BEL ¥ D) Y feb B AR, 3R W AE
SR 40 L Y Cd 75 S50 DDR i A2, MLH1 2 5
TARESR T ATM [ MAPK {55 %7 At , MLH1 1
NEZMEEEA, AW FREE/AEH: (1)MLHL S
PMS1 455 B MutLa, 852 DNA #1457 ; (2) 24 MutS %8
1f DNA #1530 B, MLHT 22 5 ATM 415 % MAPK
5L S5 (3) MutLa 25 miRNAs B4 914 0 ; (4) 18
DNA #5 AAETE W 20~ , MLH1 5 MSH3 454, &
EJURERAG 22 43 %4 MUY [R] 95 2 3 A0

3 DDRIESEKPRMEIEIT DNA MMR &
FZHAEEH

FEWB L T8 10 FL K 2 DNA 79 A S 15 1
HEHEFBERESMHNG . UGS S5HEYE
K BT A a2 ST Whaa e py 4 E AR A ad
IR R T E AR MG —T]
B4 EERHE I 20 A [R] A5 2] TP &, iR X AR
Y Bl RN Be 2 U R RO 2 B A
AL A 2 (1 A DG BIF 9T 2 B2 4 v 2 A AR 1 0 e O
A EEAEY (UK AE oK /N2 ) 9 DNA FE R fE 4
HMEMT RNA AL Gy £ ot 3 9 A E 4w i RNA &
WRSE A HIUS TF 2 EE R . Egin ™
A (R A AR SRR 1 AR /D | T st 1L I 52
BB AP Z (B B UIAH G , FREE % 728 S A
AR, DR, R IS B LUF R A5 : DNA
FEANA e A el A8 5 HA 5 ARG AR R Pk 5 W e R 2 L
A AT
3.1 DNA REAfL

DNA H AL 2k A F AT IR CpG 7 45,
DNA H 3 AL B2l (Dnmts ) KA AL S— I 55 2 R

(SAM) = ) — A~ F SLEE RS 21 i me e (C) 1575 5 v ik i
F FIE AL SmC™ . DNA H AL & 7E DNA 7K L $
SRR IR M FRUE Nz — , B 58 PR 5%
T456 T DNAGE R HE/ER . DNA b AKF-25
A LR Rk, TR I DNA 842 41 J81 40 | 40 i
a1 OB OB 17 STE R DA 1 ST
Nevala Sl 38 , 3L KA 2 7 X380 CpG 5 (CpG %
KT 50% A X)) AR 45 5 Bl F AR, I SO A
FIRMUTER . WFR LI, N4 B W& (CRC)DNA
MMR £ i, hMSH2/hMLH 1 3 F 5 35 71X CpG &8
F 24k (Hyper—methylation ) ] 41 ] hMSH2h/hMLH1
FEN BT fE , 1 H hMSH2h/hMLH1 3 X 3 35 P& AR 5
L Bl X LA K3 DT AH 507 Leong S5
IE , A& PE B B DNA MMR 31 fE 2% 3% J2 i
hMLH1 3R 5 8l 75607 19 L5 12 19 . Loktionov
SERESEIER], N hMLHLS 2l X 5 R 246 7R CRC
TE 111 2 a8t 1% £ M1 bR iC ) (Epigenetic biomarker)
VAR AR Z 0P R0, CpG W AL IR & A CRC FI
FE 0oy FAEWIRRE e, i H, 25 B 24 DNA
P55 , MutSa 7] LAFHZE DNMT1, T 7E CpG & 15
FEAE 55 hMLH1 JE BB 5y fi 2% 30 o i o ke ) 4 4
FRO2, A7 AL IR 20 CpG A i 1Y F B4R AR 25 LA
I F AL Z AT, B4R TR e ) F SRR A
VALY 0 A 4 R B B BE e 5 B R A 7K
Pl SN0 5SS A 1§ I WU 1) STEN ST K7/ KN
DA R 52 7 35 R 2 8 9 5 05 R 4 R AR KT
FHOCT . Cd Jiihia 175 S 400 R I 401 1 240 L P9 DNA HH SR AE
ACEIR S BT R FRATTAY LI 25 SRR, Cd
R, B JF DNA MMR & 48 H MSH2 fil MLH1 & [K]
Ji s FEBALEY CpG H b KA 3 s, IE
R OLR L R4 MSH2 F1 MLH1 3 [H 3 8 1 3807 /Y
CpG W HEAL & R & Tl A R, Rk, Cd Wy
18T, DDR {5 53 [ HP ALY DNA CpG H ZAR IR 2S5
DNA MMR Z 4t 1 S f I (R e ik (W R4V E AN B
3.2 HEAEE

Y a5 2t DNA  RNA FIEE [ 5 4 % A0 A% 26 11
AW A 3 B rh g 6504 F) T DNA $1U1 7
TRE, I 4% DNA 5 il JEPH F 8 AL B DNA sk 5057
% ARG OISR 5, B A5 D
H2A H2B H3 Fll H4 T i 8 ik, A48 R
A 147 bp /) DNA F B4 A% /MAR Tl H s (8 )5t
HEAEA S DNA ST EEE N 11, dEA FEE
MR g% H ] LUR AR AR Z2 L 8 A, 08 T o302 e €0 I g )
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R FECL L SR sk . W LA SRR RS 1
i Rh IR R A 2Bk WAk R Ak
b 3z B A Rz Z AR b/ L wE ik, IEE TS
LN AL 1 H3 5 407 55 36 i 24 iR — sk — HH 3
b (H3K4me2 .H3K4me3 ,H3K36me2 \H3K36me3) \H3
FHA 19 P AL 2 06 BR A B A 3 S A 5 4 40, T
H3K9me3 F1 H3K27me3 |2 A1 BR (4 B JEALR A iX
oYM 1Y H3 785 DNA #5145 7K 7 F1 DNA & 52 Uj fig
BRI, {40, DNA DSBs 1] L1755 4 £4, )5 26 43
W2 B 1 H2AX B R 1k (g-H2AX) , 41 2 1 2. Tk
e rT LhiA#E DSBs B 5, IR R R8T 2 Ak i 20 25 1
Z: 5 DSBs #0510, 11 41 25 11 2 156 AR B (HDAC)
W25 DSBs 35 515 5 . BUL, iX S 2 2 P& I
7 NHE]J Fil HR 1852 i 44 vh HAT 5 B4 FE 78,

