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Figure 1 Types of RNA chemical modifications
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Table 1 Overview of RNA modification and detection principles mentioned in this review
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Figure 2 NAD-RNA synthesis, transport, translation and decapping mechanism in vivo. NAD-RNA is mainly synthesized in vivo by ab initio
capping. It is recognized by RNA polymerase at the beginning of transcription and covalently binds to the 5’ end of eukaryotic and prokaryotic cells
instead of ATP as the first base. It is processed, exported from the nucleus, transported and translated by the cap-binding complex. There are three
decapping mechanisms for NAD-RNA, namely deNADing (releasing the complete NAD" structure), deNMNing (releasing NMN nuclear AMP-
RNA), and deNAMing (releasing NAM and cADPR-RNA and its analogs)
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o N RT primer T =

B 3 NAD-RNAJIFHE AR KL A: NAD capture: | JADPRCTEHLR AL TG RNA )5 5n i pEREAL, J5ilid CuAACK
R IR RNAFE N A FAFICIRNA, 55 ¥R I IORNABEAT & 428 U R UIF; B: NAD-tagseq: ZCuAACKMIJE, ¥
RNAS5'3 HtagRNAESR:, & %5 1317 Nanopore =/CMIFE; C: NAD-tagll: £SPAACK N JE, H#RNAS5 StagRNAERE;
D: SPAAC-NADseq: B 2&H Fanti-m’GHi 445 54 22 B BmRNA T ffim’G-RNA, Fifi J5 I SPAACKNAD-RNAEAT LM £ Btk
5554247 B; E: NADcapPro: 7E{# FISPAACHTF F Des 14 m Gl FE4T /KR, H-F FIIRDye®800CW i 25 5% A 22 Kl > nT 44k
F: One-seq: F| FIHEEBANAD " H (100 Bk i 5 43 iE A7 BUAR, J5 % &2 2245 2 I RNAJE I NudCHEATHE S B 7, G: CapZyme-
seq: XTRNAGEATCIPALHE, P FH CLRIE A GBS /K AENAD-RNA, T RGHT )5 p-RNAFF 54236 70, 5 42 ) 52 J I 1
Figure 3 Principle and process of NAD-RNA sequencing technology. A: NAD capture: ADPRC is used to transglycosylate the 5’ end of RNA under
alkyne catalysis, and then the alkyne RNA is converted into biotin-labeled RNA through CuAAC reaction, and finally the labeled RNA is enriched to
complete library construction and sequencing; B: NAD-tagseq: after CuUAAC reaction, the 5’ end of RNA is connected to tagRNA, and Nanopore
third-generation sequencing can be performed after enrichment; C: NAD-tagll: after SPAAC reaction, the 5’ end of RNA is connected to tagRNA; D:
SPAAC-NADseq: first, anti-m’G antibody is used to specifically remove m’G-RNA from total mRNA, and then SPAAC is used to biotinylate NAD-
RNA and subsequently separate it; E: NADcapPro: the m’G cap is hydrolyzed by Desl before using SPAAC, and visualized using IRDye®800CW
streptavidin detection; F: One-seq: use HEEB to replace the nicotinamide part of NAD', then specifically elute and sequence the enriched RNA
through NudC; G: CapZyme-seq: CIP treatment of RNA, then use the reported decapping enzyme to hydrolyze NAD-RNA to form new 5'p-RNA and
connect it to the adapter, and complete library construction and sequencing after enrichment
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EliEXYES-9'8

BIPERIET FRARMAERERLEE. HZED
o, BRI AA T BB mRNA 5K Sim GIE 5 elF4F &
HE ARG SRS, ZEARNTHES BT
TG A R FEAR . T JE SR 1 1 25 A 2 75 e 2
AR E SRR AIE ARG, F5%TNAD-RNA
SR AT AR, HATMIEE R, RIS R I,
2 REZN A A% P NAD-RNATCIE M f0 2, 72 AR R R
ELS' ppp-RNAREEBY [, 4% e 30 240 i v i) A5
NAD g4 1 AR BR L 1) 5t R EFmRNA R IR 1)
BEE T A AR INIE I mRNAG, HHE57RNAD-RNA
A RETE I e shl D, SR, IX U 46 A A N T A
HC . AN TERINAD-RNA, 7] BT S ik o i
IRFA. EREYI T IWE R B, NAD-RNATEFEAf e

