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demonstrated that the dynamic regulation of RNA modifications is essential for maintaining RNA metabolism.

Therefore, investigating the dynamic regulation and functional mechanisms of these RNA modifications has

become one of the cutting-edge fields. This review focuses on the regulatory roles of mRNA modifications

(including m6A, m5C, ¥, ac4C and m7G) in germ cell development, early embryo and organogenesis, with an

emphasis on how the above mentioned RNA modifications and their regulatory factors affect key

developmental biology events such as stem cell self-renewal and cell fate transitions. We further discuss the

associations among dysfunction of RNA modification-associated proteins, aberrant changes in RNA

modification dynamics, and development of diseases. The review aims to provide perspectives for further

investigation of the correlation and causation among epitranscriptomic regulation, development and human

diseases.

Key Words: RNA modifications; germ cell development; embryonic development; organogenesis;

epitranscriptomics
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f e H BDN A 17 RFIAIRNA B fie 71, %2
K J5 o2 B LT i B0 7E 4 R
far) & R F A RIS S, METTL3/ S m6AXT —
22 U 40 I 3008 38 R 0K (R Z G A SR A 1) BN e At
A ERERY FERARA, METTL3 &
% T 41 fu 2 e M (pluripotency) B < 8 K F .
METTL3 6k 2 () 3 1R 8¢ 57 45 45 (naive) I G T 40
(embryonic stem cells, ESCs)*H'm6AMEMiF= 1 KR
TN, HIGHE TR G M) 46 K A (primed) £ BE 14
RS o RE T JRIR A 2 REME (2 2 B K 4 Nanog Ml
KI5 8 A mo A B . FEMETTL3 6k 2K 115 i
T, M R UG A 22 B R ot 2 R ) A s AR e v
JS BEffE, MRS E T RG2S 2 At 1 1 42 ]
B, HULHEWT, JRIAE 2 AR R AR b
FIm6 AME G v BE A3 e S I B i, {50 40 P I HH
JRaads, iR &HARDY, SMETTL3# = %

8L, BREFAH PR = METTL3/METTL 145 &4011)
KL BN FKIAA 142910 £ S B GVBD A £ 4
IR R . KIAA 14298k 5% () 50 -BF 241 i 2 21 1
RNA [ 575 B E A BT el

B 7 gmtdBE R A1, 5% HEF-(retrotransposons)
SR R S A METTL3/METTL 145 & 0 4
RNA, 45N BEGH i m =F 2 4% jE 1 oA MTA (& T
MaLRZ %) s = R IE KIMERVL(E T
ERVLZ ) LA X mESC P 5 P 1 4% 5t 95 &
(endogenous retrovirus) TAPEZI""*12% . BG4 ffy b 4
Jo ARG B G R ol % T RNAE L 3 &
AT IZS R R R, X LERNA L m6AE
T o N IR R R [ | R -
METTL3/METTL14E &% 4, m6A%ts 2
METTL 16472 5 H W fi6 & & A T 8k (1 R %
N L6 ARG TR B = METTL164 S SUH EY
MAT2A(—FHSAM & i) i sk AR F 5T F%, it
1M 7E 64 40 Ji B B B3 S 2 R U e 5, IR AE
IR G LR B R

V2 ORI I mO A SLAD 28 #1 1 DLOR 7 & A2 5l 1
WHa K BIERNRGHAT D Remt s, HHp—LE
N 1 AR 2 TCVEAME A DifE. YTHDF2R]
RE T 7T B N IR AN I mO AT I 2%, AR T Hofth 12
M, HIRe/Eon B A e R B ot A
HE . UG Y BB YTHDF 25 ], 5P 4
N PUR & GRS T (RIM T I 38) . SR, XLk
M 1T P BRI SZ A e AN RE IE R H - 42250 2
TR, HRAr T moAEHE H 5 Y THDF245 & (15 s AR
MAEGV ZIM 1T 148 ok #2  fE A {H7EYTHDF2
FRIIEOL T, XL ALEM 11 50 REGH A 555 %R
N, RASECZREE AMRERREREDL. R
®YTHDF1. YTHDF2A1YTHDF3 = &5 im6A
AL AR A EAAF 5T IR 5 YTHDR2A
[, YTHDF 1Y THDF3k 5% 1/ B AT Be A7 i B oT
B, /R YTHDFIAIYTHDF3IhRE Bk 2 7]t HAb
Y THDF 324 28 3EAT 4MEC Y TH S 8 (1 55 A4S
A0 A% Y THDC 1 ATY THDC27E 51 40 fid i 24 75 o
WA FEIEH . YTHDCHR K OIREAT i K & B
FRIZIHH B, HER, YTHDC153'-K
i I T R~ (W SRSF3 55 ) A [ 18 747 B BE 48 i 1) 22
BIRAF IR (polyA). T YTHDC2HE R fil B ME 12 /)N B,
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(17 50 BE 20 M R B BE T o 2R I 2w, 5
T /DN B oo 58 40 L B 39925480, 275 Y THDC2
FEINF R A IV AT R S5 7 R Al o b
Frik, W - FRNAW A A moAB . W45 %1
RNARI 455 FIRNA _E Im6A Y il 4 IGF2BP2iH
0, BT AT O REA AR P e L

MmOA R AR ER IS, OFRELH M A ARG
FImOAANRE S I £ B, a3k T 3 BORNA A H I 57
o A E MmOAEFRZRFTOW R T BUlfEt: /1N
BTGV 7 A A AR AR I /N ROV G T 4
Jfd(mouse embryonic stem cells, mESCs){E A5t &
4t, RKILFTOM)F H Ak iR 4 60 45 G €0 5 AH O
RNA(caRNA) A1 #5 i T LINE1 RNA. FTORI Y
mESCsH', caRNAFILINE] RNA_EfIm6A1&1fiRE
WA, I SHLINE] RNAFEEREE. S
8 ORE B PRI DA B e S i MR PR AR A8, e 285
EmESCHYTE & 7 ok B . m6A Ty — & Fr 4%
ALKBHS [l 2k 23 5 S50 B 241 il o m6 A& 1 1) =
B XEEmeABIHIIGF2BP2iR A, HE T 55
RNAMFRE M, FBUERARE R #
Bpa,
2.2 HfthRNAfE{f

mS5CJ {2 AFLE T UFBEAH A AN IR G I mRNA
o, JF HLAE R 45 O 4 AR BER - & 1 3 AR v
EE RBEER o NSUN2REFRIE BRI BREmRNA
mSC AL, HEIM 5 8020 5 IR R B IR 2%
BEJE-& TR R I — R A5 S R S AE B
i i mS CEE S 28 YBX 15 & 21 ) 22 B A H.56
WEPY, FEIZRmSCTE U4 A A 3 2 IR R & 1 v L
HEBEINEE. RN, 757 3 o8 B 41 i
NSUNSHEIR g3k, MINSUNSH I M 14 /) B 5
HrmSCK B3 N, IF 52w 4 28 5 (n
MAD2L2. GDF9FIBRDS8%) W8T 12 K B1%, ki
SR EIhRE L IRNG & B B S TR
AR EEMSCE B FAR K E, IR FRRR, H
FLENPIMRNA FAEAE P EmSCAL s (Type | #Type
I A7 50), Hgmidds s> M ANSUN2HINSUNG.
NSUN2/ S HImRNA _FEm5CAH7 &S5 i 17 T 76 H3- K
WA —NEGHIET, FBITtRNA /NS 45
FIER ;s TNSUN6/Y F I mRNA EmSCAH7 i & 46
T (m5C)UCCAREFEB4S DL o4 fifg &% 5 W1 IE i A

AR R, AT /AR RSy, Ak
BEJEmRNA B A T 2 NSUN6AK #i [f1mSC A7 5,
PRRRME AW BEAYMEERME, HTgss
PRI RRE R R E R,

ks RA I, 410 MENE JFUUG A 5 41 I R R
Bracd4CHmi BSNATI0FE R,  GPRE M & & BHE T
B — RIBCEU O B G35 E W 4% O Y I B R B
NATI0E:DN,  OPBRAE R & BHA T IR ORI 3
ZRMALBEA T RN, NATI0/ S ac4Cia i
A[HEFHCCRA-NOTE &4 F E 43 (A1 Cnot6l
Cnot7F1Btgd) I E it J f2 e M, MM {2 i CCR4-
NOTE A1 F I RFEmRNA P fif 5 i s 4 8
AN, NAT1047 5 fac4CIEME REHRE i 70 B
FEDR R R Y, 2 b, NAT103@ 5 i 15 3 5%
RN AR E Ve PO R R L, AT FE /DN BR O
SN R S S = INE SR 195 %  OBUR e el &
FARVER .