H3K36 H B4k AT DL AR G 40 Jo i 5 Fl— R 51 AR
PAE AL I R, R BIAE DNA MMR 2 45 iR & $5 5 54
FHo B, /N U Dnmt1 -KO T-48 i, i TR A
FaE M (MSD) £ 38, KW DNA B2 5 T/
DNA MMR 3 #7, A Dnmt1-KO 4 fifg 7 £ % 11 H3
LA, O T YRR 4, 530 Mt 1) 2 Fh )
AE I 20 55 , /R4S DNA MMR G 8 3 ] 3l 3 o7
CpG o7 s, B H AR R 25 e A AR AR 3T 4F 0K, Li
A gy LW, N4 DNA 3545 5 , H3K36me3 #3
5% MutSar, 5 MSH6 25 11 59 PWWP 38 AH 5./ , ol 28
T MutSa I FG 4, AT 52 1 DNA 35455 52 07 18 U0 A
5,175 MSLIE i, {H 2 H DNA MMR # 4t v oG ft gk
Bk WA B AR L . AN ZLEE 1 H3K36 FfHT ) H3
55 34 v H & R (H3G34) 28 A8 [W] #£ 0] L4 il DNA
MMR ZFE , 8 i MST, M55 & i AT s, IR,
N H3K36me3 7E4E4%5 1F % DNA MMR Z 4t Shfie )y i &
— P EE AR B . (R A R R T
BB 7E 4% DNA MMR R G2 19/E L, H R R L
A .

3.3 miRNA X4#8# DNA MMR % %t 89381 B

Ja FHE AR BTG IS EN T T E
HRRART ], RAEIESIS RNAs(neRNAs) , WimiRNAs |
4% JF g i RNA (Long non—coding RNAs, IncRNAs)
FIFRIR RNA SRS 8 1, {0 A DL HE2E RNA K
RIEINRE™, Hoh miRNAs & — K44 22 MR
(nt) (4 P9 R P A 4 B FRBE /) RNA 3 2o 70§ 3 [
mRNA | — 2585 P 456, 175 HU I mRNA #
5B B A R, AT AE 5 S 5 2K X 2 B Y
DDR .DNA &5 i 4 4R 3T /3 58 AR T 5 Z2 F

1% WHART]

AR A8 e DG B R 45 AR RS, DNA i 45155 =3 /1
RNA K774 IR R T DSB AL i Bt i . X 2L/
RNA 2 5 DNA & & i 428 1 2E 6 M DNA (& & 15 514
S (AJEAS L DNA U5 1R B, Ffrf o
WESE, NS AN rp , #815 DNA MMR 2 K A9 miRNAs
JE ¥ DNA MMR ¢ # 56 R 9 26 35, R 5% M MSIP01,
Bi4n , Bobowicz %718 , 5 A DNA MMR Jj R Hi 2 1)
45798 T2-T3NO 21 il ZAH L, DNA MMR Zij BB 1E 5 2
il miR592 B RGN T 11.94%. A CRC 41l g
F P, miR21 3 %35 2 B B PRI MSH2 Fl MSH6 2 [
(235 5 SR, miR21 23K B AR D) B S 34 Jin it — b 2
PR W8 28 Wi U 45 SR 2 B, miR 155 7]
PUHE [ A CRC 41 g 25 H MLH1 . hMSH2 F1 hMSH6 J
mRNAs % 3" UTR DX 35, DA 177 3 AP LA 7 2 ) 2 11
IR, [RIRE, AN CRC b 16 4L 204G A 25 L35
miR-155 11 %35 5 MSH2 F1 MLH1 25 [ &35 BRI 2 1]
IR EWRAAC RS, RS R R, DNA
MMR 33 & 5 2 (19 A\ CRC fRE 4 e+, DNA MMR 2
K5 miRNAs 22 [0] 1) 52 Bt 8 50 ALl ™ 8 T4, A
T E( DNA MMR 2 %t H G 8 38 ] 1 5 5 8070,
Mao SE I FE0E 52, 76 RSN N A R H, miR-422a
gh4F MLHL 37 35535 4w A% X, DA 410 i MLH1 [ 2%
3551 H, MLH1 F1 miR —422a JE i 52 15 16 ¥ (Feed-
back loop) , A LRI 2L miRNAs B AE IS, IT4E
KeAq 202 F IR, miRNAs 7] DUVE R 2 =30 ok
(Trans—activating elements ) , M 17 1 5 55 37 3 [R] Fll &
R 235, ik e g ik — 20 3R W], miRNAs 76 F
4 /K (Non—Mendelian ) % DNA MMR 3 [ ¢ ik i 72
A EEAEH

LAk, A LR 2 F ik 45 R, H Y miRNAs
W RS mRNA | — SR e P8 45 G, 75 5
FEPI mRINA R g sl 300 ) L3RRI, AT 8 5 538 J 7K SF- 0
FEREY AR R E R B N A S R A i,
miRNAs NUTEREY) BB PP 54 LS KR L Ek
2RIV BURN SRR b B SR i H 2 5
Z R (AR T /e K32 KRR AE ) XA W e
AR Py aE (gl A= i Y, J 4| Cd V8% i, B
B A B, TR ARG A ) A 0 A AR AN R AR
Yrrh, 2 54 90AEE A B R ST FEE PR SF miRNAs
£ 4% : miR156a - f/h. miR166 . miR167¢~d . miR170.
miR171b — ¢. miR172a / b=5p / ¢. miR395, miR397.
miR472-5p . miR846 -3p/5p . miR5651 , miR5995h #/1
miR81827¢ 1%, T Sy dy B S , 0 55 3B e A= B, —



