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W% 5-W 2 7 w2 (S-methylcytosine, m’C)1E 4 — 25 8 B2 i 4 3 5 1547 1 X, 72 A% A 40 12 £ RN A(messenger RNA,
mRNA). #3ZRNA(transfer RNA, tRNA)F 4 # fARNA(ribosomal RNA, rRNA) b ¥ % 75, 3 H 5 5 8 ERNAH
M. BEREMEFERE I TR B AT 8, i F L4 % B (methyltransferases) & 4 & K&, 3 d &
A AV B (demethylases) 4 [, 3 3t 98 £ 4% 7€ 8732 7| 2% & (reader proteins, readers)% 5 B % ML K H « 08 K AT
WA R FORE . TR AW, REM A HRNAS, HERNAL RS Em’ CBM, HFEA#E, &
MABEELHNBEMEEEAE. W, HERLTIHRE ERNASM CHEA5BUE, AT % w4 R 4 8
BLASR R, B ERNA m’CHAF M FH AR itk & &, | E3m CHEAm A % I A B, ATm’ CHEIFZER S-S
P AREEIH ES YRR AMY. KX ER T HERRNA m CHE47E 3 4 FK % (retrovirus). DNAJ #
(DNA virus). # 5 # (flavivirus)#1 7@ 1k /7 % (coronavirus) & #, DA K g £ 3000 5 % % L& F 6938 216 A Ao o F AL
#, EEAFEERNREFARRESE.

Rpl  5-F AN vEe, FASYE, XFEME, RAEA, REAN, FEZIUEFLRRE

HHT, CA 170RRNABME R %, Hrh
A IE 2 S RNAB i s =2p 2~ m’ClLfi
WEWE (cytosine, C)S 5 ak)ET HRYHIIEALIBIIE, 78
H Y mRNA. tRNA. rRNA. & EARNA(vault
RNA, vtRNA). KIEZiIRNA(long non-coding RNA,
IncRNA) LA K 3855 FRNA(enhancer RNA, eRNA)H
WAEAE, I (5 A Y mRNAFTA CY0.05% >, 1N
PO WImRNA b B B —, m’CfE
TR ] TAEGC AL AR XSl 2, AN fidh X (coding
sequence, CDS)HBIAIA %I IH ™. %8t 2 5h
AR, HIP BUR B o F RGBS il A 2 H AL g
Pl R, IR R SRR E U A S I mRNARY
A% BEEARE PELERE D IO, t(RNARITRNA [

fIm’ CIE M A s 5 A7) (RNA E A m’ CI&s i 32 3
3T Al AR X SBT3, TTAERFRNA — 4544
AR RE PR AN E 25 IR, rRNA L fm’ CI& i 3
HAT100% H AL PRAE, I HZ 54ERRNAYT & I
P EE R B, m O i sh A sk A8 7E A 22 1k B
SOt R rp A R 0, WAHAE L RS . K
R v di B 00 R Jifs 2 R SR e A T A A3 Ak
1{%[53].

FRAEIE LA APk 7, L% T
WLAOEFHNIE LA 1 SHIODNA . RNA BRI,
TR T K G TR ECBEBIRNASY, it
RNA LA & 2 R, b fim'C,
N° —QH%EEE%HQ\(N(’ -methyladenosine, m(’A)\ N -,
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1214 (N'-methylguanosine, m’G)HI12-0-H 4k (2'-0-
methylation, Nm). N° N°-2H 500 (N, N°-dimethy-
ladenosine, m*°A). 1-FZL[R M4 (N -methyladenosine,
m'A). BIREEE (pseudouridine, ) FIN'-Z, Tk g ms g
(N-acetylcytidine, ac'C)&. PRI, MRNAMIf B
Fa i RO, XSRS Yt R B
FEEFEL. BT AZRNABHZEA T, m°A. m'G
FINMTERGTERNA L Ry 0L, R 7E e Rl (427
e &2 e, Hh, me A T Rim G
O HIF S B RN B RNARR EME . (bR E AR
B L TR 7 i LR W22 ThE; NmdB O RS 1
FURTERNAGRAZ A5 3 KR PE(5 T A2, DT
PRt BE S .

AT A 8 H 7 2 (Sindbis - virus) IR
Ji 25 (adenovirus) " RNA _F R INEIm CI&, {Hi T4
AR, TCRRAMMI LAY D6e. 58, W&
il 2 A R e 3 e DU P R AR A PR R e, A3 i i
P, DNAREEE o AR
RNA m’ CIE4 % C 2. BF98 % B0, 2l L
FASEE T W S R I EL B B RN AR m’ CIE M A A,
I FLA A R0 PR Rt g
IIT R IR, W SR EERNAMI M CIE M K B3 T
fi EmRNAP SIRIZBT ATV R0 X 2
AR TP A AR, R SRR EERNA G
BUYE. AN, R AT 5 LTS FERNA m’ CIEHHiY 5
AP, AR e (55 m g is 1k, Mmife i+
e R0, HSm° AL m'GRINmAA HE, m*Cg
T E o 75 B i A EL AR R R AL 22 4 1w R o8 4 e
SR AR DL LR . L, ARSCRES TR
RNA m’CIEMiHISEEE . i i e AR B AE R 75
52T RNTE U RE S N BRI R R, B TER
I R AH S AT ) IR AL A SR i 5 7%