s 1 2 AR & 4R, I H R Z HpNAD i (1) 32
FRNA B & A gL e 1P, KB R N EENAD-
RNA BB BRI RE. Aok, Bk oMl e sLIe
FE KT 18 h 3B & A AeDE R 7 91 i lacZ fl 4 3L A,
R IINAD-RNAREWE 7 70S I FEAR G R0R 5, NADIE
I A5 15 6 45 4 7 7 mRIN A P B 3 #2051, R,
NAD-RNA FIHE BEALE W], & BAAERIE R E 4
W, VAR AL IR AZ AR 0 ) 57 R A R R R

1.3.2 NAD' 15 1h e £ ¥y 3 8¢

I N N AD 7EAR I I A2 TR R 15 35 B e E B
EF, JRENZERAMARIT . B AR BE 3
K2, HTNAD 7E4H i # 5 EE M A 1, NAD-
RNA [ 3 5 125 5 A1 7T B8 52 2 A 55 A AR KB B 11 5%
Wi, KT AR K R, NAD-RNATE R 2 4 KB
S i S A KR H2 A5, e R RS 5
VIR & RO R P RS FR I BE AN L, JUNAD-RNA
K J R 2 2 N IR R R T K
o A REAS R 3R, NAD-RNA S &t &0 i
w1 ERE, PLEFIFEEABAIE T, #H2XmRNAK
NAD IME D, R A mRNAKE & 1 58 W 11 S X
ABAIRARY. XS E 5 i WINAD-RNA ) A 552 3
B, I WA i ) Az K AR IR .

1M % T NAD-RNA K AE P2 D RE R0t 55 B 8 7E9%
FH ARG NIEN. NAD-RNA S EAETA FH KR
LR T B I R 2 B A2 P B ) 33E 4717 7 1 2 R
BRI A B E AL, IEW] T NAD-RNATE I # 4
YRR TR R T AR DO, AR, £ T4 B
AR G K BT I b, NAD-RNAT] PUE R 5 T4
Wk ] A P R T — Tl R - A% M B % #2 i (ADP-ribosyltrans-
ferase, ADP-ART)ModB, F#&/MRN A% 7% 42 21 41 B 1%
PEAAEE A b, 58 R A B “RNAAL I FE, s g A
T EREHLRR L T —FhHeasCT i BT ADP-ART
YEF %, LINAD-RNA A S2IRNA 5 & A
R HEAEX A FE A A B . s, il xt
HIV- 1B G FI A G R 40 i AT 00 77 R B, NAD g 1)
TEAE RS T HIV-1FT A mRNA R E M, Tl £k
DXO i ME g R it — 5 B {ENAD-RNA [ 2 2 M 1T 55
HIV-VS G n, & BINAD g M HIV-112 4L B
A G E IR, eSS — RN 4 AT ER B RNA
119, NAD MBAE i ) b 5] 250 2 5 M 12 T 1) 40 i 25
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PEBY DL EFHE % B, NAD-RNAZE NG 3545 44 K H 30w
P Y RAE T EEAEH. EHTHINEE 7T
AT REB I BE, EHAE B A A=
R FE N BT FEORNIR AR R GE IR .

1.4 /&

H 20094ENAD" 2 5| L 84 i & 14 46 e LAk, #}
e FOGAUESE T X BB TE A YR N 1)) I AR AR
R R TNAD-RNAZE [ 7t B W bR, (BT
B KRB R Ak — PR R, (1) BTk
PEWLH: AP fel KR 5% ZEE BEAS R RN A L 7Y 5
B 74544, (1) BEEVLHSRBPLE: NAD-
RNAZEIEH A NIE B2 B2 5, L RA7E
B AR R () BN B PR e RN S
VAFEALE e B 2 o] R S M 1 VU S P 2 NAD-
RNA, LRI A 42 an o] $h 47 FL 2B 92 Th e 55 1) .
Bk FIRBTIANAD-RNASL, VIR IE ZAFEH
FAD, dpCoA, UDPGluc%sH Ath{E $L i &4, {H2
FEAM EENAD-RNARAK, H Al ms A5 R EF X sk
BRI EMERNA R S P A, 5 e AT N
b FEAFTE FE AL DL T E (AR A S T REEAT TR NI