ER % HIH DNA S RS0 Cd By R BRI 707

2 miRNAs 233835 B, 1 05 — 28 miRNAs I R G8 T
o miRNAs 1E 230 28 8 B8 R 2 2 R A i) 4
TR SE R i b R i aE R 2 e R ) O Y
, LADBCSS 38 5 1R i 32 PE RN, AT & #5 miRNAs
LA A BRI AR e 100 Sy Ak Fu S TR
H o) — R 5 miRNAs, I HIE TR A A 224
miRNAs M1 F A 29 4 miRNAs I 1% Cd i3 . miR-
NAs 2 K FF it Cd A 58 78 HoAth e 1, #R 1)
miRNAs Sz HUHE ] I R o] DATRA T A AR 40 i) o/ 7 45
Jolp 3L ) R 4 AL BN A AN B B 2R E O S,
BT 40 R 1A DNA MMR £ 40 5 HEL R (40 MLH1
MSH2 ,MSH3 . MSH6 ,MSH7 Fl PMS1) 1) miRNAs % &
K HAE Cd i3 R 4% DNA MMR & 45 36 i )i 3
45 DNA 50055 F0 20 it 390 G 1/S =5 G2/M A B g AL il
WEFE, B A E N AR IE v, SR, AR S A
miRNAs W5 FAE W45 840 B, 0 8 1 38 ] 00 /e o
DNA MMR F 4t H S8 5L R (40 MSH2 \MSH3 \MSH6
MSH7 .MLH1 1 PMS1) 5 miRNAs ; 1) FH 40 B 803z k2%
fiff 415 R 40, W UE T 34 miRNAs (miRNA172b-5p,
miRNA172e~5p il miRNA472-3p ) #8 [i] MSH6, I ELIf
v Cd i, X EegE R B, miRNAs X} Cd #ri8 T~ HE
I DNA MMR JERLELA SCE A1 FH
3.4 IncRNAs 3484 DNA MMR R & IiE=1E R
IncRNAs J& — &K i 12 200 nt A9 9E 2 11 Ji 5
RNA, KZHH RNA RE 0 045527742 . IncRNAs 1]
3 R I1E X IneRNAs . JZ X IncRNAs A [A] IncRNAs  J&
N IncRNAs H1 3L A [A] IncRNAs 5 il 32 %5 28 Ayt
IncRNAs & F| FH H— GA% 11 R 17 91) 5l i G 46 7 ok 245
4 DNA \RNA DL REE M5, JF 2 5 A A N 5% s iy %
SR I i s e PR LR AL ) A 5 R R Ep e i =
(Cis) P41 e €0, 5 2 90 N 5 ) 45 S0, il
IncRNAs A LUid & Cis 98715 0y 202 5 3 PR 4 sk -
¥ Cis TRENE 2T IncRNAs XV P41 5 9% 08
B 2 5 36 0 57 T+ ] — 4% DNA B b 549 20 5 2 11 2 PR
T3 SRR o T S IncRNAs 5 483 25 11 3
DRIAE LR 20 b DSk xSk 9 5 3 s i) HE R 5k, R T
LA ST 5 s BT B, SR X R A e R A
FEE S Sk e B B R i s B P AT B g Y
FEAL B AT LA 3 Cis 18 1 48 T 3 R ) 3 1A
I, R IncRNAs A DL 33 % )3 81 47 F [7] — 4% DNA
b A AR I g B DR R A 7 7 SRR g EE  BI Cis
W S5 RV N B KB A ) 2E

[E

HAm, R IT /N K SR B SR
H, R £ IncRNAs B 29 i vk ok, BT RSB HA
ZH 2L A0 38 RE S NS M ) IneRNAs IR AT L 5
DNA \RNA UL K 8 (5 AH FAE T, 9 FL7E 40 it A% sl 40
B rr B R S RE . TEAEMEAZ H , IncRNAs A LLi#
T it/ Fz 2 i R A A AR S R 2R 58, sl 25 A
T4 8 EE AT AR BT U AR, R T AR
gree el e AR LT, IneRNAs 2 HIE M EZ &
P M miRNAs 2 5 () 5 SRR P L #8152 i
] mRNA B 5208 M DL S B i Fn il il #2s, H
i, R PR DNA MMR £ 43 % IncRNAs 4 %4
fitif ,(H)2Z 5 DNA B (40 HR A1 NHE]) | 4 Jfd J& 11
FIVZH B U 1 0 L 26 IncRNAs B 28 1 07 10k 1 el o120,
IncRNAs H.A J8 #4854 DNA MMR £ 4t 19 78 78 ] BE
PE, ATREA AR R AR 2 B

