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Abstract

a long time, lariat RNAs were considered as non-functional splicing by-products. They are specifically recognized

Lariat RNAs are intrinsic products derived from excised introns during pre-mRNA splicing. For

by DBRI, the sole cellular debranching enzyme, which hydrolyzes their 2°-5° phosphodiester linkage, followed
by rapid degradation by exonucleases. Complete loss-of-function of DBRI1 results in global accumulation of lariat
RNAs and embryonic lethality in both animals and plants. Cumulative evidence indicates that a subset of lariat
RNAs in animals and plants can escape DBR1-dependent debranching and degradation, stably accumulating in
cells and participating in diverse physiological and pathological processes. This review systematically summarizes
the structural features, substrate-recognition specificity of DBR1 and regulatory modes mediated by its interacting
proteins, and outlines state-of-the-art techniques for genome-wide identification of lariat RNAs. Multiple biological
roles of lariat RNAs in post-transcriptional regulation are highlighted: serving as precursors for ncRNAs (non-coding
RNAs), cis-activating host gene transcription, sustaining spliceosome recycling and splicing fidelity, and acting
as molecular sponges or scaffolds to modulate the homeostasis of binding proteins and small RNAs. Based on the
“kinetic competition model”, DBR1-catalyzed debranching and nucleocytoplasmic trafficking of lariat RNAs are
further discussed with respect to their co-modulation of cellular homeostasis and pathological processes, including
neurodegenerative disorders, viral pathogenesis and stress responses. As a class of housekeeping-like ncRNAs, de-
ciphering the metabolism and functional regulation of lariat RNAs helps deepen understanding of gene-expression

plasticity, and provides new perspectives for comprehending general biological properties of lariat-derived ncRNAs

and exploring potential RNA-based therapeutic targets.
Keywords

FEFAZEW v, 3 DR 3R A A R 28 4 A T i
PRAE {8 RN A (pre-mRNA)F5 £ HL e 5 A8 5 A Tk
FEo FRZZEW)HE DN FLAT W L K] (split gene)
MISERIRAE , Hegmhd 7 51 (O 1) B ARG i P 41 (A
)b, 7E pre-mRNAB B R, 4 1
DIBRIF LUKy 7 00 2°-5 i R — I B 70 S 45 1 T 20ORE
T, A2 BB R RNA(lariat RNAs)P, T4k 2 3
ZAEMRER B EA NG T, BRRNATEM A KA
5 A mRNA B EE/RAE R0, HR I AR = i
Feol Smsh st Z . B, BERRNAKACEZ
FLAZ A A 2 B O R R RNAJTT & 4% (RNA qual-
ity control, RQO)IXf 2 —.

K LAR, B3R RNARH w40 0y 845 fe B s e
DRERIE TR (EIEH WABRRE T, HAC
R 5 AR T HAZ AV T E— I RNASE 70 SO
1(RNA debranching enzyme 1, DBR1)". DBRIfEH
RF 5 PR U I K B R RNAG SCAL R 2°-5 B IR
“FatE, BEREANEENE T, BEEESNIE
PROEFEME . DBRIZHAEM 7 A & FEEZR RNA
Rt RN, HRBSEYIEREI, RrER
RNA M IEH B B3 S BAFIE A R . AR, 3
FEORBE A i Y BOR AR A S A B e A

lariat RNAs; DBR1; debranching; RNA splicing; non-coding RNA

E KR, X —2 a0k T H KR AE 3
LB, REWT RIS — &7 ER RNAREN
W%k DBRIS T 1 £ 70 SCREME, 72N R 5 HAS 2
AR . FREAAE N E R RNAAMUATE AR g hy
RNA(non-coding RNA, ncRNA)ATAA, i fig 18 i i =
WG TR . AR BTRARIEIR, DR o)
FHFAR" BT3B B 5/ DRNATES, £
B S B K A 4R IR AT 0 S AR Bk
P L L 2 4E ) R 4% T REP

TERNE R B ARG RNAR 2 ML A PR AT
ERRNAKACEH 5 DI RE RIS, AR KR
FATOTHEGw S RNARIA SN, 5 n] Ayt — A% HAZ R
W3 R B 1 AT B AR SR AL A . A SOR S8
B R RNAMACHH % S AR 2 Th e B TT R 4t 45
W H M ER RNAKAE LS DBRI AL S
FHIE R EAREA; RS ERRNASEH AR
T B X E 5N E R TR ; TR SEITRR
B R RNATERE 5% S 55 5 7K1 1) 2 4EDh Re dIL 5
B G HET B ) SR, IR DBRIA S HE
ZRNAZ 7 X 5B R RNAR IS i oo 4 i fa A5 1)
A, I A% U IR I B0 R AR R 5 Y A VR
7R .
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1 EZRNAKER

TE B T FLAZ AR W L R R I8 BB S B T —
7 R A B N s i R a1 I
R mRNA, W R 1 R IR AL 13X — k)
ZZ . 19774 Sir Richard John Roberts 1A AN Phillip
Allen Sharp 4] BA PV I mRNA 5 H DNARHR A
SEI AT T BURFR ) R-loop 25 14 » 1% 4510 S gL R ) =
FERZ IR, B mRNA S [F]JF DNA B A
DNA/RNAZ & XUE LUK — 2% 120 ) B DNA KA Ao