1 RNA m’ C{&HEVTTHLE

Ve — B EAHRNAF AL B IR, m Crik
YIRS ShA T, HIE . RBR & IhfefT o5
W T B SRS Bl . 2 SR B AN LA 2
WME TR,

1.1 WL

L6 7% il LA S - Ji 1+ F 4 24 82 (S-adenosly-L-
methionin, SAM) LA, # H LA S 28 CHE SOk

IR M. F RS B Bm  CIE i R S A4
£1FEDNMT2HINSUNES [ 540, i NSUNZE 1
FWEEAN B, 75 ANSUN1-4, NSUNSa/b/cAil
NSUNG6-7") WFFE A, b iRm’ CIE M Y A R Bt B
A2 200 19 S0 440 G o A7 B IR I RN A2 AN AH TR (&L ).
DNMT2 & R 19 % IRNA m’ CI&Hi FF S 5 g, L
B HALRNAM . (RNA ' HIRNA Y5387 CIE Jfim C
IEHMRAITNRES Y. NSUNTRENS B 4545 & W2 RE60-80SH%
BERRTAREURE, I H HAT L AZJ528S rRNAI44471
C. B#RE25S rRNA%E28700 CIE pim CI& i i ThRgR.
NSUN2AE R0 B9 m’ CHE i P B SE RS T, 75 200 i J3
A NI A, IF BRI 27132 LA B iR
(C271/C321)Z 5k HAZ A Y mRNA. tRNA(C47/
C48/C49/C50)FIVIRNA I m Ci&iizd: i+, NSUN3
SRR RNA R m CIE 1 H I FE RS, HL i g4 BELbT
mt-tRNAM LA I, DA TS0 2o A F) B
FINTEI AR R [ = 22 1) 205 g AR ) Y e
3K, NSUN4BE Y HrRNA I m’ CI& MG F L5 7 1,
S5 AL RA12S tRNA m’Cy HIER™.
NSUNS 25— rRNAMIm CIEMG L R e, HA i
L AZEFVNEAY28S TRNA m’Cipg, 5m Cayyg B LI AE
1) NSUNGSE 13 T o /% S AR 40 o 5L 5, eI
H B R PR R C373 2 5IEERNACS, (RNATFI
mRNAM M’ CIEMTE K", NSUN7/ZeRNAKm C&
Wi P LS RS T, (R HC R L R e e s,
DNMT2. NSUNI. NSUN2MINSUNSE #i i S 51
ARG FERNA MM CIE A R, $ e 7 A 24k —
EEMEEAZ. FH, MRNA m CIEHE b
SHIPRS IR NLE], XHPUR R & B A

1.2 BHILER AL

FIRT, % 2 MmOl 2 1 LR G5 TETZE H
FWE(TET1-3)""FIALKBH1”*"". TETsJ& T o-Hil /% — %
(a-ketoglutaric acid, a-KG)FIFe” { M it WU 2 B, ELA
AL m® CIB A 25 FH L1 A 5 - 12 R L W5 I (5 -hyy dro-
xymethylcytidine, hm’C)iJLEY)2:INfE. STETs A,
ALKBH Vi fbm’ C& i 22 1 3075 2 DT B v ) A B
B S Am CIE A A P 1 rhm°C, B hm C it
— LR A 5 IE Y 5 (5-formyleytosine, £C). #F
5532, ALKBHI1 EZZ 5ERNAM L S b2,
HriaEme-tRNAY FImt-t(RNAM,
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VtRNA

Nucleus TAR E /
@ rRNA NSUN1
— NSUNS

NSUN1
His s tRNA (NSUN2.
m\l_n_u_u_
\ ALYREF @ /
M AAAAAA
\ MRNA /
Cytoplasm — > — @ l

YBX1 ELAVL1

[NsuNe | @ /ﬁ\'\r"_r(r AAAAAA
@ Ybx1 Pabpcia

(o)
AAAAAA PKR
/r\"r'?-r(" 5'-tiRNA IFN$
® [NSUN2 | ° 0 (tRF5)

YBX2 -
[DNMT2. W anaasn T g ARAAA

Methyltransferases

Demethylases
GLRBY - ‘ Readers
NSUN4

NSUN3

Partners
mt-rRNA mt-tRNA L] m®C sites
@ “ Ribosomes
ROS

B 1 RNA m’CEMiTEHLEL (a)~(d) NOP2/SumZFHEAIRNA m’CHl LAk H#2(nop2/sun RNA methyltransferase 2, NSUN2)H1 2 F L AL (ten-
cleven translocation, TETs)/-S:mRNARIm CIEMLE BRI 22145, IR 11 Aly/REFi ! A F(aly/ref export factor, ALYREF)HIY &% 475 4 (y-box
binding proteins, YBXs)§Li]45 4 Frm CIEMIAYmMRNA, M FEHIC IR (). FasE ()FE3] & (AISMES. (c) DNAFIFEFE R HI2(DNA methyltrans-
ferase-2, DNMT2) e MX 15 (i 12 051% 25 11 1 (fragile X messenger ribonucleoprotein, FMRP)/-S:DNA#51& 5. (f) NOP2/SumZ ik HIRNA m CH
$:4LFE6(nop2/sun RNA methyltransferase 6, NSUN6)#E L mRNA (I m CI&H 4= i, MITTAZHEFHEIRE. (2) NSUN2A5/MRNA(GRNA halves, tiRNA)
. (h) NSUN2453/NVE ERNA(small vault RNA, svRNA)E &, M2 H L EER (protein kinase R, PKR)FIZ %I T4 & (interferon beta 1,
IFN-B)E%. (i) NOP2/SumF 5 IRNA m’CH 54k 7(nop2/sun RNA methyltransferase 7, NSUN7)fitfbeRNA KM CI&Hi2E K. () NOP2/SumZ ik
FIRNA m’CHIE:AL 1 (nop2/sun RNA methyltransferase 1, NSUNT)#ALHIV-1 TAR KIS A9 m CI&H4: i, TR HER TR, (k) NSUNTHINOP2/
SumFHEHIRNA m CH 3 /L EF5(NOP2/Sun RNA methyltransferase 5, NSUNS)HALIRNARImM CIEMZE: B, MR SERZIE IR ZE 5 K 26 1 R B,
(), (m) NSUN2. NSUNG6FIDMNT2/-FRNAKIm CIEHGLE, MTEFHRNAFLE MRS R #%. (n) NSUN2. NOP2/SumZEHIRNA
m’ CH 3L AL 3 (nop2/sun RNA methyltransferase 3, NSUN3)HINOP2/SumZ % JRNA m’CH 34k i#4(nop2/sun RNA methyltransferase 4, NSUN4)
B AL R R RN A FIRNA (mt-tRNA FImt-rRNA)m’ CIEA A R O 1, AIKBIFI % 1(alkB homolog 1, histone H2A dioxygenase, ALKBH1)/~