4 it

FEY) DNA MMR RGE7EAE 5 Cd 75 519 DNA 451453
T EEREEEM . CAPRAT R H 4] DNA A
R s I B A, S B DNA & i ok 7 v &5 i v R
B A FC AR U HE 0 5 53 41, DNA 4514533 1 %5 DNA 53453
(Translesion) & il &5 S EDNA F5 H 4 I B e £ |
DNA B e 5 45 3 27 G2 318 MutS (40 MSH2 \MSH3
MSH6 .MSH7) 51|, AT {E DNA MMR £ 4t ; K5
MSH2 4k ZE30% ATR/ATM, it i 5 DDR 5 5 248,
GRS H A DNA &5 & 48 (401 HR \NHEJ]) 55 47 ¢
fiti , 2 58T ATM 19 MAPK {5 514 3% , IR 91/ &2
DNA 54475 , V814 240 6 ) BOR G 36 e P &2 o R I 1 4
MIFET . FEAEY MutS THRE IE# 1K 0L T, Cd i 519
DNA 45 3850% ATR J5 , MutS 5| 2 G2/M 3 BHL# | B A%
AR A, B4 I DNA MMR i HR JC 22 5806 & 6 1
DA e S 2 AR PP P A I AT T (%) T e | DA T 84 5 A
Yrxt Cd 38 i i PE . 4R T, MSH2 . MSH3 . MSH6 .
MSH7 it 2% (%) # oK 25 B2 32 (Override) DNA MMR %
42 551 DDR M 1y, B MLHT, A TS S50HE A X
Cd JBr 38 (9 S0 55 1 o DR G, 7 A el 72 e 0 4 G
DNA MMR JEH DNA JPH I THE T, i i35 5% 5
K, BIJE#E neRNAs (miRNAs  IncRNAs %5) , 53 51 #4
AAEY DNA MMR 2 4t i OCHE L (1 MSH2 \MSH3
MSH6 . MSH7 MLH1 1 PMS1) i ncRNAs isi/3d 6 1k
EEILI S &R, — T AT DAdE— 25 WA Cd i B FRAL A 5
A —J7 1 AT LA DNA MMR 2 45w A [a] 35 [ 0 5%
FEIH S R DRG0 Sl 07 4 A R BR R AT X Cd T2
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4 dh 25, AT 3R A5 HAT 5% DNA MMR R G815 2
RELL K 3 i Cd P BE AL JE [N i 28, AT S 301 A2 )
LW RO 5 TR R T B AR ) b AR
AWMB R Cd 55 LR PR A AR

Sk

[1] Zhao Q, Wang H T, Du Y, et al. MSH2 and MSH6 in mismatch repair
system account for soybean ( Glycine max (L.) Merr. ) tolerance to
cadmium toxicity by determining DNA damage response[J]. Journal
Agriculral Food and Chemestry, 2020, 68(7) : 1974-1985.

[2] Wang H T, Cao Q, Zhao Q, et al. Mechanisms used by DNA MMR sys-
tem to cope with cadmium—induced DNA damage in plants[]J]. Chemo-
sphere, 2020, 246:125614.

[3] HUE 1, TR, X ok, 55 . BRI IT miRNA172b-5p .miRNA172e-5p
HImiRNA472-3p §l ] MSH6 FEP 2 55 Cd B i [)]. B A 2R,
2019, 38(12):3738-3746. CHENG Zhi—bo, WANG He -tong, ZHAO
Qiang, et al. MiRNA172b-5p, miRNA172e-5p and miRNA472-3p re-
sponded to Cd stress by targeting MSH6 gene in Arabidopsis thaliana
[J]. Chinese Journal of Ecology, 2019, 38(12) :3738-3746.

[4] Hu Z, Cools T, De Veylder L. Mechanisms used by plants to cope with
DNA damage[J]. Annual Review of Plant Biology, 2016, 67 :439-462.

[5] Bernstein C, Bernstein H, Payne C M, et al. DNA repair/pro—apoptotic
dual-role proteins in five major DNA repair pathways : Fail-safe protec-
tion against carcinogenesis[J]. Mutation Research, 2002, 511(2) : 145—
178

[6] Cadet J, Davies K J A. Oxidative DNA damage and repair: An introduc-
tion[J]. Free Radical Biology and Medecine, 2017, 107 :2-12.

[7] Cao X, Wang H T, Zhuang D, et al. Roles of MSH2 and MSHG6 in cad-
mium-induced G2/M checkpoint arrest in Arabidopsts roots[J]. Chemo-
sphere, 2018, 201:586-594.

[8] Higo T, Naito A T, Sumida T, et al. DNA single—strand break—induced
DNA damage response causes heart failure[J]. Nature Communications,
2017, 8:15104-15117.

[9] Hays J B. Arabidopsts thaliana, a versatile model system for study of eu-
karyotic genome—maintenance functions[J]. DNA Repair, 2002, 1(8) :
579-600.

[10] Marteijn J A, Lans H, Vermeulen W, et al. Understanding nucleotide
excision repair and its roles in cancer and ageing|J]. Nature reviews
Molecular Cell Biology, 2014, 15(7):465-481

[11] Zou L, Elledge S J. Sensing DNA damage through ATRIP recognition
of RPA—ssDNA complexes[]]. Science, 2003, 300(5625) : 1542-1548.

[12] Situ Y, Chung L, Lee C S, et al. MRN(MRE11-RAD50-NBS1) com-
plex in human cancer and prognostic implications in colorectal cancer
[J]. International Journal of Molecular Sciences, 2019, 20 (4) : 816—
828.

[13] Yamaguchi—Iwai Y, Sonoda E, Sasaki M S, et al. Mrell is essential
for the maintenance of chromosomal DNA in vertebrate cells[J]. EM-
BO Journal, 1999, 18(23) :6619-6629.

[14] Datta A, Brosh R. Holding all the cards : How fanconi anemia proteins

deal with replication stress and preserve genomic stability[J]. Genes,

1% WHART]

2019, 10(2) : 170-183.

[15] Wang X, Chu H, Lv M, et al. Structure of the intact ATM/Tell kinase
[J]. Nature Communications, 2016, 7:11655-11662.

[16] Wang X, Ran T, Zhang X, et al. 3.9A structure of the yeast Mecl—
Dde2 complex, a homolog of human ATR-ATRIP[J]. Science, 2017,
358(6367) : 1206-1209.

[17] Li Z, Pearlman A H, Hsieh P. DNA mismatch repair and the DNA
damage response[J|. DNA Repair, 2016, 38:94-101.

[18] Liu S, Shiotani B, Lahiri M, et al. ATR autophosphorylation as a mo-
lecular switch for checkpoint activation[J]. Molecular Cell, 2011, 43
(2):192-202.

[19] Yoo H Y, Kumagai A, Shevchenko A, et al. The Mrel1-Rad50-Nbs1
complex mediates activation of TopBP1 by ATM[J]. Molecular Biology
of the Cell, 2009, 20(9) : 2351-2360.

[20] Lamarche B J, Orazio N I, Weitzman M D. The MRN complex in dou-
ble-strand break repair and telomere maintenance[J]. FEBS Letters,
2010(17), 584:3682-3695.