2 mlAEHG

m°AZE HAZAEY) FmRNA _E 8 N E s
—. mOATERE A A I ARBENL, A2 W T A
KEE 7 5 U DRACHH (DR KA, GELT; RICEADL
G; HIREKA, CU), J+HAEK NN T K3 HERI1E
X (fe HAE 28 1L 2500 7 A 1)) 2 3 o 402,

mC A FF I A0 A1 A e WL S 2 P L b ) — A
I Ry, ORI AEYE R W, meA B £
A R B R A EE A A, SR EART
TR RAERE Maria ke, FI@irme AL
F DR IR R P L 2 e

2.1 mCARBH AL

Mo FKFRE, mARSGHRFEEBERE S
U AR R, A B L AR WA B 11 3 (methyltransfer-
ase-like protein 3, METTL3)FIH JE R BEFE & 14
(methyltransferase-like protein 14, METTL14) A% 041
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gy, BANEEE HABR B TR T, WilmsyR 1-AH G
fHH(Wilms’> tumor 1-associating protein, WTAP).
KIAA1429(tFRVIRMA). &% £ 8CCCHAL 13 (zinc fin-
ger CCCH-type containing 13, ZC3H13). CblJ& %5 [A
FE1(Cbl proto-oncogene like 1, CBLL1, tWFRHAKAT) A
RNAZE &1 [ 15(RBM15)MRNA%E A1 1158
(RBM15BYZBL ghdh, i Hph B AT (1 F 3 e 7
fitg, L35 H L 4 75 B A 25 9 16(methyltransferase-like
protein 16, MTTL16). H ¥ HEFEE 15(methyl-
transferase-like protein 5, METTLS)M1& 4% 8 CCHCHY
4(zinc finger CCHC-type containing 4, ZCCH4), 7 7l {#
th— e EF{ERNA(WU6 snRNA, 18S rRNAFI28S
rRNAZE) Em AR R0 imO A ) 25 ik 22 ZEAK
T2 AL G NG D7 BEREAE OG22 1 (fat mass  obesity-as-
sociated protein, FTO)F1AIkB [/]J & H 5(AlkB homolog
5, ALKBHS)f{I1E Fi R sg 744,

YN AFE — RIVBERE R R IR RS & 25 H
mlAFRICHIRNA F I ER (5], X 462K (38 1 5 M pre-
mRNABF0, HAZEY, Bt RNARE
Il miRNAA EECIZ AT, Tz 5 551
PRENEE R, KR S s 2450
R ARG ORI g e B AN P i R G e 0145
X2 E L () A BRI B A, R mO AME A e i
P25 A6 BB R AR SR 5 o Y 9T FH AR s R N ) B

2.2 meABHHRNAR) EE RN FEA

mOA ()00 25 11 B FL R P RN A JEE A 72 AN 7 A 40
REH R BTN, X R mO AR 2
B EAT SRR R E, L S2 R 0 R 555 1 B
A TR S L P FImO A, FEVR N AR R
AR R G AR BRURFL IS, R 7 T R R A
1) e i RS A I 3

22.1 ETmCAFKEN FHA

T LR m O A B A AT T O R R AR
MeRIP-seq(ELFFmCA-seq) Y, %751k ty T4 A fay 4
A B Ak, B H TR F mC A PR B
SRR, I REFRAE K Z1100~200 nt/r R FImCATE
Wifs 8. NRES PR, FFRENIIF R T 3T Hik/
RNAYCZ BRI B H AR, WPA-m°A-seq””, miCLIPE®,
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mCA-CLIPPY4 | e AR RS B I i it 2 A mO A
MRAL . AR, I HIL T R AT N X 4 B S
Ak B FE AL B SR A LB () mO A-LATC-seq " DA K 38 i %
T4kt (barcode) [X 73 18 A RNAFEA (ImCA-seq2 (&
4A)OU R, T PUARRIAG I T VR SR AT — L
SRR, WdriA BT E A S PR R LUK
Mg, DLRPUAT] e S HELRs E RNAJT 51 a4 14 4E
RS A A5, W B2 A B ARG 00 P HEAf 12