JE TR I, 4R 2R A AR R
FWrZLFEL, 41T T (expressed region, exon) il A &
F (intervening sequence, intron)3Z &% (KA1 ANid
SRR A LSRR, LAR B 7RNA . rRNA %Y
FERIANE T2 . W N 4 s 4 il pre-mRNA, 75
T BN BT S N 2B N & TRk B N TR
SKITH, A T yESA . B RS S AR
IR AHE B — mRNAFTR AT IR BN R BT A7 2 kA2
A AF B FZ (alternative splicing, AS), ;74 £ FimRNAAF
A, TR AT 21 2 5 RV S A A

W& TR BT XN ZE Rl 4 N IR A &
T TSN &1 B R B A (LAY 9 &7 P AR
W 58T AN 2R, AN S s
RNARIZER | NS B0 A RHAE 5 BT 2 ML A7
EREX . NS 7 FEEN0Am T 1A B AR
My AR, RS A YRR RN AT R, (R /D & A7
FE T2 TR 5 Wk B AR ()30 70 B DR v TS N 35 - 22 08 AL
T RS RAR SAEYIH AR B B P 5 . RS T
BANETHRETARIEMNANS T, LR REER
PR H B BN FEMBcE2 S, TEKEA
SRR TS R, Rin] B =TI N & +)F
H ARSI T, T8 ARNA BN T

BRI & T A AR A A A pre-mRNA
W& TR, SATENE TAFRRRE, ZEKNE T
TV H F AR E A T B R Ew, B FE At
WO B F A B PR A Sl B A g e . BT AR R — M
AR TEEY, RUHBITH A UL U2, U4,
U5, U6 TuM/IMZIZ i & UKL (small nuclear ri-
bonucleoprotein particle, snRNP), &EFf snRNPJ ¥
A EESE S IRERN /N7 T RNA(snRNA)Z
LGN, ST 1% N pre-mRNAKE #E BY B2 4% 0 D g
ZEN . BIFRARAY S pre-mRNABY e F2 = A 1P,
ERRE G WP IE SR B R SR, AR IR SE R S

RS AMNE FEE RN . G, Ul snRNPiR A 58
247 5.5’ splicing site, 5'SS), BYFE[A FSF1456 N &
43 3 A (branch point, BP), [A] B U245 B A - (U2
snRNP auxiliary factor, U2AF) 1M 2 JEBENE [X 538
F&47 /5. (3 splicing site, 3'SS), LR KA IAE SW
(E complex). BJ5, U2 snRNPZ; & BPIfiE— 4 5%
U4/U6-U5 =1k snRNP, 214 R B 5 2 3% il 2 % i
AIE VR AT Ak . R B S — P N,
AT BPAL S AZ T FR 1 2 OH R A il 5'SSHI iR —
P, T2 -5 IR — MR T AR B RIRGE; BB
AN, RIS B AR E T 3'OHBERC R i 3'SS
IR —BREE, ¥ RIS T HHEEE R, T U
ImRNA, 55 N & 78 ZRNA(lariat RNAs)FE
RE1TFIE I,

2 DBRIfT &
Thie 54
2.1 DBRIZNSEZRRNALS TR K 5EEE
EZRRNAT 19844 R I pre-mRNA BT 44 (]
R4, T ME— 11 518 2 RNA 2543 32 1) DBR 1 b
Ja AR E S E W, 19914, WF 504 I H 2 a2
B} (Saccharomyces cerevisiae) AT AL Tk, T 1
PERII RS e T Ty s Ty3%eEIfE I e, DBRI
FERE LB T B R e ¥, SRR SR, 2N 5F
BT B dbr | 557 Jk (K AR (1) Ty 1A Ty 3 701 4 R AL
A AR B E T, L RIESL, ZEH
FEEAL B B D e R ST 1 A IR R 8 i i3k N 2RI
B B HIV-1H | U2, )R DBR1Z 58 1
(transposable element, TE)%% F& A1 HIV-1& il AL
AN 2E, (HIX L IR | DBR1Z 421 % 5% ot
S YER CEE R 72— bk, BT SRR R A
A A X A EeAR )N, DBRIFZhREXS HAK K&
BIFAEL R AR, FEN S TP 515 EE£920% 0 24510
B} (Schizosaccharomyces pombe)+ , dbri1#i475 X
AR I 7™ F ) A Kk A ik Fa R A0
AN, R I AN, dbrl 246G TG LR
R R AR EE R A U8, [E R, R CRISPR-
Cas9BE PR g B HEAAE N G0 A4 82 1) dbr 1 6 LR
D AN ik &R, R B3 A K S A7 TG
Fa R A U0, Il PRAF 72K B, DBRI1ZhRE4R 75t 2 5
R i e (AR B M a8 A M 2 R M S 5 R R (I
PRI ) L2 o 3 25 Fili 98 R BUOE 4 2 R e ik

RERNAEX T2 1LY
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Step 11

[ 5’ exon I 3’ exon ]

Mature mRNA

Lariat RNA

Pre-mRNAZE W H5 3% B0 16 S 4 BT 46 9 A mRNA, 7 7= A 6 275 B R IR EE K N &% F B ZRRNA.