[21] Culligan K M, Robertson C E, Foreman J, et al. ATR and ATM play
both distinct and additive roles in response to ionizing radiation|J].
Plant Journal, 2006, 48(6) :947-961.

[22] Cools T, De Veylder L. DNA stress checkpoint control and plant de-
velopment[J]. Current Opinion in Plant Biology, 2009, 12(1) :23-28.

[23] Adachi S, Minamisawa K, Okushima Y, et al. Programmed induction
of endoreduplication by DNA double—strand breaks in Arabidopsis|J].
Proceedings of the National Academy Sciences of the United States of
America, 2011, 108(24) : 10004-10009.

[24] ALV, BRACH, 22308 . i SEA Y AN A 1R i R e ()], AR
A Bl2E, 2001, 13(4) : 154-158. YU Long—jiang, CAI Yong —jun,
LAN Wen—zhi. The research progress of cell cycle in higher plant[J].
Chinese Bulletin of Life Sciences, 2001, 13(4) : 154-158.

[25] Bourbousse C, Vegesna N, Law J A. SOG1 activator and MYB3R re-
pressors regulate a complex DNA damage network in Arabidopsis|J].
Proceedings of the National Academy Sciences of the United States of
America, 2018, 115(52) : E12453-E12462.

[26] Nikitaki Z, Hola M, Dond&t M, et al. Integrating plant and animal biolo-
gy for the search of novel DNA damage biomarkers[J]. Mutation Re-
search, 2018, 775:21-38.

[27] Cui W N, Wang H T, Song J, et al. Cell cycle arrest mediated by Cd-
induced DNA damage in Arabidopsis root tips[J]. Ecotoxicology and
Environmental Safety, 2017, 145:569-574.

[28] Xu R J, Garcia—Barros M, Wen S, et al. Tumor suppressor p53 links
ceramide metabolism to DNA damage response through alkaline ce-
ramidase 2[]J]. Cell Death and Differentiation, 2018, 25(5) : 841-856.

[29] Johnson R A, Conklin P A, Tjahjadi M, et al. Suppressor of gamma re-
sponsel links DNA damage response to organ regeneration[]]. Plant
Physiology, 2018, 176(2) : 1665-1675.

[30] Sherrer S M, Penland E, Modricha P. The mutagen and carcinogen
cadmium is a high—affinity inhibitor of the zinc—dependent MutLa en-
donuclease[J]. Proceedings of the National Academy Sciences of the
United States of America, 2018, 115(28) :7314-7319.

[31]Jin Y H, Clark A B, Slebos R J, et al. Cadmium is a mutagen that acts



ERS, ) DNA FEAE S RS Cd 38 TR 709

by inhibiting mismatch repair[J]. Nature Genetics, 2003, 34(3) : 326~
329.

[32] Rakosy-Tican E, Lorincz—Besenyei E, Molnar I, et al. New pheno-
types in potato co—induced by mismatch repair deficiency and somat-
ic hybridization[J]. Frontiers in Plant Science, 2019, 10: 1-18.

[33] Roos W P, Krumm A. The multifaceted influence of histone deacety-
lases on DNA damage signalling and DNA repair[J]. Nucleic Acids Re-
search, 2016, 44(21) : 10017-10030.

[34] Gong F, Miller K M. Histone methylation and the DNA damage re-
sponse[]]. Mutation Research, 2019, 780:37-47.

[35] Wang Y, Cortez D, Yazdi P, et al. BASC, a super complex of BRCA1-
associated proteins involved in the recognition and repair of aberrant
DNA structures[J]. Genes Dev, 2000, 14(8):927-939.

[36] Auclair Y, Rouget R, Affar E B, et al. ATR kinase is required for glob-
al genomic nucleotide excision repair exclusively during S phase in
human cells[]J]. Proceedings of the National Academy Sciences of the
United States of America, 2008, 105(46):17896-17901.

[37] Auclair Y, Rouget R, Drobetsky E A. ATR kinase as master regulator
of nucleotide excision repair during S phase of the cell cycle[J]. Cell
Cycle, 2009, 8(12) : 1865-1871.

[38] Offer H, Zurer I, Banfalvi G, et al. p53 modulates base excision repair
activity in a cell cycle=specific manner after genotoxic stress[J]. Can-
cer Research, 2001, 61(1) :88-96.

[39] Weimer A K, Biedermann S, Harashima H, et al. The plant—specific
CDKBI-CYCBI1 complex mediates homologous recombination repair
in Arabidopsis[J]. EMBO Journal, 2016, 35(19) :2068-2086.

[40] Hawley B R, Lu W T, Wilczynska A, et al. The emerging role of
RNAs in DNA damage repair[J]. Cell Death and Differentiation, 2017,
24(4):1989.

[41] Liu Q, Wang K, Huang R, et al. A novel DNA damage response signa-
ture of IDH-mutant grade Il and grade Il astrocytoma at transcrip-
tional levellJ]. Journal of Cancer Research and Clinical Oncology,
2020, 146(3):579-591.

[42] Culligan K M, Hays J B. DNA mismatch repair in plants. An Arabidip-
sis thalian gene that predicts a protein belonging to the MSH2 subfam-
ily of eukaryotic MutS homologs[J]. Plant Physiology, 1997, 115(2) :
833-839.

[43] Culligan K M, Hays J B. Arabidopsis MutS homologs—AtMSH2, At-
MSH3, AtMSH6, and a novel AtMSH7-form three distinct protein het-
erodimers with different specificities for mismatched DNA[J]. Plant
Cell, 2000, 12(6) :991-1002.

[44] Kadyrov F A, Dzantiev L, Constantin N, et al. Endonucleolytic func-
tion of MutLa in human mismatch repair[J]. Cell, 2006, 126(2) :297-
308.

[45] Pluciennik A, Dzantiev L, Iyer R R, et al. PCNA function in the acti-
vation and strand direction of MutLa endonuclease in mismatch repair
[J]. Proceedings of the National Academy Sciences of the United States
of America, 2010, 107(37) : 16066—16071.