222 FRBTmCATR B N E A

IEAER, R 22 AN A mC AL A AR AR A
FFH K. B4, MAZTER-seq ) Flm6A-REF-seq/F|
FAMazF P )% 03 % 18 Bl 126 5 1 b 76 R FH AL I ACA
S AL UIEIRNA, AT S mO AME A A 4 AR PR I
Iy K. DART-seqifi il ¥ APOBEC i it = g
EmPAMYTHE Mtkat &, JEBE 3ik, AESziim®A
Bk i Q10T 7 pt ) LS W (C) it 22U I IS0 PR M E (U), - AT
X A K KRR 45 B 25 10 ng ORNA FImC A f7 45 33
AT HER % 7 (E14B)*Y. 1Ak, mPA-SEAL HImCA-label-
seq L KemPA-SAC-seq*1%5 7 i th mO A B S 417
B P9 FImC AR BRI 1B IR D 2. AR, X VE
5z 2R i N Z R & . B mAEF AR 781 L
S LS SR I AR B AR SR I 40, HHERNA
KL AmC AR IR E T —FoBr 0 B, S Rehs
T RNAZ T8 3 g0 oK LI 1 o 37 9 B AR A0 B 4210
BB IE S R T AImO ARSI B LB a5 A
AR HERERAK, I HXRNAR & ARG EE K
LAY

N T TE R Fh AT 2L A R S B (bisulfite) K6
DNA F AL (1 S hr i 100 7325, A FH A0V 2 8 10 %
BRI Y R B, FFR TR & RS RN
SRR N JGLORI(glyoxal and nitrite-mediated
deamination of unmethylated adenosine)¥iA. S
AR 1 RS (A 2 A LR (1), AR s i
T 5 JH (cytidine) B xt, 7800 7 i A% Hh A A &
(guanosine), TMHAEHEFIMCATRIFANAS, TSP 44
S 2 BB I 2 AR I m® A R 67 A5 AR A %o A
51i%771:2580, eTAM-seq(evolved TadA-assisted N°-
methyladenosine sequencing) KA T —FhiE A EEE S
N, T FH SE 0] 20 B P Z B Tad A .20 R K R
EHIARENT, [FIRESZEL T 4 mC AMB AL 2 f R v

SE I, KRR I A L s R R, A
Xof IR EE A R AT Fi 28 S B, TR L i % 7 A B S ALY R Y
T H s R HImCABAL &, R 50E
FARE BEmCABARAL o5 RS e 2 B (40). Rk, &1
PN H AT me AR F A A 22 B A
Bt e DA SAB A AORE H B 22 AR, RE A% ST B A
KV EmC AT A AB K 256 52

2.3 mCABHIRSHRERT S

mCAS 2 5 R DR B 55 T 1 T Oz 4k
T BRI, UTAE R TR RN T mOALE RS
Rt i % R ) SSBE . B U R B, AR L KT
., HEABM SRNA _FRImS A DU EAEH,
5 0K 251 5 DR 3R 0 1) 1 S i [ 8. — 5 TH], 48R B G
H3K36me3 &1, fef% 71 3 s d #2 R R i AE mRNA
ERImCAREME, WP RS A0, mCAtEE
gl i mCP A B Y THDC 178 St st it fE b 5] &
KDM3B % [ 4e 0 i EH3K9me2 41 2 (151, M
3 P ek ),

mC AN AE R R B s h R S AR, 65
YR R RS 4R L 4R B 0 DL R
DNAH BB YA, RSO H A gn i N 36w
TRNA _E I m® A G ] 8 $2 32 IR 41 8% 5 4 R0 3 IR
A, AT FE A 35 R Rk 1 43T WL