3 RNABIGERBXERRIFENGERE
REB&im PR HIE

i AL sh P4 B K4 (organogenesis) e I i H 41
M. G, ik TR KR T AT
—RIUT A, BEMIRIREG R R T I Ak
. —RIDJLEMBNGEG, CRESAE A
B KM R B REIGEE, #aT 68 kIR T WG I
KE . Bk, 7S E KER RIS X T
78R B B IR B OCH L, (AN W o AH DRk
i 29T R AL I B SR . TR AR OR
RNAE 12 28 B R A 1) B Z R L] .

3.1 MERS
3.1.1 m6A

Z W FUAS % T METTL3/METTL148E
HGYEMERG KRR PR IIEE . £/ R
KRGRKEIREY, ARFFMETTL3ZE R 17
AR MERR, RILILERAE DN /NN K B R
At FE/ME UKL JZ (external granule cell layer, EGL)
HR T 2B /DN RIORE 4T i (cerebellar granule cells, CGC)
R T, b SN R B AN AR B R E R
i 12 J22 P o 3 3R J TRUE 1 5 4 il (radial glial cell)
T EC R0 A A B R S i 1)y LB O AR R R
A A% o 5 SO I FT 44 48 B (retinal  progenitor
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cell, RPC)Ff 5 (L A TCIE: SIS i, Rl ANRE
IR 434k A Miiller S5 5 4 B30 o /s 50708 i o oot
FIAMETTL3 N 2 T 20 B 40 f (Purkinje cells) Al
IR ZEL, SFEUMN R E R,

A, METTLI14F)6AM 2 REHHE K E M
Z PhERRE . 75/ B IE HHOK B PR METTL 145
Kl 2> FEmeAE S, I 5] kD HUR R 5t 4H A 1 48
M FE A ZE K, A AR /N B 2E S R AR 1 4R 42 Uk
AR I TR I, SRS A FMRP RS 5 1
WHHIMOAFE FmRNAM I Fifkia, HRMaERE
H T it A 1 4% ) oS BE IR R 1. METTL145 A
mOAEIIE BRI A& T4 (neural stem cells,
NSCs) H L HEH . NSCsH Im6A 7] 3@ i 1 5 &
T 20 2 B I i A SR A ) B A, T 1T A R
ARSI FEE T A 4 B Pt A 82 BIMETTL 14
B 5 S04 i A A 2K AL Rk i R A B
T AT mRNAAR 4N, METTLS A S HIrRNA - m6A
AT BE FE R IE 5 i o g th AN ] sl ke

W E Rk, YTHDF S 35 45 2 18] v e A7 75
A THRETUAY, UL BN Y THDF 5 520t 2% 1) B
RIFAL FETA/DNRIE FIET:, HXEmOAR
T2 AR e 4 R A I R v S B R i N 1. 7
T P JS b ] I B = AN Y THDF 2 5 2 7] L 3
METTLI43E R R R P, YTHDF 13 KR /N
B U R T H 2 ST A2 B . YTHDF L] R A1)
05 X 22 0 H 3 4 AR TR b I me A, AR
M 7 A7 SR A% A TR s LR, AT U 4
B 4% 1] 27 =1 504288 /152, 80%[#Y THDF24: £ 1
SO/ R AT RETEWT W RTSE T, HoAP & /4 41 A
(neural stem/progenitor cells, NSPC)H1 ¥4 A Toik:
JoO BfdE, AT S BINSPC [ 3R #5538
WM& ARG RE™EZHRCD @K, 0
DX B A 22 15 4 B (retinal ganglion cell, RGC)H!
R S PR R BR Y THD F 25 DR Rl A 400 X 8 Py MAOHR J2 %
JE B A3, /N R B I B BE A B B AR
FHAT, PRRC2A 7 #2641 i v % w2 31 A 7 2
moA LD A%, R me A& i 1) /D 5% Ji 5 40 B R
i 8 A O 2 DT B 9 9 G B 3 S IR - OLI G2 s AR
IR Fo AR e 1, 3 TR D SR T A R TR
TR AEE A0

m6A % H IEALEEFTOR ALKBHS 8 & 4 A A

RMAERKEHIT LR, R, AT RE WKL
THA AN R SE I P 75 B ROEOLE] . lan, 4% 5
FARESEIA ISR, ALKBHS )8R 25 S 80N i 4
MO s Ao 7 . BUARTE B = ALKBHS 15 L
T, mOAREAARIK AN G BT, HAE S 53 R
M I8 e S AR b, moA/K T B2 oA, B
Wi 12 % S A I % s S AR R, & S HUD
i R 7 B
3.1.2 m5C

H5moAM L, AIXmsSCTEMZ kK& FIEH
Mz A mSCHRILANSUN2L, NSUNS A
NSUN6™ [ s BEREAG vl it 5 K B IR % B 155
(intellectual disability, ID)Z&f#H4 RGEHFEE <.
FER WA, B> NSUN22> 0™ #H 1 50 #id 12 6
B0, B = NSUN6 M 5 8uiz 2 fl 2 3] g ). 78
/INBR BN B 5 (prefrontal  cortex, PFC)HHNSUN2
[P 2k AT B B2 RN A H ImSC/KF, FEZ Fh
i H 2 IR IRNAZRIA KT B, ki 5] AL # ik
SH L RME SRR . NSUNS I REBR
BN N A2 T 20 B W 0 45 A E (Williams-Beuren
syndrome, WBS)JRKZ —, WBSZ&—MHA ™
HAP LRI 2 RGP . NSUNS5HE: R/ B
RPN RS NSUNSZE I R 193 K v e
J2 TR TBCS IR 2 Joi 200 L v v FE AR Ak, LB AR T R 8K
TS DR o 250 g Jolt S AR A K S, T S e T B 2
e, R SRR B, NSUNSTE BER
AR 21 R sz 5 240 9 7T 44 41 ffd (oligodendrocyte precursor
cells, OPCs)Fl/> AL AL =K IE, MINSUNS
(RS S A 1 LA R IG R, R EUX Le A i K
TR & WD, R, NSUNSHEFE R /N GO A
o, G R A OC SR R ) R B BK T A T B
. NSUNSAE K LKA tRNA i mS C i 4w i
B, Xmt-tRNAMURH#E EH hRE R L EE,
Bt 5 & kA& i L% (mitochondrial
encephalomyopathy, ME)Jt A8, 2 |,
m5CIEM B FL AN B FIE M R G B SAHIRITR
() kA R ke A B B R
3.2 DINE RS K ATRE

RNABIHLEO ML &Gk B it f8H 1 B AR
e ANIE R, HEMXED O Fm6eAs i
METTL3 RIS 8 YTHDC, LLENT7-H 5 54
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(m7G)gmtB#sMETTL T il X0 Il R 1E
REAFER, METTL3/E UL R 7L %
KRR 20 1) G Fm 6 A 7K TH e A . 3 ik
METTL3 ] 75 FAME M AL JE M O NLE 3, (HHTh#g
ToBE s O R S R B METTL3 R, B A/
R, nHmBRANSImEOCMKE. A
i, METTL3ZAF YRR /N BRI 5 R ) FI 08
FHICHI 0 Sy 35385, $RSMETTL3ZE 45147 J5 38 32 P O
e 25 90 R S B 2T, WTAPRMETTL3/
METTL14 5 &P BB 7, Hihggsk 5
ok B0 L9 (dilated  cardiomyopathy, DCM)H
Ko WTAPIER = 22 B 5 AT S FRAR LA 0
JULZ ffg Hh S 3% S IR - MEF2 A FIMEF2C (1) 56 5% 3%
PETR . {HWTAP X A G (0 57 142 D) BE A2 75 Kt
Tm6AE RHESEEY, YTHDC1ZhREW 545K A0
WUR ARG . 2 2B G 7 it KL, YTHDC1iR
TITIN(Y 5K 2.0 WU f¢ 5 UL A4 30 4% 95 TR 200y 1 i
m6AME I 2 5 5 I F B 31,