Fmt-tRNAF 2 HFEA S B

Figure 1 Regulatory mechanisms of RNA m’C modification. (a)—(d) NSUN2-mediated the methylation in mRNAs and may be removed by TETs. It
can be recognized by a set of reader proteins to promote mRNA nuclear export (b), stability (c) and phase transition (d). (¢) DNMT2- and FMPR-
mediated DNA repair. (f) NSUN6-mediated the formation of m’C in mRNAs to promote their translation efficiency. (g) NSUN2-mediated the
biogenesis of tiRNAs. (h) NSUN2-mediated the biogenesis of svRNAs to inhibit the translation of PKR and IFN-B. (i) NSUN7-mediated the m’C
formation in eRNAs. (j) Viral latency of HIV-1 triggered by NSUNI-mediated m’C methylation in TAR. (k) NSUN1- and NSUNS5-mediated m’C
methylation of rRNAs to support ribosome biogenesis and efficient translation. (1), (m) NSUN2-, NSUN6- and DNMT2-mediated the methylation of
tRNAS to maintain the stabilization of tRNAs and support the efficient translation. (n) NSUN2-, NSUN3-, and NSUN4-mediated methylation of tRNAs
and rRNAs in mitochondria (mt-tRNAs and mt-rRNAs). ALKBHI1-mediated the demethylation of mt-tRNAs
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13 BUIEA

B % 28 ) 19 HAZ A= HImRNA [ m CIE iR 7 &
f3#5ALYREF. YBX1. YBX2FIFMRP™* Hrh
ALYREFFIEMRP /04 T4, miyBX1AI
YBX2 FE M T ALY REF# i3 # & iR
K17185: 5 BImRNA i m 8 AR 35 HE A,
YBX 138 i3 AR 5a 25 A 4 A W o 515 R I mRNA |-
m CIEMG AR HoAa 1. YBX 238 i v R sa 4 F
fIW 10045 4 mRNA I iym A& LI R 3R - TR AH 43 251
FMRPi# I DNMT214A%5E, 2 5TET1/rFR-loopE:
A R, M TR (- DN ASG5 16 52 B St 2.

2 RNA m C&4fss il AR

m C 16 e 308 00 AR ) DRl 22 BB M R ATR R
m’ CIE U IR A My D RESRAL T 5T F1BR S g, PR 3
FERNAGPE DTHE N ¥ (methylated RNA immunoprecipi-
tation sequencing, MeRIP-seq)" & 4 Hij % FH ifm  C1& i
LA, 2 B 2L )5 1) B RNA B mRN AT W AL
100~150 ntfURNAKBE; BiJS, H#RNAK B 5m’Cl&ifi
PUAIEWE R, U E 4 S A m’ CIB MR RNA M B
PATEEIN T, f5, 5Hm CIE MR AL & Bx i
LR SCHEHEAT HOU o0, AR5 Erm CAB A ) 2 i 41X
. MeRIP-seq AN {2, (HIIMHE4H~200 nt,
TerkAFRE A m CIE ML 5 A5 8. eSS Bm’ Cil
J¥4% AR (photo-crosslinking-assisted m°C sequencing, PA-
m’C-seq)"” " 7E 240 I 15 37 1 72 Hh 45 I 4- B A R HF (4-
thiouridine, 4-SU), JFHIH365 nmf 4N A S
m  CHLARFIERPIARNAZ (6] 2 581 2 8, AT £Em’°C

%1 RNA m°CRIFFER RmEB Y F1ER
Table 1 Roles of RNA m°C in different viral infections

PR G R T>CRAE. ik, MR & b BB
T>CHZRZEE, ATA G ISR EMEALS, HF i
(153 BR3P 35~23 nt. RNAT ALIR 2R D17 (RNA bi-
sulfite sequencing, RNA-BisSeq)" "3 i} # WV B iR A £h b
PREERNA _FARAEM A C & AR I I SR, TGS R BR
WENE (uracil, U). m’CHEH 1 52 21 FP 5L P o 47 )
ANEERAEATATAS. sl TR AR A C T A R
W ARG R T T 5 2 s SR 2 A m CAB 7 5 AT
(9 H ALK 5 AT R, Nanoporell 703 4%
o B AZ T T 38 2o 40 DK L 3 B 3 B ) FL A 5 22 5,
Iy A ) SR AR LR T N A B R 8], T B A
4K RNA I E A