23.1 m°A & 5DNAHG# & 5 B A E %
EE

201 74F HIRF AT 1 URAB S T me AR 41 5 DNA
Bth 2 1Al 5Bk, &% IRmCAZEDN ARG A7 fi 48 B i
T HAZEDNA R A HE(Pol ) RIFEIERUY, JRaf st —
SR T m°ATER-loop A BRI M (I /E . R-loop
JEDNA-RNA 750U 5 5 4E DN A ZH %I — 4 25 14,
STDNAR #Il. BE R R AR e E e EE, — ),
mCABENEHER-loop B AR,  7ELEE it fE v, moATE T
FLBE 3 8 Y THDC 1@ 1 25k [R 4 s 26 1467 fU(TES) A
FEl[FR-loop E, MIMTEHEXRN2 A S 4% k. X
— I I T DEAD-box fi# ig i DD X2 1 % R-loop )i
A K& SMETTL3 P EIE A, LAk > DNA#, 4E5F
AL Ra e PE(EISA)TY. YTHDF2NIAE A 4245 %4
W2 5R-loopHI FEfi#, B 1ERNA-DNAZ A H (1)1
FERRR, AT E 4 R 356 R 21 A 1k T R A U7
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PUARBEAT G L UTTE, T A me A KIRNA. 2 J5 S REAH £ — A SCPEEAT 20 T Hm°A s 4R 10 X 45, B: DART-
seq: FIFJAPOBEC1-YTHf# & 25 11, Hm AR 40T 16 i U BE, FERNA L CAR UL 75 F5K i & B 1 1 41 h S EXRNA
J&, R AR SCRE SR, B 85 ACE AUBSE 40 FAH U I mO AL 5 C: BB B 4 0 5 &2 R AL 2% B 7 V0o A TG AR
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Figure 4 High-throughput sequencing technologies for detecting m*A modification. A: m°A-seq2 based on antibody enrichment: different samples
are barcode-labeled and then mixed. m°A antibody is used for immunoprecipitation to capture RNA with m°A modifications. Afterward, next-
generation sequencing libraries are constructed and analyzed to identify m®A-enriched regions; B: DART-seq: the APOBECI-YTH fusion protein
catalyzes deamination near the m°A modification site, converting C to U on RNA. RNA is extracted from cells expressing the fusion protein, followed
by second-generation sequencing library construction. The m°A sites are identified through the AC to AU base conversion events; C: single-base
absolute quantification: chemical or enzymatic methods convert A to I, which is then reverse-transcribed and recognized as G. The absolute
quantification of single-base sites is achieved by statistically determining the proportion of A at specific positions
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A: R-loop-DDX21-METTL3 /511

ﬁg'u DFREAE FIRE R T SR AL T T K SR C. NI BT A Gt A FRNA. Lm®A FSEAL T (385 € B FF ORI
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Figure 5 Mechanisms of m°A modification and modification enzymes in regulating gene expression, genome integrity, and chromatin state. A: R-
loop-DDX21-METTL3-mediated m*A co-transcriptional modification regulates transcription termination, ensuring gene function and stability; B
m®A-modified centromeric RNA stabilizes CENPA to regulate centromere homeostasis during the S-phase of cancer cells, providing potential
strategies for targeted cancer therapy; C: downregulation of m®A methylation on chromatin-associated RNA in mouse embryonic stem cells promotes
chromatin opening and transcription of downstream genes; D: YTHDC]1 recognizes m*A modifications on retrotransposons, establishing H3K9me3
and transcriptional repression; E: METTL14 directly recognizes H3K27me3 in an m*A-independent manner and recruits KDM6B for demethylation,
regulating stemness maintenance and differentiation in mouse embryonic stem cells
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k. 4N, YTHDC2REWS 45 A5 me AE i PHERV-H RNA,
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SmC, 4 FrHI BRSO
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Y I HOT LR R FRIED #— B T meARL
KSR AT R L TR R .
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Regulation of gene expression is a crucial means to influence the growth and development of both plants and animals. RNA
modifications, which result in various epitranscriptomes, affect gene expression by subtly regulating the destiny of RNA molecules
without altering the genetic sequence information, and are implicated in every stage of an RNA’s lifetime, such as synthesis, transport,
turnover, and decay. This review thoroughly encapsulates the latest advances over the past five years concerning noncanonical 5’ caps
(such as NAD") and internal modifications (m°A, m°C, ¥, m'A, m°Am) on RNA. It explores their regulatory mechanisms, detection
methods, molecular mechanisms, biological activities, and prospective future research directions. This article examines the potential
applications of RNA modification in improving crop varieties and in the diagnosis, treatment, and prevention of human diseases,
given their increasingly significant involvement in cellular processes and physiological regulation. The review highlights the potential
breakthroughs in the investigation of novel modifications, including RNA glycosylation, regarding their mechanisms and roles.
Comprehensive studies on novel RNA modifications and their functions, coupled with advances in sequencing technologies, are
anticipated to significantly enhance the use of RNA modifications in disease therapy and bioengineering.

RNA, chemical modifications, noncanonical caps, internal modifications, regulation mechanism, detection methods, biological
function
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