Pre-mRNA undergoes splicing into mature mRNA via two consecutive transesterification reactions, concomitantly releasing intron lariat RNAs contain-

ing a 2°-5° phosphodiester bond.

Bl A& FEZRRNAWE IS RERESE STHK[10]2504)
Fig.1 The biogenesis of intron lariat RNAs (adapted from the reference [10])

F1 EZJLMRNAFBIEEH 5ERFFIELLE
Table 1 Structural and linkage features of different RNA species

RE RHIE BIR R /3T R ]
Type Characteristics Phosphodiester bond type/linkage Schematic
Linear ssRNA (single- A single ribonucleotide chain with free 5’ All 3°-5” phosphodiester bonds (linear back- —~——
stranded RNA) and 3’ ends bone)
Linear dsRNA (double- Two complementary RNA strands base- Standard 3°-5° phosphodiester bonds (each
stranded RNA) pair to form a double helix strand linear); the two strands are held together M
by hydrogen bonds
Lariat RNAs A circular “lariat” body with a free 3’ tail, =~ A unique 2’-5’ phosphodiester bond at the /O
resembling a lasso branch point; the remaining bonds are 3°-5’
phosphodiester bonds
circRNA A covalently closed circular molecule with ~ All 3°-5’ phosphodiester bonds; the 5" and 3’
(circular RNA) no free 5'or 3’ ends ends are covalently joined O

U R DBRITHREGR K T A R Ah R L H
S R BN i R 58 4 W, (5 H A R
IWNIX 5 I R AL P 3 1 2R DR o L D) A
K PRI RN L) 2.5% B R A N B, TR
FE IR IZ LB T 2 2920%; AHELZ R, . /N
Lo NS 25 HAZ A L 70% 0 56 RS AT N
To DBRIFHEAEEMSEN T ZAAE, KA SFER

RNA %70 32 (1 D BEAE PR 8] a1 BE OR 5 —— g I
/N B ZR [1) DBR 133 it 56 42 Pk R AL I BF dbr 1 5%

EGES T
S DBRITAESk 5% £ 5| RISHBOE,

DRl ke DASR 15 DBR 1464 i B SR AGAAR, X B 1 7544
W= T BT 78 DBR1 %8 2R RNAACEH 7 1 Bl .
Mo I DBR1A $ & R RNA £ 4 S IR 50 £ 2
A P B} A 25 2 W) dbr 1 5235 4 5 4K B SI2 565
Northern blot5 8 ZRNAM 725 R R, W& T
P2 E 8 R RNATE dbr 1 AR .38 B, AR A1
TS0 MR F N T4 B A 2°-5 R — BR S 0 Y I
RNAJEY, #aDBR1 Y 2543 3 A AL i PR 24,

bt 5 AH DS 9T 1B 2B IR N, DBRITE (3 55 HA%
A B R RNA 5 30N IR 8 AL 24 30E 4 A
WreE s . fEAUFE I F AR £, 15 (ethy]l methanesul-
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fonate, EMS)i% 4% fiii 1% miRNA A i 5l TN e 57 i 9848
R R R, SRAS — RN B SR H B 2
KB G dbrl-285RAZNK . 1ZTEARRILIN H 2%
BRZI . W A TR S B SR PR SE 2 R K
B R, METH AR, dbrl-2R72 4k
NZ510%MERRNAKR A B35 R, I, Fair-
brothersE 46 % NS DA | W] 1E 5 A7 35 ) dbr 1R
TUHEK-293THH 5, JFAE A R ALK )2 e sk
DBR 1 V& 7 2% B AT 3 B4 M 4 K EE R RNA
FR. B H AT DBR1M I 2810 8% 5% % )i 1 JRE 3
It FERRNA LS S D Re AL A 78505
%, (HU AU R, DBRIENIHIE BEZAEDE
Z RNAACHI I B 7, X =y 55 EAZ AR I IR R
Es S AR B B REE,
2.2 DBRINMSERRNAXS Z&MMAE LS
FIFFIE

DBR & F R R A L 2% 7™ b 1R 45 10 05 S 12k
WA 243 SO IE SEIIE S, B KR E R
RNAZF AT s AR 2°-5° TR iR, HLAE A0S AR
HWAHAR2°-5"5 37 -5 B IR HR L R AA7E . IX P
b 5 B AR AE U8 B, 73 32 RN AJHRURE I 25 1] 45 1)
72 DBRI1SZHLR UM (A% 0ot . AN, 24903
7 R A B (A)B, DBRUEMAR B Em TS
1 (G)s JRE (U)5 M (O)F, $/RlEE O s
JHRPEE A Bk 5 i A R S AH BLAE ] . DBRI1EE 2 H
N- ity 46 J 1ol IR e g 425 44 42 (metallophosphoesterase,
MPE)-5 C-¥iij 45 #J38, (C-terminal domain, CTD)#J i,
(EI2A). N-3ii MPEZE A4 801 5 ) M Ak o v BE AR 5,
5 HK R — Ees % O ThREARILE . 52
FHIZ, C-3ii ¥ BIAEAS R B 34 & 57, 30 1%
X 35k v] e L £ The S s vk o n AR 1 C - X I AE —
ey ih o B A% E A5 5 (nuclear localization
signal, NLS), 4% & H W00 A5; AJR. HE S5
) DBR1BEMS KA F B k% ot 7 42 2520200, 1 ) oK 22 )R
H (Entamoeba histolytica) DBR1(ERDBR1) 7 % 5E fif
TIN5 B IR AR S ) V40 i AR AR R
B, C-uiig bR SCPE % OiEAL DR, I8 e B T RE .