S5 METTL3ARIF, m7G4ii% % METTL 13 K fil
ok Yk 2 o0 MO K, T ok Rk T 5 B0 AE EE 2B .
METTL1 A G/ SSRSF9 3'UTR X 45 () m7 G &1,
(Rt SRSFO e AR K Fa e P, b {2 30 S B S [A)
FNFATCAI B8 KA, (b OARAE KM, 5.0
IRLF A LR R R T, METTLIA S HMIm7G/KF I
Tt TFE O T AT 440 M P R SR METTL 125 R A] 24
TS 4EMk, $FERMETTLI A g & — R £F 44k
7, O ET Ak T AR IR 7 5 P,

RN A& 76 58 16 8 42 JIT I 400 it % 8 0 4 455 1E
T DhRe T AR G E R . B, WIB i gmiY
ZEDKC UG rRNA N T AT 40 134 i 2 o e 31
SR, AT U R A T moATERT AT & &
(R 2 R AL, xof At A2 45 76 FFF O w1 25 28 3
REMF AR D o HFHEHS R BR METTL33E R 2 55
BRI 2 i 4« UEAE 40 i (liver progenitor
cells)im AL R AT AT £F 41k, WA SEHNR ARG
FET.. mOATEIL#IGF2BP LN AIMETTL3 S A
PmoAEMi i e MR E EEERH T
HNF4AR AR #— SR BoR, B
PIGF2BP2A[ H HIMETTL3 A F (Im6A I Fa &
GYS2HGsk A . GYS24mhd F e I bE 5 i, 2
I 5 A i o e it

33 IABHKES
3.3.1 B HEEMUA A

HENLE REN AR, S5 AEREN
30%~40%. RVLAH YA (myogenic progenitor
cells) B 4 AL R & T 1 25 0% L 2T 24k fr 3ok 2
B FR N LA B WL PRI ZE A 7E B iR R R4 o BT
SR BEEAEYIRN A T4 — R T A
4 il (satellite cells), AJLEFR 78 7 Hf R T Vs
P8I AL R LR £F 4, DURA AR LI 2 41
TE 52 B4 5 Be S S S . L PR 40 L %) 34 5 0
SRR R T RE S DI AR Y. mOoA YRR 2%
FTOM W i 25 PUS 1063 L A H (1) £ 0 4k Th g 22 5
B, FRVIFTOBE SN R B #IUR & 2 80.
BRFTO 2 5 8K NLAH MY A 28 b A 7 & B AR
mtDNA % i 5 K 2 & ik 2> S ATP/KF T f . PGC-
Toos 28 b R A= W R A RN g B 7 AR 1) — AN SR B U Y
K7, HFEBSEFTORR KN N, pUSIH
DRl AR b5 2 R A4 L 11 L IR 2 v 25 A 2140 i PR 3%
IM(MLASA)E 5%, MLASA & —Fh 5= WA i AL P AR
W . PUSTRISR /N BRAE 148 0% B SR I H 12 3 g
DT, RIS AEE DL R R 2Rk ik & ik
A REAAR RS 12 8. Ak, NSUNSA T K
rRNAImS CAE X ILAH ff Hh 4% 5 AR B ke 1A 451
Mo W EFri&, NSUNSHWBS(—F £ R4050,
AL B R BEASRE) A M, [FRE, NSUNS
B bR/ RAE B B AR I 5T R0 L
& (lean mass)Ja/b 0,
332 AR

AR O B B R RE RIS AT T R
B R 2 AT S 2 o R 4 Y (osteoblast) 73 W
AN EE TR R B8, TR 4H i (osteoclast) T UL
IH RS2 %, P RS sh (B R )
Xof A AN A E B (e R A O E B B A R
P R O R AN B S R, ot 2 B R A
JiE. AW FIRIE T METTL3ZE B 6 17 78 5 T 41 i
(mesenchymal stem cells, MSCs)H 1) H ZAE
FAUEO . MSCs At i 40 A i i A 4 il 2 — o
METTL3 Ui i 2k 2 451 55 8] 78 50 48 B 1] B 75 1l
LRI R, TR ] 78 5T Al g FRIAMETTL3
DU AT GRAF /N BR e 52 3R 3R Bk = 15 5 0 TR B A AR
Foma . A 7858 T4 A FMETTL3 X FUIR 55 iR =
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(parathyroid hormone, PTH)M] 3= % 5244 HIR 55 AR 3%
% %2 &-1(parathyroid hormone type 1 receptor,
Pthlr) () BHi% 2SS E %, PTH/Pthlrfs 5 (kR 76 i
T2 o A Dy R A, IR R AT A Y H
RS0 22 |-, METTL34r 5 (Im6 A &1 1k
B VIE BG40 oA AR O B, TR R B A DR
I HRIE A B 22 [ SR A S A 2L A R

4 REESRE

1355 T R A W R R AL H R, RNAE
TR AR RN 0, A R R B T R
X HER A E R EER . HER, RNAE
T ) Bh 25 A8 A J AR O B [ 1A TP R A TE I FL3)
VAREEKEEEFAEEATEEMEM, W
RNABBMi R E R SHABRAE, EREmEE
a2 P AR BRI . ART, RNAE A T i
BYARKRE, H5E eS80k E 5 R A
R, XU IR VR 2 A R IR R
4.1 RNAEMHZ BRI REIEE

% FRRN A FNAH G B 0 i 52 2% 1 8 4 I
#%, JLFZEMRNANRE . REZTH KR, £
FIRNAZ )& K B i fE b i SR R 7, =
1T JIAE 7T #4E B T m6A(mRNA _E i % WLIIRNAS
MEYHIVE B, T HLAB RN A S 1 (R F 78 8020«
Ab, RADEWT TR T IX RN A f FAH 56
B AWMER 2 AT E . B EARKERK
WP (K FLE AR, Nanopore)ds R iTx, AFEM
RNA B 92 BELE [6]—mRNA 4N T-Hh LA 191153]
XS ] SR AE . L IS R B AL B S e v
NERE, HEAEEZFR. B, F4 T
—RNAZ T A FEM, ATEER &0 FAEAR
RNAJN T BE3RAG M . — R B 1 g 5 28 F1 55—
Tl &4 1) 525 2 2 B) 0 W] BEAFAEAH BLAE . MM
T AFRBMZE SN . F—RNAZG T2
P& i 0 0] e 72 2 P R SCR B B AR P . X 2R
VLT 2 R 37 A AU T PR 2R Y )

4.2 JEZRAERNA_ERNAEIGREEIER

JUE H FTRAF 7T R A T R A gm g S R
RNAMiIRe, (HZ IR, JEFmIBRNAL
#5IncRNA. miRNA. carRNA I % o 1% s A
S, HAegMx FRNAMR Y FAEA = Z N EE )

e, K, HRIEGIGRNA T RNABME K% T)
RE ML X0 T4 T8 BT i 8 R0 AH DI T 1R 38 WL %
SRR R EE,
4.3 HHMEMERPRNAGIHFALR. FERH
EH

BEARH AT 2 A 2 PP E ST RN A 1) 0% 5 5
WP 73, AR B 7 v B T B MDA R
RERE R, B U ANE F T 9 B4 i A
WG S5 F AT 4R 2R A . b Ah, ASTRN R HF 72 [ BA 3
TH FIRNAMBIRAL 2T S 3 B ] REAEE N 22 57 o
IX e 7 S5 T BE YR T AN [F] IR 9T A4 &R DA KA R ()
FP 7 ke IRk, ARG B 2 A RN AS 1 I v A DU 2 L
FRE, UM AT A 28 A A ) = B R K2
Wi, 3SR — kAR . BR T kAN, BT
CRISPRRNAZw 2 41 7] LX) % 52 B RNAE i
P SHAT AL R R Ve R . BRI, %R TE e B
F5E AL S RNAB I BT B A A% Thee, BLRE
DR TT T BET R0 A A i 3R AT A I S AU,
BABERIERE.