3 RNA m CIEHi%s d 5 Bk Jfi

RNA m’CH& i B H A DGR 117 2 Pl 2 1 e ot
P R AR EZAEAE . S TR TR AT, X HH
BRI A MR TR,

3.1 Wik

W SR TR T W RNAT R, SEHAh
PEA BB IEHERNA, K A8~11 kb ARG IR 20 2%
14 52 2 T ) 4 S 7 BP0 s SR B R 52 i e
STRGTEPIRIE, 0 e  1) B t) FRL B AN AR
B R, WREWHEG . BARSE. W A
M 4 ot RNASTY). . #E. U
WA AT o e S R A R 1 S
Tl S E A IR, K3 45 1 &2 A 4 (pre-integration com-
plex, PIC)5 2 1 % 53t A= Y XUE DN A M 7 = 441 i
BTN, TR A 250 F S 205,

TR BRI i REA TR m’ CIE 7R B e e 1 SCik
MLV {E#EMLV RNA H B HIMLV 5 il [27,28]
IR AR v BEUEHIV-1 RNADY) . IERESEEAESF, 0 e
i HHIHIV-1 RNAF [24~26]
DNAJK TR Yok S IEE EBV EIEBVAE 4 IRNA(EBER 1) [29]
DENV ARH
HRHE HOR AR ZIKV K [13]
HCV ARH
A TR SARS-Cov-2 o [30,31]
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3.1 AR ERERE

7INEL L7 7% (murine leukemia virus, MLV) 2 #i
TR B) oy BAGSHG S 7, FENZH 42 K8 kb, BERSYRDNG T
TR 1 (GAG. ENV)FIEPOL) ™. T
PICHLZ i E MRS, MLVIK#E H g Ab T4 2250 54
RAITE BANME,  FFTEAZ R A (8] 52 IR AL A
TR MLV A R 32 20 R A R T B 4,
Hrp 455 51 FCBF°Y . zAasc1!®, gy
SRSF2!’! fZRNA# H I FNXF. UAP56, CRM1
AEfE A W R G IR AR A R
WL, B ok EEAS, RNA m’CifiFREE
MLV & il izt it o 4% T A 20,

20194F, CourtneyZ5 A"t FIMLV /i 2 Bk
pNCSEYL T3, FIkYe72 Wi SE R = LiF |
(5 FE R, IF AP 4l b MLV £ [H 4 RN A (genomic
RNA, gRNA), ffi 4[5 5599.4%. Ffijm, 456 e
AR 8,35 58 B BT % 35 R (ultrahigh-performance  liquid
chromatography and tandem mass spectrometry, UPLC-
MS/MS)REN AT E MLV gRNA % 53 5 16 1
JEL. UPLC-MS/MSZ5 5 iRk, MLV gRNA I8 #rm’C
M SEHA gRNAZ A 130 m CIE MRS . (5 9%
A CHEHEAY0.54%, I HiZ FL @il J& 78 EmRNARY9
. WG 454 PA-m C-seq i B FHAR, 26191 bk
3340 A A WO 2R UK MLV - RNARIm CI& M
KIE. T ZRNAB Y IEEIEH, 3T340E M S50%I1)
MLV RNAR % GAGHIPOLF L B SEAE. [Hitk, 3T341Hd
PEERIRIMLY m’ IS 5 5505 TENVIT R
EHE, I HGAGHIPOLIT MBI HEAE b Aym I MK -1
IRTF R EE R BRI £5 5. SR -5 UPLC-MS/M S
ZEHR], PA-m’C-seq 4t 7%, MLV gRNA b2 4
40 m’ CL A, AR7RAS IR A (473 BoAs 13 oh S 5 4
BEABARE. HEERRNA m’CIEMiRMLY & H Y
PR, 278 pNCS UKL POLIER | iym  CI& i
S, IR IR AR ORI 293 TN, M4t i R,
293 TN FIMLV GAG mRNA/ZE 1 VL R Bl & 11
TR R P I GAGEE 134 k2. R, @4t 7SL
RNABFIEMLY gRNAS &85 5B, m’CIEMi% s B R
ARSI VS W s s, EUAS S22 2 29005
WU R A gRNA S, $8/Rm’ CIBA 75 15 1 40 P 5%
MLV RNAARHHIN T, (HEAREELH M AR, i
— AT B, A Fm CIE I P B4 R i NSUN2
AT C321HEEMLY  RNARIm’ CIEMA Ji; NSUN2#K