MPEZ ki F 4K 5 = B OR °F (¥ GNHD/E%: /7
SiaX &R ST, HRTE A O IR AR B
Peo S5HAEM)F ISt R, DBR1Y4) X RNAJEY)
Z )i 2 8 21 E R 7S al A 500 (B12B). 4y
SCRNA-ERDBRIE G4 M RRER B, His91 %% 8]

P GIE R 2°-5 W IR — B S (R /K A 25 00 SOROBE 5 TR
i 5 e 970 S U AIF S 1% ik 2 4E FF DBR 1A N AMiE
PRI T ) S A gl 21232432351 DBR A R AL AR JE
(Lys59/Tyr64/Asp205/Met23 1) A] il i 4% [8] £ RN,
B RNA S ST 48 8 78 0% MPEVEPE At . 540
AL O I E R PR X 38 (1ariat recognition loop,
LRL; 13015817 28 FE[2 ) #4) B AN RS 77 1) (1) 3
A Lys134.5 i) 30 55 i £ iS5 , Phel36
55 His 1565 BhAg & HEFVE F DA A A R 1 2240 AR F
Fo g 3 R o AL ALY : 2°- %97 5 3
2 A I HEAR s SR B AR B ROE AR, HE
BN o3 SO IR B L IF RN Tyr645 His156 7
n-nfERRIESZ A5 . RNAZ SCIX K B 224 R BB
5 MPESS #4353 [ 7 % L AR, {8 DBR1BERE X
IR 30-5 IR BREE I RNA, AR 51751
SR AL R B TRARSRIG R B ik S
SERI IO (UNLRLER R . Cys145E £18 ) Al 58 4 B
DBRI IR 2250 i, UEHIX S0 A 2 5 )R
PR i 2

BT A5 MPE 5% 15 B 350 (0 0 4 J8 25 11 v it IR
T3 1 DBR 1A A 90U 25 T (di-Min® )i o
O B2 AT SR AN A 7, DBRIAEAE— AL HFAE
PEZE S RS2 R (Cys) iR LB T HAh MPE SR
A B 3 A7 E 1) R 4 2 BR (Asp). % B ety
TE BRSE [ Zn® -CysPC A, fR3 4RI Fe 4 K 7 A
AL 21235 ERDbr1 i A 25 44 5 BRI % 5 ScDbr 1
A4l SEG 5 L FRIER , Mn?, Fe*'. Zn* =248
BT P A 4% DBR AL ZR RNA L5 SR I
e
2.3 DBRIE{EEAMMREIER

RSB CAESZ DBR1 157/ SR RNAF
220 B, A DBRIFEAM N Ui A S 6 B R
RNAM 7 FHLEA A B — Bt CaE R
7Ix , DEXD/H-box 5 % P # RN A ERE Prp22-5 Prp4343
2 5 B mRNAFIE 2% RNA RO FE P, Prp43
MR EE RNAMRH I ATPRRE IS 1, 75 BY 4 I S 58 B fE
BRI S , N FERRNARK P, fEEERE A
Fh, 1 3Rk ATPRG D) Bk i 5 A8 & Prp43 T123AW]
FEAE R SURON, IR AR A . AT IR
A R mRNA M BT AR RE I3, {HBE % 2 2 FH
Wiy & FEZRRNARIL. B RNA F7E Prp43
T123AMH A FI B 2 G+ i) , DBRIJGIE AR K
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(A)

MPE (metallophosphoesterase)

CTD (C-terminal domain

3" tail of lariat

(B) % ) i
6)_3N\ N o, O
N N
[6]

Phel3
A oH )p’ His156
0 / Lys63
3'armof O o Jys5gF Y
branchpoint o ,0 L il
Lys134 N7 ot
3.5 S 20
phosphodiester ____ S % :
linkage g Ne o 0ZN—0~p-0

Bbase stacl:iﬁg

- N, i
A5 sy
Gly20r=*N 0 \Q?/\O
Me3l o™

2" arm of

branchpoint :,P;O».,\
d g

S e 2
gf%.(l: Hiso [ His o224
H ~

5

f=l

K
SNETUNH,
j=8

2°-5 phosph(:')diester linkage
A: DBRIE [ 45 M350 i s i B, MPE: &R IR IR 45 M3, CTD: C-im 45 938, B: EADBRI1SSHE Z L FRIE L 5 70 ST RNAS» AL i AR LA
FREE . fRpikEm it 2 85 7 E 4 E 7> STRNAE 22, AT SEBint H2-5 B RR — s 5 14 S e R sl 5 26 Ak o

A: schematic domain organization of DBR1 protein; MPE: metallophosphoesterase; CTD: C-terminal domain; B: schematic representation of interac-

tions between key amino acid residues of EhDBR1 and the lariat RNA branchpoint. Conserved residues anchor the lariat RNA backbone through mul-

tiple intermolecular forces, thereby enabling specific recognition and linearization of its 2°-5 phosphodiester bond.
El2 FKERHEDBRIF A ALEMFHERIESE SCHK[23-24] 205R)
Fig.2 Biochemical and structural features of EADBRI1 (adapted from references [23-24])

Y, BRI B R RNA LS W, FRiESE
F W, Prp43 /1 FHIE R RNAIRBUE DBR 1K H 5%
BERRNA L LI R DL ZERT 42 .