[46] Hombauer H, Campbell C S, Smith C E, et al. Visualization of eukary-
otic DNA mismatch repair reveals distinct recognition and repair in-

termediates|J]. Cell, 2011, 147(5) : 1040-1053.

[47] Goellner E M, Putnam C D, Kolodner R D. Exonuclease 1-dependent
and independent mismatch repair(J]. DNA Repair, 2015, 32:24-32.

[48] Mimitou E P, Symington L S. Nucleases and helicases take center
stage in homologous recombination[J]. Trends in Biochemical Sciences,
2009, 34(5) :264-272.

[49] San Filippo J, Sung P, Klein H. Mechanism of eukaryotic homolo-
gous recombination[]]. Annual Review of Biochemistry, 2008, 77 :229~
257.

[50] Zhang J. The role of BRCA1 in homologous recombination repair in
response to replication stress: Significance in tumorigenesis and can-
cer therapy[J]. Cell & Bioscience, 2013,3(1):11-24.

[51] Feng Z, Zhang J. A dual role of BRCA1 in two distinct homologous re-
combination mediated repair in response to replication arrest[J]. Nu-
cleic Acids Research, 2012, 40(2):726-738.

[52] Emmanuel E, Yehuda E, Melamed—Bessudo C, et al. The role of At-
MSH2 in homologous recombination in Arabidopsis thalianalJ]. EM-
BO Reports, 2006, 7(1) : 100-105.

[53] Dion E, Li L, Jean M, et al. An Arabidopsis MLH1 mutant exhibits re-
productive defects and reveals a dual role for this gene in mitotic re-
combination[J]. Plant Journal, 2007, 51(3) :431-440.

[54] Jackson S P, Bartek J. The DNA-damage response in human biology
and disease[J]. Nature, 2009, 461(7267) :1071-1078.

[55] Kim W ], Rajasekaran B, Brown K D. MLH1 - and ATM-dependent
MAPK signaling is activated through c¢—Abl in response to the alkyl-
ator N-methyl-N' —nitro-N' —nitrosoguanidine[J]. Journal of Biologi-
cal Chemistry, 2007, 282(44) :32021-32031.

[56]Shafman T, Khanna K K, Kedar P, et al. Interaction between ATM pro-
tein and c¢—Abl in response to DNA damage[J]. Nature, 1997, 387
(6632) :520-523.

[57] Baskaran R, Wood L, Whitaker L, et al. Ataxia telangiectasia mutant
protein activates c—Abl tyrosine kinase in response to lonizing radia-
tion[J]. Nature, 1997, 387(6632) :516-519.

[58] Mao G, Lee S, Ortega J, et al. Modulation of microRNA processing by
mismatch repair protein MutLa[J]. Cell Res, 2012, 22(6) :973-985.

[59] BRI, X A 4, JAERE, S5 . BORRVLE AL B ST ). Rk
2, 2020, 29(4) : 168-183. ZHAO Yuan—yuan, LIU Zi-yang, BIAN
Jia=hui, et al. Research advances in epigenetics of forage grasses[J].
Acta Prataculturae Sinica, 2020, 29(4) : 168—-183.

[60] fT7, T A3, RIE, 4. 4R IF MLH1 FE I 8 B S0 O 5
k30 AR AR T AN T). AR AR 2K, 2016, 35(5) £ 1386
1393.  HE Lei, WANG He-tong, SONG Jie, et al. Methylation of
MLH1 promoter in Arabidopsis thaliana as a biomarker of cadmium
stress[J]. Chinese Journal of Ecology, 2016, 35(5) :1386—-1393.

[61] 24, ERE, BREGIA, 45 . 12 MSAP BF T s M0 xt #jg S+ 40
TSR AR RS2 AL A FREERE ), 2014, 33(1) - 28-36.
LI Zhao-ling, WANG He-tong, CHEN Rui-juan, et al. Effect of cad-
mium stress on genomic methylation of Arabidopsis thaliana seedlings
by MSAP[J]. Journal of Agro—Environment Science, 2014, 33(1) : 28—
36.

[62] T3, {35, Ah, 45 . Wik MSAP-PCR H5 AN FH T Cd ik T 81
FIJT DNA FEAR ST (T]. A FREERE 274, 2015, 34(8) 1 1618

WWW.Qes.019.CN




nE/s A

URETR Rt Y F 405 E 45

1624. WANG He-tong, HE Lei, SONG Jie, et al. Improved MSAP—
PCR technique applying for Arabidopsis DNA methylation variation in-
duced by cadmium[]J]. Journal of Agro—Environment Science, 2015, 34
(8):1618-1624.

[63] E A, SREE, A B MR, 45 . AEY AL R S bk P SRR T 1 5 1 i3
T % PCR AR ALALT]. Al FRETFL 2722 4iE, 2016, 35(9) - 1686~
1693. WANG He-tong, SONG Jie, CUI Wei-na, et al. Primer de-
sign and optimizing of PCR condition in plant specific—site methyla-
tion research[J]. Journal of Agro—Environment Science, 2016, 35(9) :
1686-1693.

[64] Li Z L, Liu Z H, Li X ], et al. DNA damage and genetic methylation
changes caused by Cd in Arabidopsis thaliana seedlings|J]. Environ-
mental Toxicology and Chemistry, 2015, 34:2095-2103.

[65] Wang H T, He L, Song J, et al. Cadmium—induced genomic instability
in Arabidopsis : Molecular toxicological biomarkers for early diagnosis
of cadmium stress[J]. Chemosphere, 2016, 150:258-265.

[66] Miki—Nevala S, Valo S, Ristimiki A, et al. DNA methylation changes
and somatic mutations as tumorigenic events in Lynch syndrome—as-
sociated adenomas retaining mismatch repair protein expression[J].
EBio Medicine, 2019, 39:280-291.