3658

f B 23 H 75 EAMAMLY GAG RNA K%
5, BLINSUN2MAEMLY RNA m CI&HiA: i AR
I B 2 1l

U, Eckwahl% A"l i3 MLV AT BB pNCA
JRY3TIZNME, JF T /48 hiftdE M fb B E FiE
TR BE ORI gRNA. - Bl J5 25 5 VORH €0 1% - T RS E0C FH B
AR(liquid chromatography-mass spectrometry, LC-MS)
K, MLV gRNA b Am’ CIE ik F- 275 EmRNAF~7
5. T8I BB PR RN A-BisSeqill ¥ R, Eck-
wah %5 A\ P70 9 Y A 9 2 1 42 v 3 B L A8 i K O
>0.2(9m  CIE M 1558 XN ELFEPERE /5. 5 PA-m’C-seq
MFPE5 AR, (FHIZINEEMLY gRNA I %5 5184
m CIBMN &, I & B L7 5 5 3004 TGAG L
FEG A X HEN VP B SHER ", 3chh 22 5] fE s 75
PRSI a] PR . B S e B (S 2
JrH R, WA E I, 8 E T E R
m’ CIE ML 15 A 5N TEAS RIMLV I FR R 8 3 45T,
HRRNA m CHA YR B R RIMLVIf R bk
F i BA — SR EEE . MLV RNATERE =410
BRI XA A0 A, A HERNA - m° CIE e
BT, 3 ) B O B IR IS i T 20 5 R 2 iR A
RNAJA TR IR S Eh AL B, Fil f5 18 i Sangeril 5 & 21,
AU TGAG L AR X il m CAE M 57 15 08 i T4 32
YA, 45 A RNAGEEDIHE-RT-PCRIE FHH A L B, B
HRIALYREFZ5A MLV gRNA, 1 5848 I ALYREF-
KI171AMIZE & HE S BEW5S, $RALYREFAm Ci&Hi
s T REE SR EEgRNA.  S1EHEME FmRNA Y
=W BE—E, ALYREFEICKIEAIMLY gRNA %
[T, MMHIHMLY GAGE ik PSR EEE H,
0T m C 18 M AF 56 28 11 B8 A A [] 54 9 5 BIL o) 5%
MLV & il Ji] 1.
3.1.2 A&k bm 1A

N B G99 B 17 (human  immunodeficiency
virus type 1, HIV-1)J& T 22 s sg, HEAH 2K
9 kb, 59N FFHBEEAE, F3 3 At 75 5 il iir 7 i 45
% F1(GAG- POL. ENV)FIY & [41(TAT. REV.
NEF. VIF. VPR. VPU)'", HHTATHIREVZE [ b
PEFEHIV-1 RNAFEEAHAZY, mathomi sl S iin
¥7(highly active antiretroviral therapy, HAART)/& 4 il
AT Z A IPHIV-HAYT RN, SRTMHAARTIRYT T
DR BR B RN DR TR R R, 15205 R Rl R
W3 R B, i, EARRHIV-14
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HRE 4L, 7B BT N A8 RUNIR YT R
W, WFFE &I, RNA m’ CIEH H IEFE R4 BEFTHIV-1% 4]
Z A B w2,

20174F, DevZi N*HIES275 ERNA  m CHEH AL
HAMDNMT2RE 5/ ALHIV-1 RNAMm CI&M 4 Y.
T D¢ G (immunofluorescence, TF)Jefm & PH, 1EH
TEM T, CEMx17440 - DNMT2J& — M2 %E i 55
F; {HHIV-1 B4 12 hJ, DNMT2HE K A% I 5 0
Wk bR 0 B I G3BPILE r, Ui W 43 R e 4 1F
DNMT2 i A% F 78 20 i J5t A Ry Iz 33ROk 1) 2H Wi 28
Z—. DNMT2/F H Bt Z MG, FEE e
FHAZ N, (HA0iEAZ 2SR, ATMBEIR (b
3 oL V2 R B AL DNMT 255 21 5457 R 2 19407 22 44
FRAIR 1L, MR RE A%, ok, G5B RNAGIEDITE-
sqRT-PCR. #4258 (fluorescence in situ hybridi-
zation, FISH)MIGE e 855 2R S0 F-BOL I, HIV-1
&L S DNMT2 0] LUFE ] 255 HIV-1 RNAJF g T
R, $ERDNMT2 0] 62 584 HIV-1 RNAfY
BYLE. NEFEHIV-14EMEERETEH, BAER
(A=)~ T RE, 7 aE A2 i il R b & 5 0L ) R s AR
AT DevZ A% 31, DNMT2/EWRNA m’Ci&4iFf
HAE R R RE AL HIV-1 NEFIX Brim CIEMiE R, M
M4EFFHIV-1 RNAFRETE. DNMT2H IR B & P
HIV-1 RNARERE. IR ok g1 . PHAN 3
.

20194F, Courtney%]\[zs]ﬁﬁﬁHIV-lﬁﬁﬁﬁﬁ*ﬁ
NL4-3/& Y CEMANAE, I+ TEYe72 hiit e faifb Bl &
L IE R AR TR TR gRNA. B 454 UPLC-MS/MS &
P, HIV-1 gRNARIm’ CIEMK V215 EmRNARY 1445,
AN gRNA S A ~ 1AM CIEMIA 5. T A
CHRHEM)0.645%, Rz MInIVE s E40MIX 50 H
B medE I Y R A, R rEEEAIV-1R 6. RS
CourtneyZ5 A5 i3 PA-m’C-seqill 54 A XYL HIV-1
AHEK293. CEMAIPBMCANIEIEFTLEE M, KIA
[ 20 2 P S B FIHIV-1 RNARImM CIEMHikie: 4 A
G, AEATAT 191200 0 24 e B A < (4 m C A6 A e L 1)
WA TINFERNA 3%, $7REERNAB Y B EA
—E HYERAEE. NSUN2AE Jym’ CIE M F B R g, S 1ot
C321 LR TR LML HIV-1 RNARIm CIEMAE B, FF L
1 AP HACEIN T SRIMINSUN2  CLIP-seq##i 4
Hrdhi B 87w, HIV-1 RNA_FAE7E3 P m  CIEHE, 4354
TGAGHINEFIX 5, HIE A ZNSUN234E, $&/R ZF