DBRI A2 HRF 7 1 1R 1) 73 > RNASE K4 Ff: b 2%
IR, ST E R RNAC AL Ol Y, HEm)
DBRI1 J) g SE P 75 2 H A RNASE 58 (1 (RNA bind-
ing protein, RBP) A2 55, DA% R R 7
PEBEAG R . AT IAB TR, 456 40 SN B
[ RNAZE &8 H AQRH /13 DBRIFA S £ N & 145
& 5 &K (intron-binding complex, IBC); AQRIfjRE
R TAFK A REL I 5 DBRIF 40tk Rh B &
RNA K& RN ER . 4% DBRIB/EE AR
i TAEE— 0 %58 AR IR0 82 FIDRN, %k
H Al 5DBRI145 &, HIEE S AN R4IF S 5ER
RNAARHHEE . SR 1T DRNTRSAR B R B A 3 B A
ERXRNARMRN, JHHXERRNAR G
YEFAEX G PR, M v 2 iR, B &
Jifi %% 1) SIC(SICKLE) £ [ ] B2 5 DBR1 HAE, {12
HERRNARY . S P ia 175 5 SIC K A W —AH 73

=, ¥ DBR14A 55 2 SIBUMURL (stress granule); DBR1
VA E A7 A R EUE R RNA WY B AR, FF i i
IR R P O PR e 5, e 3R TR AT 74
PR bR, N R GH BB 7T R ISIC I IR [F] U5
£ [ TTDN 1 (trichothiodystrophy non-photosensitive
DFFERER 454 DBR1. TTDN Lifiid MPLKIPZ: 1)
W B 454 DBR1, H N-ig N 7E TG X480 17 93
NEFEEEEIRIBCHAEY, @ik SICE.TTDNI
BIay =4 5 dbr ] RAZAR KA EZR RNA RHELA,
UER] & I BE VB DBR 158 O 2 RNAR %73 3¢
Fefid f2 . t— DA SIS WoR , DBRIBESS 4L HF
TTDN1 [ € 1 ; 1 TTDN1ZE A DBRK Y
R HTHE T, AR DBR AL AR IR T 19F57),
T A 3 1) — TR 9T 30 ALBA (acetylation
lowers binding affinity) %% & [ 7] 5 DBR1AH EAE
Mo —7J71, ALBAS F# I C-ui RS 2R —H 2 iR
& 3L [y (arginine-glycine-glycine/arginine-glycine
rich sequence, RGG/RG-rich motif)%5 A& ZRNA, 1
SRDBR15 RV S5 G 68 /7, 53— J7 K SEN-I5 45 14
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B4 4IRS DBR1, $27F 3 20 SCBES , Il E R
RNAFEf# . ARIEM I8 B2 %8 55 ALBAL DBR1MAH
HAEF, I 51 &K EZRNAR R, BT 306074 00 5
FEPREEF W, X — R 5 DBRIBAEE A KL EM T
7843 Ui B DBRIAT 3 (18 2% RNA 2 43 32 72 75 B4l
725, R E RRNA ) 5 57

3 ERXRNAMEEMRIHRE
3.1 BEHFELEEENMIAEZRNA

RGN N, B R RNAME pre-mRNABS %
IERERIEIF Y, 72 HIDBRIAY 512570 30 S R i
INT IR BEAh, R RNARRER I 5 S2 45 M43
SR 0 LAE Ik R R A R R S e R R A (1)
ARy G, F, @S BEMENER
FVEIR IR RNAKE 8 T79, SHRN AT LA A
VR AR EEE L.

BT M RNAE BRI SR RNA 73 (]
P RAFHEAR R 25 7 —— B R RNA R AE 5 A7 A Ak
ETERLE 2°-5 W R — a5 1) 70 S &5 W R ILERIR
A, HIERE S5 T B REK R LT
RNA 3R] o 3 P 45 A4 4R 1 i I 75 A8 P S F
KB TR TR U T B e s K R R I R S 2
P RNASALE &3 X ), A Z 55 PE 0] JE IS Northern
blot %5 T Bt H kA7 48 % 5w B0, A, b i 5%
PCR(RT-PCR) %) 72 H T E R RNAI S & : FET
T S BB AR CRARAE L RE R R N 2°-5 W R T
SEITRFIE, AR ORI v — %5 5 171 514, 3
i I 2 7] PCREEAR SEHIN B R RNA KR 1t 16 5
R INC  (EIX e 4t 5 vk R e S B b s 7 A AR
32 SEENFAEERATCELEEERRNA