gt LTk, RNAMSHR #2540 it 47 15 5
BRI FRIE AR IES), SEEAME K E A0 ER.
RRMB LR A 2 R, W iE R
MICRISPR%i4E R4t 5%, WA BT — PHIFERNA
A6 i T8 A8 3 AN o RS T 1A [R] Th e B 42 L
il HE A B AT TR A SS9 IR 9T R AR B A
P R0 7E FEAR o

S 3CH

[11  Amos H, Korn M. 5-Methyl cytosine in the RNA of
Escherichia coli. Biochim Biophys Acta, 1958, 29(2):
444-445

[2] Cohn WE. Pseudouridine, a carbon-carbon linked
ribonucleoside in ribonucleic acids: isolation, structure,
and chemical characteristics. J Biol Chem, 1960, 235(5):
1488-1498

[3] Cohn WE, Volkin E. Nucleoside-5'-phosphates from
ribonucleic acid. Nature, 1951, 167(4247): 483-484

[4] Davis FF, Allen FW. Ribonucleic acids from yeast which
contain a fifth nucleotide. J Biol Chem, 1957, 227(2):
907-915

[5] Boccaletto P, Stefaniak F, Ray A, et al. MODOMICS: a


https://doi.org/10.1016/0006-3002(58)90214-2
https://doi.org/10.1016/S0021-9258(18)69432-3
https://doi.org/10.1038/167483a0
https://doi.org/10.1016/S0021-9258(18)70770-9

- 1614 -

CEMLEY 20245448591

A 2SIV

(6]

(7]

(1]

[12]

[15]

[17]

database of RNA modification pathways. 2021 update.
Nucleic Acids Res, 2022, 50(D1): D231-D235

Frye M, Harada BT, Behm M, et al. RNA modifications
modulate gene expression during development. Science,
2018, 361(6409): 1346-1349

Zhao BS, Wang X, Beadell AV, et al. m6A-dependent
maternal mRNA clearance facilitates zebrafish maternal-
to-zygotic transition. Nature, 2017, 542(7642): 475-478
Sui X, Hu Y, Ren C, et al. METTL3-mediated m°A is
required for murine oocyte maturation and maternal-to-
zygotic transition. Cell Cycle, 2020, 19(4): 391-404
Hsu PJ, Zhu Y, Ma H, et al. Ythdc2 is an N6-
methyladenosine binding protein that regulates mamma-
lian spermatogenesis. Cell Res, 2017, 27(9): 1115-1127
Tang C, Xie Y, Yu T, et al. m6A-dependent biogenesis of
circular RNAs in male germ cells. Cell Res, 2020, 30(3):
211-228

Xu K, Yang Y, Feng GH, et al. Mettl3-mediated m6A
regulates spermatogonial differentiation and meiosis
initiation. Cell Res, 2017, 27(9): 1100-1114

Lin Z, Hsu PJ, Xing X, et al. Mettl3-/Mettl14-mediated
mRNA N6-methyladenosine modulates murine sperma-
togenesis. Cell Res, 2017, 27(10): 1216-1230

Wojtas MN, Pandey RR, Mendel M, et al. Regulation of
mo6A transcripts by the 3’5" RNA helicase YTHDC?2 is
essential for a successful meiotic program in the
mammalian germline. Mol Cell, 2017, 68(2): 374-387
Jonkhout N, Tran J, Smith MA, et al. The RNA
modification landscape in human disease. RNA, 2017,
23(12): 1754-1769

Batista PJ, Molinie B, Wang J, et al. m6A RNA
modification controls cell fate transition in mammalian
embryonic stem cells. Cell Stem Cell, 2014, 15(6): 707-
719

Ignatova VV, Stolz P, Kaiser S, et al. The rRNA mA
methyltransferase METTLS is involved in pluripotency
and developmental programs. Genes Dev, 2020, 34(9-
10): 715-729

Liu J, Dou X, Chen C, et al. N6-methyladenosine of
chromosome-associated regulatory RNA regulates chro-
matin state and transcription. Science, 2020, 367(6477):
580-586

Bokar JA, Shambaugh ME, Polayes D, et al. Purification
and cDNA cloning of the AdoMet-binding subunit of the
human mRNA (N6-adenosine)-methyltransferase. RNA,
1997, 3(11): 1233-1247

Liu J, Yue Y, Han D, et al. A METTL3-METTL14
complex mediates mammalian nuclear RNA N6-adeno-
sine methylation. Nat Chem Biol, 2014, 10(2): 93-95
Lasman L, Krupalnik V, Viukov S, et al. Context-

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

(30]

[31]

[32]

[33]

[34]

dependent functional compensation between Ythdf m°A
reader proteins. Genes Dev, 2020, 34(19-20): 1373-1391
Wang CX, Cui GS, Liu X, et al. METTL3-mediated m6A
modification is required for cerebellar development.
PLoS Biol, 2018, 16(6): €2004880

Ma C, Chang M, Lv H, et al. RNA m6A methylation
participates in regulation of postnatal development of the
mouse cerebellum. Genome Biol, 2018, 19(1): 68

Dorn LE, Lasman L, Chen J, et al. The N(’-methylade—
nosine mRNA methylase METTL3 controls cardiac
homeostasis and hypertrophy. Circulation, 2019, 139
(4): 533-545

Xu Y, Zhou Z, Kang X, et al. Mettl3-mediated mRNA
mo6A modification controls postnatal liver development
by modulating the transcription factor Hnf4a. Nat
Commun, 2022, 13(1): 4555

Zhang X, Yin H, Zhang X, et al. N6-methyladenosine
modification governs liver glycogenesis by stabilizing
the glycogen synthase 2 mRNA. Nat Commun, 2022, 13
(1): 7038

Wu Y, Xie L, Wang M, et al. Mettl3-mediated m6A
RNA methylation regulates the fate of bone marrow
mesenchymal stem cells and osteoporosis. Nat Commun,
2018, 9(1): 4772

Yoon KJ, Ringeling FR, Vissers C, et al. Temporal
control of mammalian cortical neurogenesis by m6A
methylation. Cell, 2017, 171(4): 877-889

Wang Y, Li Y, Yue M, et al. N6-methyladenosine RNA
modification regulates embryonic neural stem cell self-
renewal through histone modifications. Nat Neurosci,
2018, 21(2): 195-206

Niu F, Che P, Yang Z, et al. m6A regulation of cortical
and retinal neurogenesis is mediated by the redundant
moOA readers YTHDFs. iScience, 2022, 25(9): 104908
Shi L, Li X, Zhang M, et al. Downregulation of Wtap
causes dilated cardiomyopathy and heart failure. J] Mol
Cell Cardiol, 2024, 188: 38-51

Hu Y, Ouyang Z, Sui X, et al. Oocyte competence is
maintained by m6A methyltransferase KIAA1429-
mediated RNA metabolism during mouse follicular
development. Cell Death Differ, 2020, 27(8): 2468-2483
Chen H, Gu L, Orellana EA, et al. METTL4 is an snRNA
m6Am methyltransferase that regulates RNA splicing.
Cell Res, 2020, 30(6): 544-547

Pendleton KE, Chen B, Liu K, et al. The U6 snRNA
mo6A methyltransferase METTL16 regulates SAM
synthetase intron retention. Cell, 2017, 169(5): 824-835
Mendel M, Delaney K, Pandey RR, et al. Splice site m6A
methylation prevents binding of U2AF35 to inhibit RNA
splicing. Cell, 2021, 184(12): 3125-3142


https://doi.org/10.1093/nar/gkab1083
https://doi.org/10.1126/science.aau1646
https://doi.org/10.1038/nature21355
https://doi.org/10.1080/15384101.2019.1711324
https://doi.org/10.1038/cr.2017.99
https://doi.org/10.1038/s41422-020-0279-8
https://doi.org/10.1038/cr.2017.100
https://doi.org/10.1038/cr.2017.117
https://doi.org/10.1016/j.molcel.2017.09.021
https://doi.org/10.1261/rna.063503.117
https://doi.org/10.1016/j.stem.2014.09.019
https://doi.org/10.1101/gad.333369.119
https://doi.org/10.1126/science.aay6018
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1101/gad.340695.120
https://doi.org/10.1371/journal.pbio.2004880
https://doi.org/10.1186/s13059-018-1435-z
https://doi.org/10.1161/CIRCULATIONAHA.118.036146
https://doi.org/10.1038/s41467-022-32169-4
https://doi.org/10.1038/s41467-022-32169-4
https://doi.org/10.1038/s41467-022-34808-2
https://doi.org/10.1038/s41467-018-06898-4
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1038/s41593-017-0057-1
https://doi.org/10.1016/j.isci.2022.104908
https://doi.org/10.1016/j.yjmcc.2024.01.002
https://doi.org/10.1016/j.yjmcc.2024.01.002
https://doi.org/10.1038/s41418-020-0516-1
https://doi.org/10.1038/s41422-019-0270-4
https://doi.org/10.1016/j.cell.2017.05.003
https://doi.org/10.1016/j.cell.2021.03.062