PR R BEAL R A SR FERNA m’ CIEMA K. AR T
DMNT2, NSUN2FRK I 9 45 & 2 HIV-1 RNARY
Kol iAscat, MWAMHEHIV-1 RNAREIRSRR. Ah,
NSUN2it 2 5iE#HIV-1 RNARIEREE 551, NSUNk
N i FRARHIV-1 A28 V107 s B FIRCR,  dEimim
7 B A A

TATHE FZHIV- 145 19 i U S s I, i
ZEGHIV-1 5' LTRSS iE SR a1 5% 5%, blfe A5
15 3 S HE K S A R P-TEFb AR #F 95 7 RN A S5 4E
7. 20204, Kong A\l i siRNASCE R 37 &
M, m’CIEMEH R BENSUN L H e B (R #FHIV-14
il K4 . HEK293 41 i NSUN 133 #35 BERS . 2 1 i
TAT/LTRIE sh) 3L %35, J-Lat 10.6. EF7AIU140fiE
NSUN 20 i B $EHIV-155 543805, HBINSUN1
2 5IH TATE A HIV-156 55 72, e #Es
FWAR. 454 ChIP-PCR. m’C RIP-qPCRE:5S:H K BH,
NSUN 138 1 RN A HH 5L i 4 il 435 44) Sl ) 2545 HIV-1
5" LTRIFAEHETAR KIS A m’ CAB M A B v IR e
BB, NSUN15TATHE A 5w grPE45 A HIV-1 5" LTRI:H.
HAEARRRE R TTATEMA. ik, NSUNIZEM ]
TAT 2 RS )5 7 RN A SR AE i o 2 4% SR .

ZE LT, 1 EH LA EEDNMT2. NSUN1FI
NSUN2HIZ 5#4LHIV-1 RNAMmM CIEMiA: i, FL)
m’® CB A 14 77 3 2 5 81 5 5 25 42 1 640 AR ] o Bt
BEWIRNA - m’ CAE A X 25 52 i (498 35 LK 42 28 ks
g, HA BRI RRrE Hik, T E— %k
RNA m’CI&4fi Je HA S 8 AT TE, A RE S G- B
FRZ IR THIV-1 B 5205

3.2 DNAJN

F IR - R AR #E (Epstein-Barr virus, EBV)J& T
DNAWEE, HEHHAK 172 kb, Fah~80 T liAE
44 FERIBRNAT 2 BR95% i 48 A e it
EBV>™ BBV il AR 2 g v R A L i
SR B B BRI BUREE T M AT LA A
HIEBVZLHIZ 4, HICTEARBREB VIR, S ik i
Pefy )iz —* EBERIHIEBER2EEBV4iid 1 /)N
RNATT [l JEr: A54%, BA W0 — gz,
5248 FEABNRE AY), HHPaHfEPKR. RIG-T
FIAUF1%7% RAYEBERIFMIEBER2 & £ 5, 4544
TR, (HIEAYADIRE M AN TG T, Henry%s
A PLE 5 LC-MS/MS & B, EBER1 & A m CI&ME, i
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EBER2A &m’ CIEMG. B, 18T RNA-BisSeqishid &t il
AR KRR, 2195%HIEBER145147(7C(C 47 A
m’ CI&M, HERiZEMXTEBER AR Hm T HA & 24
PAEH. 454 NSUN2-C271 A AR F s e BTIE FE A,
i1k 0, NSUN24E 25 S EBER] C,yp, JHNSUN2
R G C Ly B m CIB K TR 20, SEIINSUN2A 5
PEAEILEBERTfm’C 25 0. ANGJE TAZWE I R 6,
tRNAHm’ CIEM ELA FHASANGHY I YIVERT, M ZEds
(RNARIFaE MY, SRNART, HenryZ A% 34,
EBV/&YBIAB-BI4Ififlf5, ANGHEWBL: S &m’ CIEME
fEBER I {2 7E HERA . NSUN2#R A B ANGHR A 1
B TIBIAB-BI 4l N AYEBER 1 75 i, $7-m’ C& i
AR EBTEAILE Y —5B 5. SR, T RRENETSEBV
S A2 IS, NSUN2REBRFFAS 52 1 5 40 P9 1995 7
T, /RRNA mCIEMILS SR A EB VR
B AL, AT AN IR I DTVE S, A Rl P
(high-throughput sequencing of RNAs isolated by cross-
linking immunoprecipitation, HITS-CLIP)%& #t, R34
IHALYREFHIYBX1 G454 EBERL I m’ CI&Mi, If
HALYREFs{YBX 1 {{3 A MEBER | fiviz i, &
INEAE MU 12 5 DNAR R E i, FARML
il i — AR

3.3 HOiEE

BT — A W RNAR T, ALIE R RUIT 4
J5 7 (hepatitis C virus, HCV). /%7 (dengue virus,
DENV)FIZE R 5 (zika virus, ZIKV)Z® #5300 5L
L B IEAERNA, Al 4afE3fh a5 B F(Cy prM.
E)FI7Fh AR 454 85 FI(NS1. NS2A. NS2B. NS3,.
NS4A. NS4B. NS5)™. 20184F, Mclntyre%s A" 5@ it
BTN % & BIHCV. DENVAHIZIKV RNA &4
29RO SR SR IEMIE SR, o dim O, $R
BT R A IR, Lee2E A1
TR WA A T v R e, IF LS Fm’ C LR B 1l
NSUN545GHCV CHF, #/RsNSUNSA] eSSk
HCV RNAMImM CIEMiAE . ILAh, 74 Je 55 Z (sinefungin,
A9145) K HAR = M A9145C 12 W St A SAME b1,
AL I FHTDNAFIRNA B SRS B TR M. BFSY
KB, A9145T] A B AMHIDENV I HZIK V5 .
I, RAFRRRNA m’ CIs i3 S 2 i ks 40 pL
i, PRBUR RERY T B LT R A .
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3.4 biRwE