[67] Leong M M L, Cheung A K L, Dai W, et al. EBV infection is associat-
ed with histone bivalent switch modifications in squamous epithelial
cells[]]. Proceedings of the National Academy Sciences of the United
States of America, 2019, 116(28) : 14144-14153.

[68] Loktionov A. Biomarkers for detecting colorectal cancer non—invasive-
ly: DNA, RNA or proteins?[J]. World Journal of Gastrointestinal On-
cology, 2020, 12(2) :124-148.

[69] Lam K, Pan K, Linnekamp J F, et al. DNA methylation based bio-
markers in colorectal cancer: A systematic review[]]. Biochimica et
Biophysica Acta, 2016, 1866(1) : 106—120.

[70] Draht M X G, Goudkade D, Koch A, et al. Prognostic DNA methyla-
tion markers for sporadic colorectal cancer: A systematic review[J].
Clin Epigenetics, 2018, 10:35-56.

[71] Tahara T, Arisawa T. DNA methylation as a molecular biomarker in
gastric cancer|]J]. Epigenomics, 2015, 7(3) :475-486.

[72] Li S K H, Martin A. Mismatch repair and colon cancer: Mechanisms
and therapies explored[J]. Trends in Molecular Medicine, 2016, 22
(4):274-289.

[73] Ding N, Bonham E M, Hannon B E, et al. Mismatch repair proteins
recruit DNA methyltransferase 1 to sites of oxidative DNA damage[J].
Journal of molecular Cell Biology, 2016, 8(3) :244-254.

[74] Deleris A, Halter T, Navarro L. DNA methylation and demethylation
in plant immunity[J]. Annual Review of Phytopathology, 2016, 54:
579-603.

[75] Gallego—Bartolomé J, Liu W, Kuo P H, et al. Co—targeting RNA poly-
merases [V and V promotes efficient De Novo DNA methylation in
Arabidopsis[J]. Cell, 2019, 176(5) : 1068—1082.

[76] Zhang H M, Lang Z B, Zhu J K. Dynamics and function of DNA meth-
ylation in plants[J]. Nature Reviews Molecular Cell Biology, 2018, 19
(8):489-506.

[77] Baylin S B, Jones P A. A decade of exploring the cancer epigenome—

1% WHART]

biological and translational implications|J]. Nature Reviews Cancer,
2011, 11(10) : 726-734.

[78] Escargueil A E, Soares D G, Salvador M, et al. What histone code for
DNA repair?[J]. Mutation Research, 2008, 658(3):259-270.

[79] Kim M, Trinh B N, Long T I. Dnmt1 deficiency leads to enhanced mic-
rosatellite instability in mouse embryonic stem cells[J]. Nucleic Acids
Research, 2004, 32(19) :5742-5749.

[80] Espada J, Ballestar E, Fraga M F, et al. Human DNA methyltransfer-
ase | is required for maintenance of the histone H3 modification pat-
tern[J]. Journal of Biological Chemistry, 2004, 279 (35) : 37175-
37184.

[81] Li F, Mao G, Tong D, et al. The histone mark H3K36me3 regulates hu-
man DNA mismatch repair through its interaction with MutS alphalJ].
Cell, 2013, 153(3) : 590-600.

[82] Li G M. New insights and challenges in mismatch repair: Getting over
the chromatin hurdle[]]. DNA Repair, 2014, 19:48-54.

[83] LiJ, Ahn J H, Wang G G. Understanding histone H3 lysine 36 methyl-
ation and its deregulation in disease[J]. Cell Mol Life Science, 2019, 76
(15):2899-2916.

[84] Seitz H. On the number of functional microRNA targets[J]. Molecular
Biology and Evolution, 2019, 36(7) :1596-1597.

[85] Wang Q, Goldstein M. Small RNAs recruit chromatin—modifying en-
zymes MMSET and Tip60 to reconfigure damaged DNA upon dou-
ble-strand break and facilitate repair[J]. Cancer Research, 2016, 76
(7):1904-1915.

[86] Castel S E, Ren J, Bhattacharjee S, et al. Dicer promotes transcription
termination at sites of replication stress to maintain genome stability
[J]. Cell, 2014, 159(3) :572-583.

|87] Bobowicz M, Skrzypski M, Czapiewski P, et al. Prognostic value of 5—
microRNA based signature in T2=T3NO colon cancer[]]. Clin Exp Me-
tastasis, 2016, 33(8) : 765-773.

[88] Bhandari A, Gordon W, Andersen B. The Grainyhead transcription
factor Grhl3/Getl, suppresses miR-21 expression and tumorigenesis
in skin: Modulation of the miR-21 target MSH2 by RNA-binding pro-
tein DND1[J]. Oncogene, 2013, 32(12) : 1497-1507

[89] Valeri N P, Fabbri M, Braconi C, et al. Modulation of mismatch repair
and genomic stability by miR-155[J]. Proceedings of the National
Academy Sciences of the United States of America, 2010, 107 (15) :
6982-6987.

[90] Santos J C, Brianti M T, Almeida V R, et al. Helicobacter pylori infec-
tion modulates the expression of miRNAs associated with DNA mis-
match repair pathway[J]. Molecular Carcinogenesis, 2017, 56 (4) :
1372-1379.

[91] Yamamoto H, Adachi Y, Taniguchi H, et al. Interrelationship between
microsatellite instability and microRNA in gastrointestinal cancer|J].
World Journal of Gastroenterology, 2012, 18(22) :2745-2755.

[92] Fu Y, Mason A S. MicroRNA-mRNA expression profiles and their po-
tential role in cadmium stress response in Brassica napus[]J]. BMC
Plant Biology, 2019, 19(1) :570-589.

[93] Zhao Y, Cong L, Lukiw W J. Plant and animal microRNAs (miRNAs)

and their potential for Inter-kingdom communication[J]. Cellullar



ERS, ) DNA FEAE S RS Cd 38 TR 71

and Molecular Neurobiology, 2018, 38(1) :133-140.