KL, & RNABIRER B SRS B

- 1615 -

[33]

[36]

[37]

[42]

[43]

[44]

[47]

(48]

Mendel M, Chen KM, Homolka D, et al. Methylation of
structured RNA by the m6A writer METTLI16 is
essential for mouse embryonic development. Mol Cell,
2018, 71(6): 986-1000

Ma H, Wang X, Cai J, et al. N6-methyladenosine
methyltransferase ZCCHC4 mediates ribosomal RNA
methylation. Nat Chem Biol, 2019, 15(1): 88-94

Wang L, Liang Y, Lin R, et al. Mettl5 mediated 18S
rRNA N6-methyladenosine (m6A) modification controls
stem cell fate determination and neural function. Genes
Dis, 2022, 9(1): 268-274

Wei J, Liu F, Lu Z, et al. Differential m6A, m6Am, and
mlA demethylation mediated by FTO in the cell nucleus
and cytoplasm. Mol Cell, 2018, 71(6): 973-985

Wu Y, Li J, Li C, et al. Fat mass and obesity-associated
factor (FTO)-mediated N6-methyladenosine regulates
spermatogenesis in an age-dependent manner. J Biol
Chem, 2023, 299(6): 104783

Wei J, Yu X, Yang L, et al. FTO mediates LINE1 méA
demethylation and chromatin regulation in mESCs and
mouse development. Science, 2022, 376(6596): 968-973
Wang X, Huang N, Yang M, et al. FTO is required for
myogenesis by positively regulating mTOR-PGC-1a
pathway-mediated mitochondria biogenesis. Cell Death
Dis, 2017, 8(3): €2702

Yu F, Zhu AC, Liu S, et al. RBM33 is a unique m6A
RNA-binding protein that regulates ALKBHS demethy-
lase activity and substrate selectivity. Mol Cell, 2023, 83
(12): 2003-2019

Tang C, Klukovich R, Peng H, et al. ALKBHS-
dependent m6A demethylation controls splicing and
stability of long 3-UTR mRNAs in male germ cells.
Proc Natl Acad Sci USA, 2018, 115(2): E325-E333
Bai L, Xiang Y, Tang M, et al. ALKBHS5 controls the
meiosis-coupled mRNA clearance in oocytes by remov-
ing the N6-methyladenosine methylation. Nat Commun,
2023, 14(1): 6532

Ueda Y, Ooshio I, Fusamae Y, et al. AlkB homolog 3-
mediated tRNA demethylation promotes protein synth-
esis in cancer cells. Sci Rep, 2017, 7(1): 42271

Xiao W, Adhikari S, Dahal U, et al. Nuclear m6A reader
YTHDCI regulates mRNA splicing. Mol Cell, 2016, 61
(4): 507-519

Liu J, Gao M, He J, et al. The RNA m6A reader
YTHDCI silences retrotransposons and guards ES cell
identity. Nature, 2021, 591(7849): 322-326

Xu W, Li J, He C, et al. METTL3 regulates
heterochromatin in mouse embryonic stem cells. Nature,
2021, 591(7849): 317-321

Kasowitz SD, Ma J, Anderson SJ, et al. Nuclear m6A

(50]

[51]

[52]

(53]

[54]

[56]

[57]

(58]

[59]

[60]

(61]

[62]

reader YTHDC1 regulates alternative polyadenylation
and splicing during mouse oocyte development. PLoS
Genet, 2018, 14(5): €1007412

Vogan K. TTN mutations in cardiomyopathy. Nat Genet,
2012, 44(4): 368

Wang X, Zhao BS, Roundtree IA, et al. N6-methylade-
nosine modulates messenger RNA translation efficiency.
Cell, 2015, 161(6): 1388-1399

Shi H, Zhang X, Weng YL, et al. m6A facilitates
hippocampus-dependent learning and memory through
YTHDFI. Nature, 2018, 563(7730): 249-253

Wang X, Lu Z, Gomez A, et al. N6-methyladenosine-
dependent regulation of messenger RNA stability.
Nature, 2014, 505(7481): 117-120

Qi M, Sun H, Guo Y, et al. m°A reader protein YTHDF2
regulates spermatogenesis by timely clearance of phase-
specific transcripts. Cell Prolif, 2022, 55(1): e13164
Ivanova I, Much C, Di Giacomo M, et al. The RNA m6A
reader YTHDF?2 is essential for the post-transcriptional
regulation of the maternal transcriptome and oocyte
competence. Mol Cell, 2017, 67(6): 1059-1067

Shi H, Wang X, Lu Z, et al. YTHDF3 facilitates
translation and decay of N6-methyladenosine-modified
RNA. Cell Res, 2017, 27(3): 315-328

Meyer KD, Patil DP, Zhou J, et al. S"UTR m6A promotes
cap-independent translation. Cell, 2015, 163(4): 999-1010
Alarcon CR, Goodarzi H, Lee H, et al. HNRNPA2BI is a
mediator of m6A-dependent nuclear RNA processing
events. Cell, 2015, 162(6): 1299-1308

Huang H, Weng H, Sun W, et al. Recognition of RNA
N6-methyladenosine by IGF2BP proteins enhances
mRNA stability and translation. Nat Cell Biol, 2018,
20(3): 285-295

Hsu PJ, Shi H, Zhu AC, et al. The RNA-binding protein
FMRP facilitates the nuclear export of N6-methylade-
nosine-containing mRNAs. J Biol Chem, 2019, 294(52):
19889-19895

Zhang F, Kang Y, Wang M, et al. Fragile X mental
retardation protein modulates the stability of its m6A-
marked messenger RNA targets. Hum Mol Genet, 2018,
27(22): 3936-3950

Edupuganti RR, Geiger S, Lindeboom RGH, et al. N6-
methyladenosine (m6A) recruits and repels proteins to
regulate mRNA homeostasis. Nat Struct Mol Biol, 2017,
24(10): 870-878

Edens BM, Vissers C, Su J, et al. FMRP modulates
neural differentiation through m6A-dependent mRNA
nuclear export. Cell Rep, 2019, 28(4): 845-854

Wu R, Li A, Sun B, et al. A novel m6A reader Prrc2a
controls oligodendroglial specification and myelination.


https://doi.org/10.1016/j.molcel.2018.08.004
https://doi.org/10.1038/s41589-018-0184-3
https://doi.org/10.1016/j.gendis.2020.07.004
https://doi.org/10.1016/j.gendis.2020.07.004
https://doi.org/10.1016/j.molcel.2018.08.011
https://doi.org/10.1016/j.jbc.2023.104783
https://doi.org/10.1016/j.jbc.2023.104783
https://doi.org/10.1126/science.abe9582
https://doi.org/10.1038/cddis.2017.122
https://doi.org/10.1038/cddis.2017.122
https://doi.org/10.1016/j.molcel.2023.05.010
https://doi.org/10.1073/pnas.1717794115
https://doi.org/10.1038/s41467-023-42302-6
https://doi.org/10.1038/srep42271
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1038/s41586-021-03313-9
https://doi.org/10.1038/s41586-021-03210-1
https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.1038/ng.2243
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1038/s41586-018-0666-1
https://doi.org/10.1038/nature12730
https://doi.org/10.1111/cpr.13164
https://doi.org/10.1016/j.molcel.2017.08.003
https://doi.org/10.1038/cr.2017.15
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1016/j.cell.2015.08.011
https://doi.org/10.1038/s41556-018-0045-z
https://doi.org/10.1074/jbc.AC119.010078
https://doi.org/10.1038/nsmb.3462
https://doi.org/10.1016/j.celrep.2019.06.072