B 5B R RNABF TR, A5 FH AE (S
BEFRAESENAEENE S PHER
RNA. % Tkl B A I B R RNAK 2’ -5 B R
CEREE RN, S A E B RN T S AWE B
TR AR H %558 NS TERRNAKZ O FB.
Taggart® P g Je il S e AL E R LA N & 1 X
W AR BBy SCAL U reads(intronic
BSJ reads/lariat reads), SEHL X S'BYEEA A5 (5'SS) 5 4
AL A (BP) G AL 0E , N EZR RNAMHFLBE [
it (BI3A). 7ESEIGEH, nik— bR 3°-5 %K
AN RNase RALFLS RNA . iZBERE o R PR 1
RNA(ELFEmRNA. rRNA%E), (HICIEREfR & 2-5

T2 a5 1) S PRG54 (B ZRRNA AFAIRRNA, A
MSEIEZERNA SIIRRNA R 45, [,
il RNase R 5RNA LRSS E £ E R KT
MUIRRNA, 456 il &7 il 225 52 7T E R RNAK
58 IR R 5 R,

SR, 304 SR BEAE 73 ST i 73 AR I I R
55, FEOAT R TR S R, G0 T Al A
SEw e IRAZIM AN . 5, @it CIPAI RppH 2 B FR AL
fitg & 5°-3 %R A NI XRN-11H46IE FR 2k 1 RNA, £
FE R RNA; R H 54 DBR 1S L2 Ak 5 44 7
fe il I SO B LIT-seq(lariat termini sequenc-
ing)-5 Branch-seq i A (&1 3B)¥, IX UL vL B Mg il
R 5 35— R LN T 5'SS AT 3'SS [ reads,
M SEIER RNARSIASE E . AL, HLHERER
RNAIJ¥> (co-transcriptional lariat sequencing, CoLa-
seq)FI FH 1 4% K BRAE B R RNA 2°-5" 40 AL RO K
AR RRE , AT RS E B R RNA 4 SRR
(E3B)™,

M e 8 Sy BT B A K, Taggart
5 Fairbrother ™ JF /< [¥] ShapeShifter T.H , AJ 3Ty &
TP reads 78 RS 2 € B EMFAERNE
ZRNA(KI3C). #0284 RNA-seqidii Rt
RNase RACFH H. 5 52 P& 1 B T 3055 In) A, 7R i
I3 SCAL EEREE B A BRI RERIRIX IS (Toop re-
gion, 5'SS-BP)5 & [X 15 (tail region, BP-3'SS); X} Tk
Z 53 SR RN 5, BRIN DL 3 BT 5 3545 26
PAZ T RAE 5 SR R PO 4062 Il It 15 8 B % RNA
PR IX 35k / 255X 35K (loop region/tail region) ¥l T reads
tufE =2, Hidid N5 -Floop regionit 15 2 fJFPKM =
U A =5 PR bR, Wi AR EFEEMER
RNA(KI3D). 12005 A 5E S i E 4R T 1 4 E R,
RN ERRNARACSIE AR A | AT SE S5,

4 EERNAKIEYHINEEAERHLE]

B 25 = R R R B S A s RS
Wik 5E 3, BS YR FUAS W IE 5236 70 B 2% RNA
e EAR N RE T HAR S A . X—RIFTHE T8
R RNADCH BT BRI P~ AL Gl s, ARzl 7%t
HAYFE IR MR TE, FERR NI 78 3 A 3R F AL
B8 5E 7 H LR 266367,

4.1 EZRNAEAERMINMILAAncRNA

EIEFAIIRE T, ERZRNAH DBR1ZE 73
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(A) (B) LIT-seq, Branch-seq CoLa-seq

Junction reads detection Q/ Q

DBR1 J, L
3 adaptorl}gatlon
1’ 3 adaptdlr ligation Q

Alignment ™ J,

5" exon 3" exon

Alignment ‘l’

- .
BP-3'SS

BP

© (D)

ShapeShifter Self-customized pipeline

Identify lariat shape

Alignment
>/ />
| Loop }-Tail -|
5" exon 3" exon BP
BP Enrichment coefficient (FPKMIOOP/FPKMM)Z 2

Az 55 ST fHreads# U (junction reads detection), 1| F 18 % S HUES 43 SO A7 A RS 57 14 %2 4827 1l Gunction reads), A5 2 A ZRNAMSBY
B 5.(5'SS) 5 4 S A s (BP). B: F 2 43 3¢ UK it b i 1 U 7 4 AR (LIT-seq/Branch-seq), I fi 41 DBR 14 25 ZRNAZL AL 5 2, Bl it
KU IRBA B4 5 3RIBP A 3'SS I B, S B R AU M Bl s i . C: B0 78 26 )3 (M 45 49 12 (ShapeShifter), #R3RNA-seq 54/ 7 P
BT IX 3 T reads 7 75 TR ASRHE, WAEM RIIERRNAMH TS EH e &, D: 5T X idreads® FE LU AH F F 4 I 2 (sel f-customized pipeline),
KRS F o NEZRNAIR X (loop region: 5'SS-BP)L5 £ ZRNAE#[X (tail region: BP-3'SS), il i 15 5 X 4 [ reads 2 /% LU AH M AU iE fa e &
ZRNA.