[94] Song X, Li Y, Cao X, et al. MicroRNAs and their regulatory roles in
plant — environment interactions|J]. Annual Review of Plant Biology,
2019, 70:489-525.

[95] Yu Y, Jia T, Chen X. The ‘how’ and ‘where’ of plant microRNAs[J].
New Phytology, 2017, 216(4) : 1002-1017.

[96] Wu G. Plant microRNAs and development[J]. Journal Genet Genom-
ics, 2013, 40(5) : 217-230.

[97] “E417T, IR, ABHOAH, 55 . microRNA172 S 54 KK & il
S N AL SR (D], AE AL, 2016, 28(6) :645-654.  WANG
You-ning, SU Chao, ZOU Yan-min, et al. Research progress of mi-
croRNA172 in plant development and stress responses[J]. Chinese
Bulletin of Life Sciences, 2016, 28(6) : 645-654.

(98] AEHRIE, F AL, WhERIR, %5 . MicroRNA 74 o S5 M 1 3 355 0 B F 11
1 FABLEI I 5 UE D). A 2%, 2018(1) : 1-8.  XIONG Wei-jiao,
WANG Ya-lun, YAO Shao—chang, et al. Progress in studying mecha-
nism of microRNA in stress response in higher plants[J]. Crops, 2018
(1):1-8.

[99] % X%, ih 2200, 42 7 4H . MicroRNA £ 38 5 AE 9 4= K % 7 R 5%
300 rb A D). R4 28 P22, 2013, 49(4) :317-323. AN
Feng—xia, QU Yan-ting, LI FU~-heng, et al. Roles of microRNA in
regulation of plants growth and development and stress responses|J].
Plant Physiology Journal, 2013, 49(4) :317-323.

[100] Ding Y, Gong S, Wang Y, et al. MicroRNA 166 modulates cadmium
tolerance and accumulation in rice[J]. Plant Physiology, 2018, 177
(4):1691-1703.

[101] Nadarajah K, Kumar I S. Drought response in rice : The miRNA story
[J]. International Journal of Molecular Sciences, 2019, 20 (15) :
3766-3779.

[102] Baev V, Milev I, Naydenov M, et al. Insight into small RNA abun-
dance and expression in high— and low—temperature stress response
using deep sequencing in Arabidopsis|J]. Plant Physiology and Bio-
chemistry, 2014, 84:105-114.

[103] Sunkar R, Li Y F, Jagadeeswaran G. Functions of microRNAs in
plant stress responses[J]. Trends in Plant Science, 2012, 17 (4) :
196-203

[104] Ransohoff J D, Wei Y, Khavari P A. The functions and unique fea-
tures of long intergenic non—coding RNA[J]. Nature Reviews Molecu-
lar Cell Biology, 2018, 19(3) : 143-157.

[105] Luo S, Lu J Y, Liu L, et al. Divergent IncRNAs regulate gene expres-
sion and lineage differentiation in pluripotent cells[J]. Cell Stem
Cell, 2016, 18(5) :637-652.

[106] Chen J, Zhang F, Wang J, et al. LncRNA LINCO1512 promotes the

progression and enhances oncogenic ability of lung adenocarcino-
ma[J]. Journal of Cellular Biochemistry, 2017, 118 (10) : 3102-
3110.

[107] Rai M I, Alam M, Lightfoot D A, et al. Classification and experimen-
tal identification of plant long non—coding RNAs[J]. Genomics, 2019,
111(5) :997-1005.

[108] Zhang X, Wang W, Zhu W, et al. Mechanisms and functions of

—_—

long non—coding RNAs at multiple regulatory levels[]|. Internation-
al Journal of Molecular Sciences, 2019, 20(22) : 5573-5595.

[109] Zhou B, Zhao H, Yu J, et al. Experimentally validated plant In-
c¢RNAs in EVLncRNAs database[J]. Methods in Molecular Biology,
2019, 1933:431-437.

[110] Sun X, Zheng H, Sui N. Regulation mechanism of long non—cod-
ing RNA in plant response to stress|J]. Biochemical and Biophysical
Research Communications, 2018, 503(2) :402-407.

[111] Litholdo C G Jr, da Fonseca G C. Circular RNAs and plant stress re-
sponses|J]. Advances in Experimental Medicine and Biology, 2018,
1087:345-353.

[112] Wang H V, Chekanova J A. Long non—coding RNAs in plants[D].
Advances in Experimental Medicine and Biology, 2017, 1008: 133~
154.

[113] Golicz A A, Bhalla P L, Singh M B. LncRNAs in plant and animal
sexual reproduction: A review[J]. Trends in Plant Science, 2018, 23
(3):195-205.

[114] Qin T, Xiong L. Subcellular localization and functions of plant In-
c¢RNAs in drought and salt stress tolerance[J]. Methods in Molecular
Biology, 2019, 1933:173-186.

[115] Yamada M. Functions of long intergenic non—coding (linc) RNAs in
plants[J]. Journal of Plant Research, 2017, 130(1) :67-73.

[116] Bardou F, Ariel F, Simpson C G, et al. Long noncoding RNA modu-
lates alternative splicing regulators in Arabidopsis|J]. Developmental
Cell, 2014, 30(2) : 166-176.

[117] Kretz M, Siprashvili Z, Chu C, et al. Control of somatic tissue differ-
entiation by the long non—coding RNA TINCR([]]. Nature, 2013, 493
(7431):231-235.

[118] Yoon J H, Abdelmohsen K, Srikantan S, et al. LincRNA-p21 sup-
presses target mRNA translation[J]. Molecular Cell, 2012, 47 (4) :
648-655.

[119] Kim J H. Chromatin remodeling and epigenetic regulation in plant
DNA damage repair|]]. International Journal of Molecular Sciences,
2019,20(17):4093-4113.

[120] Thapar R. Regulation of DNA double—strand break repair by non—
coding RNAs[J]. Molecules, 2018, 23(11):2789-2812.

WWW.Qes.019.CN