- 1616 -

CEMLEY 20245448591

A 2SIV

[65]

[66]

[68]

[71]

[72]

(73]

[74]

[75]

[77]

Cell Res, 2019, 29(1): 23-41

Tan X, Zheng C, Zhuang Y, et al. The m6A reader
PRRC2A is essential for meiosis I completion during
spermatogenesis. Nat Commun, 2023, 14(1): 1636
Deng J, Zhang J, Ye Y, et al. N6-methyladenosine-
mediated upregulation of WTAPP1 promotes WTAP
translation and Wnt signaling to facilitate pancreatic
cancer progression. Cancer Res, 2021, 81(20): 5268-
5283

Dominissini D, Moshitch-Moshkovitz S, Schwartz S, et
al. Topology of the human and mouse m6A RNA
methylomes revealed by m6A-seq. Nature, 2012, 485
(7397): 201-206

Dou X, Xiao Y, Shen C, et al. RBFOX2 recognizes N6-
methyladenosine to suppress transcription and block
myeloid leukaemia differentiation. Nat Cell Biol, 2023,
25(9): 1359-1368

Sharma S, Yang J, Watzinger P, et al. Yeast Nop2 and
Reml methylate C2870 and C2278 of the 25S rRNA,
respectively. Nucleic Acids Res, 2013, 41(19): 9062-
9076

Blanco S, Dietmann S, Flores JV, et al. Aberrant
methylation of tRNAs links cellular stress to neuro-
developmental disorders. EMBO J, 2014, 33(18): 2020-
2039

Huang T, Chen W, Liu J, et al. Genome-wide
identification of mRNA 5-methylcytosine in mammals.
Nat Struct Mol Biol, 2019, 26(5): 380-388

Hussain S, Sajini AA, Blanco S, et al. NSun2-mediated
cytosine-5 methylation of vault noncoding RNA deter-
mines its processing into regulatory small RNAs. Cell
Rep, 2013, 4(2): 255-261

Courtney DG, Chalem A, Bogerd HP, et al. Extensive
epitranscriptomic methylation of A and C residues on
murine leukemia virus transcripts enhances viral gene
expression. mBio, 2019, 10(3): e01209-19

Blanco S, Kurowski A, Nichols J, et al. The RNA-
methyltransferase misu (NSun2) poises epidermal stem
cells to differentiate. PLoS Genet, 2011, 7(12): 1002403
Abbasi-Moheb L, Mertel S, Gonsior M, et al. Mutations
in NSUN2 cause autosomal-recessive intellectual dis-
ability. Am J Hum Genet, 2012, 90(5): 847-855
Nakano S, Suzuki T, Kawarada L, et al. NSUN3
methylase initiates 5-formylcytidine biogenesis in human
mitochondrial tRNAMet. Nat Chem Biol, 2016, 12(7):
546-551

Van Haute L, Dietmann S, Kremer L, et al. Deficient
methylation and formylation of mt-tRNAMet wobble
cytosine in a patient carrying mutations in NSUN3. Nat
Commun, 2016, 7(1): 12039

(78]

[79]

[80]

(81]

(82]

(83]

(84]

[85]

[86]

(87]

(88]

(89]

[90]

Paramasivam A, Meena AK, Venkatapathi C, et al. Novel
biallelic NSUN3 variants cause early-onset mitochon-
drial encephalomyopathy and seizures. J] Mol Neurosci,
2020, 70(12): 1962-1965

Metodiev MD, Spahr H, Loguercio Polosa P, et al.
NSUN4 is a dual function mitochondrial protein required
for both methylation of 12S rRNA and coordination of
mitoribosomal assembly. PLoS Genet, 2014, 10(2):
¢1004110

Janin M, Ortiz-Barahona V, de Moura MC, et al.
Epigenetic loss of RNA-methyltransferase NSUNS5 in
glioma targets ribosomes to drive a stress adaptive
translational program. Acta Neuropathol, 2019, 138(6):
1053-1074

Heissenberger C, Liendl L, Nagelreiter F, et al. Loss of
the ribosomal RNA methyltransferase NSUNS impairs
global protein synthesis and normal growth. Nucleic
Acids Res, 2019, 47(22): 11807-11825

Ding C, Lu J, Li J, et al. RNA-methyltransferase Nsun5
controls the maternal-to-zygotic transition by regulating
maternal mRNA stability. Clin Transl Med, 2022, 12
(12): el137

Haag S, Warda AS, Kretschmer J, et al. NSUNG6 is a
human RNA methyltransferase that catalyzes formation
of m® C72 in specific tRNAs. RNA, 2015, 21(9): 1532-
1543

Selmi T, Hussain S, Dietmann S, et al. Sequence- and
structure-specific cytosine-5 mRNA methylation by
NSUNG6. Nucleic Acids Res, 2020, 49(2): 1006-1022
Liu J, Huang T, Zhang Y, et al. Sequence- and structure-
selective mRNA m5C methylation by NSUNG6 in
animals. Natl Sci Rev, 2021, 8(6): nwaa273

Mattioli F, Worpenberg L, Li CT, et al. Biallelic variants
in NSUNG6 cause an autosomal recessive neurodevelop-
mental disorder. Genet Med, 2023, 25(9): 100900
Aguilo F, Li SD, Balasubramaniyan N, et al. Deposition
of 5-methylcytosine on enhancer RNAs enables the
coactivator function of PGC-1a. Cell Rep, 2016, 14(3):
479-492

Harris T, Marquez B, Suarez S, et al. Sperm motility
defects and infertility in male mice with a mutation in
Nsun7, a member of the sun domain-containing family of
putative RNA methyltransferasesl. Biol Reprod, 2007,
77(2): 376-382

Zhang Y, Zhang X, Shi J, et al. Dnmt2 mediates
intergenerational transmission of paternally acquired
metabolic disorders through sperm small non-coding
RNAs. Nat Cell Biol, 2018, 20(5): 535-540

Durdevic Z, Hanna K, Gold B, et al. Efficient RNA virus
control in Drosophila requires the RNA methyltransfer-


https://doi.org/10.1038/s41422-018-0113-8
https://doi.org/10.1038/s41467-023-37252-y
https://doi.org/10.1158/0008-5472.CAN-21-0494
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/s41556-023-01213-w
https://doi.org/10.1093/nar/gkt679
https://doi.org/10.15252/embj.201489282
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1016/j.celrep.2013.06.029
https://doi.org/10.1016/j.celrep.2013.06.029
https://doi.org/10.1128/mBio.01209-19
https://doi.org/10.1371/journal.pgen.1002403
https://doi.org/10.1016/j.ajhg.2012.03.021
https://doi.org/10.1038/nchembio.2099
https://doi.org/10.1038/ncomms12039
https://doi.org/10.1038/ncomms12039
https://doi.org/10.1007/s12031-020-01595-8
https://doi.org/10.1371/journal.pgen.1004110
https://doi.org/10.1007/s00401-019-02062-4
https://doi.org/10.1093/nar/gkz1043
https://doi.org/10.1093/nar/gkz1043
https://doi.org/10.1002/ctm2.1137
https://doi.org/10.1261/rna.051524.115
https://doi.org/10.1093/nar/gkaa1193
https://doi.org/10.1093/nsr/nwaa273
https://doi.org/10.1016/j.gim.2023.100900
https://doi.org/10.1016/j.celrep.2015.12.043
https://doi.org/10.1095/biolreprod.106.058669
https://doi.org/10.1038/s41556-018-0087-2

KL, & RNABIRER B SRS B

- 1617 -

[91]

[92]

[94]

(98]

[99]

[100

—_

[101

—_

[102]

[103]

[104]

ase Dnmt2. EMBO Rep, 2013, 14(3): 269-275

Guallar D, Bi X, Pardavila JA, et al. RNA-dependent
chromatin targeting of TET2 for endogenous retrovirus
control in pluripotent stem cells. Nat Genet, 2018, 50(3):
443-451

Kawarada L, Suzuki T, Ohira T, et al. ALKBH1 is an
RNA dioxygenase responsible for cytoplasmic and
mitochondrial tRNA modifications. Nucleic Acids Res,
2017, 45(12): 7401-7415

Yang X, Yang Y, Sun BF, et al. 5-methylcytosine
promotes mRNA export-NSUN2 as the methyltransfer-
ase and ALYREF as an m5C reader. Cell Res, 2017, 27
(5): 606-625