TR R T A RNATR R, JER N2k
I BA A TEAERNA, K H27~32 kb, fUalpha. beta.
gammafildeltaZE4 MIERE™.  FIRG & IR A6
PRI T ALFE AR PR 25 A E R B (middle  east re-
spirtory syndrome coronavirus, MERS-CoV). AR5
#f(human coronavirus, HCoV). JEUHLJKFE(severe acute
respiratory syndrome associated coronavirus, SARS-
CoV)FLH YT IR IR 7% (severe acute respiratory syndrome
coronavirus 2, SARS-COV—Z)[%].

SARS-CoV-2J& Tbetaitb Rk g, Ho |k Hi e
PIFEENTRAERBRIGE R, 7 H G H NGO
HEPL 20204F, Kim% A YLISARS-CoV-2/gie ) Vero
R ABFFEXS S, Sl POKFLRNA B 7 FHIDNAZY
KERMFE, B IRIER T SARS-Co V-2 41 K 2%
SEAEE. gl R BN, BUEYLH) Verodl il SARS-
CoV-2(RNA 7 it i3 65%, 15 MR e iz 75 B
FAMHIE FHEA RIS, 5 A EYmRNAKER, SARS-
CoV-2 RNA & A Poly(A)E. S KL F i, Kim
%}\[w]ﬁiﬁﬁﬁgRNA HE I 2 K 4 RN A (subgenomic
RNA, sgRNA)[JPoly(A)BK, #/RHEEgRNAEA F K
AP . AR T RRE L AR AL AR B FAE T 25 5,
i1 BLSARS-CoV-2 RNA b &4 41/MEMifz 5, H:
H6 N NCIR T I, FURTS m  CIE i i .
WAk, b R BB SARS-CoV-2 RNAEATH
HIPoly(A)E, $E/RRNABINT i8S 51K # Poly
(AR, Hit, HXRNA m’ CIEMER SRS E
il A L FAT B

NIEARIRTE229E (human coronavirus 229E, HCoV-
229E)J& Tralphaieb R g, F BLIRYLIT I 8 7 R %R
i, Mgl kBB Viehwegerss AP 5@ o 4 KL
RNA T & BRHCoV-229E  RNA 54 m’Cl& 1.
il it LR ATHCOV-229E RNAIm CIEH &L, &3
HOM AT H—ScbE, R TR FERN AR m’ CI& i
HA RS IRFRE, 508 A2 2 BIRNA Z 4514
. HHEHE M ATEERNA o’ CBIGE TS 5
HCoV-229E/ i F1 3.

4 RNA m’CEHi%t s = hi 7 oy B2 1Y
P

Bt BF TS HARIBTIR A, BF7E A B & BEm’ CIE Wi 7

W



P A

TR AR GRPEN PP A . NSUN2AE A LT
RERIM CIE M P L6 R, TE4ERHRNAZSHIRRE 2 M
th R EE AR Gkatzas NP R IR, AL A
TNSUN2HIHE 263532 BLEUHT RN A i m’ C & i 7K F
SRR B tRNA R B AL 5 A il Je 4 4 i i RN A
(tRNA-derived RNA fragment, tRF), ¥ ifij FELAi5-201 fifd 1) H
Pead R BiJR, Deng®E \PVRHL, IPIGIE A IR
(respiratory syncytial virus, RSV)/E4e1s E4MLfS, REWS
P FRFS-GluCTCr= Az, DAkif i = 20 ) o W 22 L
fil. tRF5-GluCTCEZ /30 T18 FAm AN, 18X
TR TR 1 25 5 HIRS VAR M APOER2 mRNATH
3TUTRIK I, AT 0 e H: e A2 o 7 42 ol .
VRN A J& & v T 55 08 A% 5% 81 0kE 9 9 4 1
RNA, #3874 i/ #ERNA(small vault RNA,
SVRNA), MIT7ERNAZK b i 45 5 N & ik i )
NSUN2ELVERNA I’ CIEAIE A, FF:Lhm’ CIE it
(77 AL HEVIRNA BT SREABL, 5 ] A1)
VIRNAUTERTE PO e R, 40 F A 0 a8 2 (in-
fluenza a virus, TAV)ilid H BAINSIE A 6 E
VIRNAR ik, M HIB0R 888 I PKRIV IS fk, #E
) — T8 It 245 5 O AR o 2 4 o
20174F, MoralesZ A\ A SARS-Co VI /s Ui
T3 B 3N K R 18~22 ntfiY/MiEERNA(small - viral
RNA, svRNA). W58 &I, svRNAZ IR T8 1)
Nsp3ZE R MNE A, I HsvRNA GRS R i Z AR 52
DA T B e IR T /N U A8 ) B R R R,
NSUN2 A HEE [ 545 svRN AN T, (HHA> T4
BT E— 25 B0 IE.