A: junction reads detection, precise localization of the 5'SS (5’ splice site) and BP (branch point) of lariat RNAs using reverse transcriptase to read spe-
cific junction reads spanning the branchpoint. B: debranching- or terminal tagging-based sequencing (LIT-seq/Branch-seq), linearization of lariat RNAs
using recombinant DBR1 prior to library construction, or direct sequencing of BP-to-3'SS fragments via terminal capture techniques to efficiently iden-
tify lariat termini. C: coverage profile-based shape analysis (ShapeShifter), identification and quantification of stably accumulated lariat RNAs based on
the coverage profile and shape characteristics of intronic sequencing reads in RNA-seq data. D: region reads density ratio-based pipeline (self-customized
pipeline), division of introns into loop region (5'SS-BP) and tail region (BP-3'SS) regions, followed by calculating the reads density ratio between the
two regions to efficiently screen for stable lariat RNAs.

E3 EZRRNADEFELTE SN0 SIE SN F R RESE TH26,52,57-60,62]204)
Fig.3 High-throughput sequencing strategies for genome-wide identification and detection of lariat RNAs
(adapted from references [26,52,57-60,62])

SIS, SIGERMIZIREE . ARTBOREE A R4 1N, BBA, NS FERRNARR A
ZHEFCIESE, DBRIT FHIERRNAL P SOHFARL A4 miRNA(microRNA)AE W) 4E Bl #5 1) 5 2220 p

YER RNAFEIERR I RTIR P IR, 2 MANE K
U neRNARVAED A it 7, IR T &R
RNACHH A AV 7 D RE (Bl 4A). X T34 box
C/Dubox H/ACATRSFHFFHIN & T, £ DBR1ESy
S BIZRPEN &1 RNA, nlilid 45 6% A=/ 1%
P & 1 5 AW (small nucleolar ribonucleoprotein,
snoRNP)HLAH AN U] B B A , 328 1100 T A A% A=
/N3 FRNA(small nucleolar RNA, snoRNA), HARTEH
Vb snoRNARAE A oy HoAthi& 42, {H DBRIA &
)25 73 OB IR HAZ AE PN & 1 RV snoRNA ) &

oy, Hom T EBEAFEN K% OERGL: £LHERR
| S SR H ) 2% miRNA (pri-miRNA) I E &
RNA% DBRI1Z%4) 3 Ja BRI A&, Bl 5 3E NS
% H 2 miRNA N T8 B 52 B U7, i 78 e
2t Mimirtron miRNAIE A, 1 TidFE 52 SR E R
RNA 22933, RN & T4 T HET &
R A 45 M (R T A miRNA (pre-miRNA), M T ik
DroshafJ VI E20 18, 1%18 M5 FAZ A T B 3k
RS 7374 SRTTT mirtron miRNAZERLYHH FT (5 A5
AEHAK, BAEA ThEER LR AY . Bhab, 7E
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RER B BBk B O R I, i B TR B B A b By B
(A E 2R RNAZ DBRIZ& AL 5, W55 S0 T4
¥ siRNA(small interfering RNA)",

BIE— Y 8T ERRNARF TR,
1 DBR 1Ty g 52 451 B AE ) T8 52 995 Ji A 5 G 46 7 8]
BT, RAEE LTSRN E R RNAS REH R, If
B RNATFHE (RNADIBRZE R0 B R RNAK TR
#17NTFPLRNA (lariat-derived small interfering RNA,
lasiRNA). fEX—idfE, PEEERRNATE SLHHE
VDN IR ) RNAKKCH PE RNA SR A (RNA-dependent
RNA polymerase, RDR)H 5l F:E AR % 5% & Ak
XUBE RNA(double-strand RNA, dsRNA). Bfi)5, 4
H I dsRNA#E DCL(dicer-like) & A K ) : 1€ 1E
 DBRIUBRFEIRA N, 2 i DCLAMR St U %1 7=
4221 ntf lasiRNA; i 7F DCLA43Z $ i BEE 52 9 J5
M (W TuM VIR EF )R, B2 RNAN 24 DCL2
DI#] 422 ntff) lasiRNA . X864 5l ) lasiRNARE
% 5 0 1) [F) J5 mRNAFIAM 2 7 X 3. LI 22 nt
lasiRNA, & H#& 75 5/ 4 Ik 2/ RNA(secondary
sIRNA)IIRE Sy, @1 51 & )3z B4 & 7 R IR 1
SIRNAME K o XL IR siRNA— J7 1] 8 ik 4101 1) 5 1%
(GBI NIA1/258 K B R EE R S EEDEK K E
{55, 59— 7 THI 4 1 9 5 40 B SRR L N ot B U R B 9%
S (W PRS. WRKYS3), B SRS 4 47097 95 i
R
4.2 EZRNAINFEREERIL

AW, R RNA T 55 5
SERIL, ZIHFFCUESL, MmN RAB R,
ERRNAM AR R AR B KFEH G R AR RIAE
BRFIEMK, X — DRz 70 Hag 3 5
PR LA 3k LB B 458y, ORI NS IR B R
RNAWAEY) D REFR B T 7 [ (El4B)004,