Yang Y, Wang L, Han X, et al. RNA 5-methylcytosine
facilitates the maternal-to-zygotic transition by prevent-
ing maternal mRNA decay. Mol Cell, 2019, 75(6): 1188-
1202

Sun J, Yan L, Shen W, et al. Maternal Ybx1 safeguards
zebrafish oocyte maturation and maternal-to-zygotic
transition by repressing global translation. Development,
2018, 145: dev166587

Dai X, Gonzalez G, Li L, et al. YTHDF2 binds to 5-
methylcytosine in RNA and modulates the maturation of
ribosomal RNA. Anal Chem, 2020, 92(1): 1346-1354
Deng Y, Zhou Z, Ji W, et al. METTL1-mediated m7G
methylation maintains pluripotency in human stem cells
and limits mesoderm differentiation and vascular devel-
opment. Stem Cell Res Ther, 2020, 11(1): 306

Boulias K, Greer EL. Put the pedal to the METTL1:
adding internal m7G increases mRNA translation
efficiency and augments miRNA processing. Mol Cell,
2019, 74(6): 1105-1107

Wang L, Zhou J, Kong L, et al. Fibroblast-specific
knockout of METTL1 attenuates myocardial infarction-
induced cardiac fibrosis. Life Sci, 2023, 329: 121926
Gonatopoulos-Pournatzis T, Dunn S, Bounds R, et al.
RAM/fam103al is required for mRNA cap methylation.
Mol Cell, 2011, 44(4): 585-596

Godfrey AC, Kupsco JM, Burch BD, et al. U7 snRNA
mutations in Drosophila block histone pre-mRNA
processing and disrupt oogenesis. RNA, 2006, 12(3):
396-409

Rambout X, Maquat LE. The nuclear cap-binding
complex as choreographer of gene transcription and
pre-mRNA processing. Genes Dev, 2020, 34(17-18):
1113-1127

Gebhardt A, Habjan M, Benda C, et al. mRNA export
through an additional cap-binding complex consisting of
NCBP1 and NCBP3. Nat Commun, 2015, 6(1): 8192
Volpon L, Culjkovic-Kraljacic B, Sohn HS, et al. A

[105]

[106]

[107

—

[108]

[109]

[110]

[111]

[112

—_—

[113]

[114]

[115]

[116]

[117]

[118]

biochemical framework for elF4E-dependent mRNA
export and nuclear recycling of the export machinery.
RNA, 2017, 23(6): 927-937

Dehlin E, Wormington M, Koérer CG, et al. Cap-
dependent deadenylation of mRNA. EMBO J, 2000, 19
(5): 1079-1086

Gao M, Fritz DT, Ford LP, et al. Interaction between a
poly(A)-specific ribonuclease and the 5' cap influences
mRNA deadenylation rates in vitro. Mol Cell, 2000, 5(3):
479-488

Palacios I. Nuclear import of U snRNPs requires
importin beta. EMBO J, 1997, 16(22): 6783-6792
Boulon S, Verheggen C, Jady BE, et al. PHAX and
CRMI are required sequentially to transport U3 snoRNA
to nucleoli. Mol Cell, 2004, 16(5): 777-787

Martinez I, Hayes KE, Barr JA, et al. An Exportin-1-
dependent microRNA biogenesis pathway during human
cell quiescence. Proc Natl Acad Sci USA, 2017, 114(25):
E4961-E4970

Zhao Z, Qing Y, Dong L, et al. QKI shuttles internal
m7G-modified transcripts into stress granules and
modulates mRNA metabolism. Cell, 2023, 186(15):
3208-3226

Kowalski S, Yamane T, Fresco JR. Nucleotide sequence
of the "denaturable” leucine transfer RNA from yeast.
Science, 1971, 172(3981): 385-387

Sharma S, Langhendries JL, Watzinger P, et al. Yeast
Kre33 and human NATI10 are conserved 18S rRNA
cytosine acetyltransferases that modify tRNAs assisted
by the adaptor Tanl/THUMPDI. Nucleic Acids Res,
2015, 43(4): 2242-2258

Ito S, Horikawa S, Suzuki T, et al. Human NAT10 is an
ATP-dependent RNA acetyltransferase responsible for
N4-acetylcytidine formation in 18S ribosomal RNA
(rRNA). J Biol Chem, 2014, 289(52): 35724-35730
Arango D, Sturgill D, Alhusaini N, et al. Acetylation of
cytidine in mRNA promotes translation efficiency. Cell,
2018, 175(7): 1872-1886

Arango D, Sturgill D, Yang R, et al. Direct epitran-
scriptomic regulation of mammalian translation initiation
through N4-acetylcytidine. Mol Cell, 2022, 82(15):
2797-2814

Sas-Chen A, Thomas JM, Matzov D, et al. Dynamic
RNA acetylation revealed by quantitative cross-evolu-
tionary mapping. Nature, 2020, 583(7817): 638-643
Chen L, Wang WJ, Liu Q, et al. NAT10-mediated N4-
acetylcytidine modification is required for meiosis entry
and progression in male germ cells. Nucleic Acids Res,
2022, 50(19): 10896-10913

Jiang X, Cheng Y, Zhu Y, et al. Maternal NAT10


https://doi.org/10.1038/embor.2013.3
https://doi.org/10.1038/s41588-018-0060-9
https://doi.org/10.1093/nar/gkx354
https://doi.org/10.1038/cr.2017.55
https://doi.org/10.1016/j.molcel.2019.06.033
https://doi.org/10.1242/dev.166587
https://doi.org/10.1021/acs.analchem.9b04505
https://doi.org/10.1186/s13287-020-01814-4
https://doi.org/10.1016/j.molcel.2019.06.004
https://doi.org/10.1016/j.lfs.2023.121926
https://doi.org/10.1016/j.molcel.2011.08.041
https://doi.org/10.1261/rna.2270406
https://doi.org/10.1101/gad.339986.120
https://doi.org/10.1038/ncomms9192
https://doi.org/10.1261/rna.060137.116
https://doi.org/10.1093/emboj/19.5.1079
https://doi.org/10.1016/S1097-2765(00)80442-6
https://doi.org/10.1093/emboj/16.22.6783
https://doi.org/10.1016/j.molcel.2004.11.013
https://doi.org/10.1073/pnas.1618732114
https://doi.org/10.1016/j.cell.2023.05.047
https://doi.org/10.1126/science.172.3981.385
https://doi.org/10.1093/nar/gkv075
https://doi.org/10.1074/jbc.C114.602698
https://doi.org/10.1016/j.cell.2018.10.030
https://doi.org/10.1016/j.molcel.2022.05.016
https://doi.org/10.1038/s41586-020-2418-2
https://doi.org/10.1093/nar/gkac594

- 1618 -

CEMLEY 20245448591

A 2SIV

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

orchestrates oocyte meiotic cell-cycle progression and
maturation in mice. Nat Commun, 2023, 14(1): 3729
Martinez NM, Su A, Burns MC, et al. Pseudouridine
synthases modify human pre-mRNA co-transcriptionally
and affect pre-mRNA processing. Mol Cell, 2022, 82(3):
645-659

Zhang M, Jiang Z, Ma Y, et al. Quantitative profiling of
pseudouridylation landscape in the human transcriptome.
Nat Chem Biol, 2023, 19(10): 1185-1195

Mangum JE, Hardee JP, Fix DK, et al. Pseudouridine
synthase 1 deficient mice, a model for mitochondrial
myopathy with sideroblastic anemia, exhibit muscle
morphology and physiology alterations. Sci Rep, 2016,
6(1): 26202

Dai Q, Zhang LS, Sun HL, et al. Quantitative sequencing
using BID-seq uncovers abundant pseudouridines in
mammalian mRNA at base resolution. Nat Biotechnol,
2023, 41(3): 344-354

Lin TY, Smigiel R, Kuzniewska B, et al. Destabilization
of mutated human PUS3 protein causes intellectual
disability. Hum Mutat, 2022, 43(12): 2063-2078
Shaheen R, Tasak M, Maddirevula S, et al. PUS7
mutations impair pseudouridylation in humans and cause
intellectual disability and microcephaly. Hum Genet,
2019, 138(3): 231-239