5 REiHkR

L5 LPTIR, RNA m’CfE N B AR5 Y
2, BTSSR AE, AT A B
“TE 2RO Y MR RNAAE Y. I, A
SRS UL, AT AU AE A TR AT 7 2.
FURIN, AR AN, 15 3 P AR L i
HAE A IMEALR RN AR m CI iR i, L rh 4%

CEP AN

HIV-1242 MLV EBVPHIHCV! %, $R 0%

FAE £ A ERNA m’ OISR R, 1Ak,
EIXT ] — 1%, 22 RhE o B AL Rl m LA DI [ 4
RNA m CIEMEHE AL, M T7EASR] 64 52 i o BEA T A A 7]
HAE == DIRE. 1N, 4% HNSUNELHIV-1 RNA
S EIM CIE A A, ITTHIHIHIV-1 RNAFE Y, i
NSUN2/#{LHIV-1 RNA 3/ m’ CIE AL i, MM fE ik
HIV-1 RNAZEFEMESTYIAEIES. AF TNSUN1AI
NSUN2, DNMT27EZ0 5 A AL RERN A B m CI& 4
A, TZERFHIV-1 RNARREPERL R, 75 32 H
FERS AN TE RN A B 7775 52 2% A% 240 ) 8 42 0 4%,
I HZ M2 BAT B A 2 4 0. i FRNA m’Clig
M 20 o 47 SEAS TR A L B R P45 R [R] RN AN T
Feight R BT, RNA m’CIEMx 4 il n £
FEME, BERUUINE A H b R ZE N, WALYREF
RESZ5 A MLV RNA FHIm CIEME, MR 3G
ALYREF 4% B 23 HMLVE #1774k, RNA
m’ CAB VR BE A% 388 1ok 315 i S B 25 57 [ 2 5% M
FEH, IINSUN2MEALvIRNARI M CIEMEIE A, LIS
PKRAKHH B — T TR R A5 5 EE Gk, i fe s 55
SR I, A m IR RE I R A1
P75, SR m O F SRR I . 2 B LA R 1)
R TF R ARRL B9/ N3l sl e ), DA R B
X ARGy, oA B L.

FAROA R REIISTEPIRNA m’ CIEMi7E 75
A EPUN B N R SCEEEE R, BV L
I B — R R, Wm’ CIBH 75 ELE I HCo V-
229EHISARS-CoV-255 80 15 I RNAFC AN fil; BR
5 Em’ I P S E R . 25 T AL BRI B0 11 4h,
T A M CIB Wi B IS 5 A 524
FRALYREFAL, HAWBGIE A2 RS54 NEEE 6
25T YT m CAB i A TR B0 9 25 (4 TR R AL s
RAGIRNA, KR FANT L4 A% 8 i IR Rk
BRI S 200 MY 40 R 0 545 T T R 2, RS AT
TR ERNARm® CIE i 5 2 5 i J5 10 1) 52 i B A
FHBIL, 8 S SEhuis st o5 75 SR JEA.
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Research advances in the role of RNA m’C in viral replication
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It is well-known that RNA is the target of numerous chemical modifications which currently amount to over a hundred.
Among them, 5-methylcytosine (mSC) is a prevalent RNA modification in multiple eukaryotic RNA species, such as
messenger RNAs (mRNAs), transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), vault RNAs (vtRNAs), long non-coding
RNAs (IncRNAs) and enhancer RNAs (eRNAs). In recent years, several techniques for detecting m’C have been
developed, including UPLC-MS/MS, mSC—MeRIP—seq, PA—mSC-seq, RNA-BisSeq and nanopore sequencing. The rapid
development of these high-throughput techniques sharply facilitates the in-depth studies of the biological functions of m’C.
The m’C modification is enriched around start codon along mRNAs and conserved in tRNAs and rRNAs. It is a reversible
RNA modification catalyzed by methyltransferases (NSUN, DNMT, and TRDMT family members) and removed by
demethylases (TET family members and ALKBH1). The m’C modification can be recognized by a set of RNA-binding
proteins (YBX family members, ALYREF and FMRP) and is widely involved in the regulation of RNA metabolic
processes, including nuclear export, stability and translation. In addition, the dysregulation of m’C modification is closely
related with the defect of DNA repair, cell proliferation, embryonic development and stem cell differentiation.

Viruses are infectious agents that rely on host cells for replication. They have evolved numerous strategies to shape the
cellular biosynthesis and metabolism machinery of hosts to complete their life cycle and propagate. One strategy is to
modify viral RNAs using host m’C RNA methyltransferases (NSUN1, NSUN2, NSUNS5 and DNMT2), and thus directly
regulates their transcription, splicing and translation. So far, combined with the high-throughput techniques, some viral
m’C landscapes have been precisely depicted, including human immunodeficiency virus type (HIV-1), murine leukemia
virus (MLV), Epstein-Barr virus (EBV), and so on. Studies showed that the m’C level of retroviral mRNAs is much higher
than cellular mRNAs, suggesting this modification can be a special marker for host cells to distinguish “self” and “non-
self”. In addition, the m’C methylome of cellular RNAs is dynamically regulated under viral infection, leading to the
suppression of host innate immunity. Therefore, it will be of great significance in the design and development of novel
antiviral drugs by systemically understanding the molecular mechanisms of m’C modification in controlling viral
replication and host innate immunity.

In this review, the latest findings of m’C methyltransferases, demethylases, reader proteins and high-throughput
sequencing techniques are presented. We discuss how m’C modification is catalyzed and recognized on viral RNAs of
retrovirus, DNA virus, flavivirus and coronavirus. Furthermore, we summarize the roles of RNA m’C modification in viral
replications and host innate immunity. This review will provide some valuable information for understanding the
epigenetics in viral RNAs.

5-methylcytosine, methyltransferases, demethylases, reader proteins, viral replication, host antiviral immune
responses
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