Ge J, Rudnick DA, He J, et al. Dyskerin ablation in
mouse liver inhibits rRNA processing and cell division.
Mol Cell Biol, 2010, 30(2): 413-422

Antonicka H, Choquet K, Lin Z, et al. A pseudouridine
synthase module is essential for mitochondrial protein
synthesis and cell viability. EMBO Rep, 2017, 18(1): 28-
38

Wang Y, Li Y, Toth JI, et al. N6-methyladenosine
modification destabilizes developmental regulators in
embryonic stem cells. Nat Cell Biol, 2014, 16(2): 191-198
Jia G, Fu Y, Zhao X, et al. N6-methyladenosine in
nuclear RNA is a major substrate of the obesity-
associated FTO. Nat Chem Biol, 2011, 7(12): 885-887
Zheng G, Dahl JA, Niu Y, et al. ALKBHS is a
mammalian RNA demethylase that impacts RNA
metabolism and mouse fertility. Mol Cell, 2013, 49(1):
18-29

Aik WS, Scotti JS, Choi H, et al. Structure of human
RNA N6-methyladenine demethylase ALKBHS provides
insights into its mechanisms of nucleic acid recognition
and demethylation. Nucleic Acids Res, 2014, 42(7):
4741-4754

Hussain S, Tuorto F, Menon S, et al. The mouse
cytosine-5 RNA methyltransferase NSun2 is a compo-
nent of the chromatoid body and required for testis

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

differentiation. Mol Cell Biol, 2013, 33(8): 1561-1570
Georgeson J, Schwartz S. No evidence for ac4C within
human mRNA upon data reassessment. Mol Cell, 2024,
84(8): 1601-1610

WuY, Xu X, Qi M, et al. N6-methyladenosine regulates
maternal RNA maintenance in oocytes and timely RNA
decay during mouse maternal-to-zygotic transition. Nat
Cell Biol, 2022, 24(6): 917-927

Yao H, Gao CC, Zhang D, et al. scm6A-seq reveals
single-cell landscapes of the dynamic m6A during oocyte
maturation and early embryonic development. Nat
Commun, 2023, 14(1): 315

Mu H, Zhang T, Yang Y, et al. METTL3-mediated
mRNA N6-methyladenosine is required for oocyte and
follicle development in mice. Cell Death Dis, 2021, 12
(11): 989

Geula S, Moshitch-Moshkovitz S, Dominissini D, et al.
m°A mRNA methylation facilitates resolution of naive
pluripotency toward differentiation. Science, 2015, 347
(6225): 1002-1006

Liu J, Huang T, Chen W, et al. Developmental mRNA
m5C landscape and regulatory innovations of massive
m5C modification of maternal mRNAs in animals. Nat
Commun, 2022, 13(1): 2484

Du K, Zhang Z, Zeng Z, et al. Distinct roles of Fto and
Mettl3 in controlling development of the cerebral cortex
through transcriptional and translational regulations. Cell
Death Dis, 2021, 12(7): 700

Xin Y, He Q, Liang H, et al. m6A epitranscriptomic
modification regulates neural progenitor-to-glial cell
transition in the retina. eLife, 2022, 11: €79994

Li M, Zhao X, Wang W, et al. Ythdf2-mediated m6A
mRNA clearance modulates neural development in mice.
Genome Biol, 2018, 19(1): 69

Niu F, Han P, Zhang J, et al. The m6A reader YTHDF2
is a negative regulator for dendrite development and
maintenance of retinal ganglion cells. Elife, 2022, 11:
€75827

Blaze J, Navickas A, Phillips HL, et al. Neuronal Nsun2
deficiency produces tRNA epitranscriptomic alterations
and proteomic shifts impacting synaptic signaling and
behavior. Nat Commun, 2021, 12(1): 4913

Yuan Z, Chen P, Zhang T, et al. Agenesis and
hypomyelination of corpus callosum in mice lacking
Nsun5, an RNA methyltransferase. Cells, 2019, 8(6):
552

Chen P, Zhang T, Yuan Z, et al. Expression of the RNA
methyltransferase NsunS5 is essential for developing
cerebral cortex. Mol Brain, 2019, 12(1): 74

Zhang T, Chen P, Li W, et al. Cognitive deficits in mice


https://doi.org/10.1038/s41467-023-39256-0
https://doi.org/10.1016/j.molcel.2021.12.023
https://doi.org/10.1038/s41589-023-01304-7
https://doi.org/10.1038/srep26202
https://doi.org/10.1038/s41587-022-01505-w
https://doi.org/10.1002/humu.24471
https://doi.org/10.1007/s00439-019-01980-3
https://doi.org/10.1128/MCB.01128-09
https://doi.org/10.15252/embr.201643391
https://doi.org/10.1038/ncb2902
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1093/nar/gku085
https://doi.org/10.1128/MCB.01523-12
https://doi.org/10.1016/j.molcel.2024.03.017
https://doi.org/10.1038/s41556-022-00915-x
https://doi.org/10.1038/s41556-022-00915-x
https://doi.org/10.1038/s41467-023-35958-7
https://doi.org/10.1038/s41467-023-35958-7
https://doi.org/10.1038/s41419-021-04272-9
https://doi.org/10.1126/science.1261417
https://doi.org/10.1038/s41467-022-30210-0
https://doi.org/10.1038/s41467-022-30210-0
https://doi.org/10.1038/s41419-021-03992-2
https://doi.org/10.1038/s41419-021-03992-2
https://doi.org/10.7554/eLife.79994
https://doi.org/10.1186/s13059-018-1436-y
https://doi.org/10.7554/eLife.75827
https://doi.org/10.1038/s41467-021-24969-x
https://doi.org/10.3390/cells8060552
https://doi.org/10.1186/s13041-019-0496-6

KL, & RNABIRER B SRS B

- 1619 -

[146]

[147]

[148]

lacking Nsun5, a cytosine-5 RNA methyltransferase,
with impairment of oligodendrocyte precursor cells.
Glia, 2019, 67(4): 688-702

Gao S, Sun H, Chen K, et al. Depletion of m°A reader
protein YTHDC1 induces dilated cardiomyopathy by
abnormal splicing of Titin. J Cell Mol Medi, 2021, 25
(23): 10879-10891

Yu S, Sun ZY, Ju T, et al. The m7G methyltransferase
mettll drives cardiac hypertrophy by regulating SRSF9-
mediated splicing of NFATc4. Adv Sci, 2024, 29
(2308769): 2308769

Hong X, Isern J, Campanario S, et al. Mitochondrial
dynamics maintain muscle stem cell regenerative
competence throughout adult life by regulating
metabolism and mitophagy. Cell Stem Cell, 2022,
29(9): 1298-1314

[149] Stanley TL, Leong A, Pober BR. Growth, body

[150]

[151]

[152]

[153]

composition, and endocrine issues in Williams syn-
drome. Curr Opin Endocrinol Diabetes Obesity, 2021, 28
(1): 64-74

Fan Y, Hanai J, Le PT, et al. Parathyroid hormone directs
bone marrow mesenchymal cell fate. Cell Metab, 2017,
25(3): 661-672

Huang S, Wylder AC, Pan T. Simultaneous nanopore
profiling of mRNA m6A and pseudouridine reveals
translation coordination. Nat Biotechnol, 2024, 6: 10
Wu Y, Shao W, Yan M, et al. Transfer learning enables
identification of multiple types of RNA modifications
using nanopore direct RNA sequencing. Nat Commun,
2024, 15(1): 4049

Acera Mateos P, J Sethi A, Ravindran A, et al. Prediction
of m6A and m5C at single-molecule resolution reveals a
transcriptome-wide co-occurrence of RNA modifica-
tions. Nat Commun, 2024, 15(1): 3899


https://doi.org/10.1002/glia.23565
https://doi.org/10.1111/jcmm.16955
https://doi.org/10.1002/advs.202308769
https://doi.org/10.1016/j.stem.2022.07.009
https://doi.org/10.1097/MED.0000000000000588
https://doi.org/10.1016/j.cmet.2017.01.001
https://doi.org/10.1038/s41587-024-02135-0
https://doi.org/10.1038/s41467-024-48437-4
https://doi.org/10.1038/s41467-024-47953-7