A 070 CLB A0 ] B 2 2 RN A2 15 32 5L R
SRR AL . Horb, SR ARER I ) 2 N 2R 40
JfL A = R B R 1B 2RI IR RNA——ci-ankrd52,
ZRNATEE LT H RO A, B85 RNAK G
II(RNA polymerase II, Pol 11)¥% 5% 4L &2 &4 HH:AH
HAEH, 1ER1$% Pol fFHE S AR TEE: ; @i F ci-an-
krd52 1] 55 35 N Y BEASELR ankrd521) mRNAZKF , AIE
ST B R RNANE FBOE I D Ee . thah, S
T T A LD R B ZORIFEFRIR RNA——sisR-4,
H dpn(deadpan) &R FESE — A N & 7 BY 12 Jm ik it 2¢

Gy 3P A, AT IE R BRI B REAN AL 3, ARG R
IR BB BOE R % dpn & K (5 U7 T {EAE )
FR R L N 3 B R B 2 RNATR] R 56 /KPR 7]
WEIER, AU RIRIE A% S SICE A2 5,
24 DBR 1N S BCURE, AT 01 252 RNA P& ;
R EH HSP70-4. HSP90-1N % FHEZRRNAKE R
L, TEH M A% PR 3 BEAC I R (1 3 58, AT = 18 4
WEARE, ER4gERFrEm#E, X247 NE
ZRNAZ 510 550 B4 1 UEHE . X R B
IR AR ML TE B A% AR B — i A AR 5
P
43 EZRERNAF{Tpre-mRNAG

Pre-mRNA BY #2213k 2 o B B2 R I 06 28 15
& HAZ AR R R R IA TR I 0T . B R RNA
Bl BT B R R OO 25 o SR AL PR R, I R B 4K
56 FCHE X S R g 25 3 N — 0108 B 1) DG B
$&. DBRIME N EAZ Y b — REdE KR E
Z RNA) 2°-5 R R 1 25 70 (g, HhREse
B AN B UUE 4 B R RNAJKSE, B4
VA5 BY AR5 3K 2 % 5 pre-mRN A BY 22 {7 H 1 (]
4C). fEIEHEABRET, WA MEZRNAS
P DBRIPIE 5 L 2t Ab, Bl IS B8 4% R 21 D) g %
fif; T DBRI1YJREZ 42 5 841 N B R RNATE S
PSRN S I T AN T A TTH=K s R 7 UK LN
BRI S, FERARERE R Bk DBRIZ: 51 K4
N EZR RNAKE R, [R5 84 EF 4 pre-
mRNA BY 52 34 R 5 B A4 R 35 P02 78 N 2R 4 il
Z, WK DBRIFFE 22 3 84 5L R 2H £ R RNAK
B, SR AN T kR R AR B B A
I, %A TR AR HE R RNA BR800 8T 424
B R Bk e T 2L,

LR AR Hh B e 5 A SR [ A [ L 3 S AR B
P, 4 520K DBRIGRIG X B R RNARRG K
(B 32 57 5 A8 . DBRIZHAE SR AE 1S BY 1A W B
B R RNA FRIRE LR, fikK T & TR
HAMNE T L2 B E D], XN EZRRNARH R
P EO AR B R ELIR M 7% 0 THLH] . L
TE B A B O P - B0 R
T dbrl 55 RAZAR I [FFEAAAE 2 R H B R RNA R E
PRI AF: Bl AT AR BY B2 2 AL Y R Y 529 X N AR A
ERRNAR B 5 pre-mRNA BT #2 1) SR 7 62
HET H BB
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(A) (B)
Transcription Pol 1l
snoRNA ‘ .
Processing Mirtron _
SiRNA Parent gene ¢ o
Lariat RNA lasiRNA B
Lariat RNA
© (D)
DBRI deficiency
RBP
Pre-mRNA Jﬁ Lariat RNA . il
miRNA
sponge
Recycling
Pre-splicing - NA
complex PO:(;;};] llg)l(ng translation

A: AR FIRNART 4, 22 ZRNA TS #E— 35 0 T4 /N 2% - RNA(snoRNA). mirtron. siRNA LA M 2 2 fi7 £ siRNA (lasiRNA )25 22 Fift I 4 i
RNA. B: JBIEIH AR K e s, 374 2 B RRNATT SUSERNA R S BEI(Pol TE Pk, BE I 15 H SR AL K (parent gene) %
R C: 4P BT AR S IE 3, DBRUBRFG 240 2 RRNAKI 2550 3 5 B4R, 53805 BTk 2 &Y (post-splicing complex) JGiZ: IF 7 il JRBEIL,
T BELAS BY 5244 20 43 17 51 BY 44 52 AW (pre-splicing complex) I [FIIAEIR . D: 78 24 FiRE40” BT B3, B RRNA A {E miRNAE4) (miRNA
sponge) BLRNAZE & 2 [ 45(RBP sponge) W FEAH 9G4, [RIN A g IB I B 345 A 03 B A AR S i IR 20 2 R mRNA BRI .

A: serving as precursors for non-coding RNAs, lariat RNAs can be further processed into various non-coding RNAs, including snoRNA, mirtron, siR-
NA, and lasiRNA (lariat-derived small interfering RNA). B: cis-regulating parent gene transcription, spliced lariat RNAs can feedback-regulate the ac-
tivity of RNA Pol II (polymerase II), thereby cis-regulating the transcription of their parent genes. C: maintaining spliceosome assembly and recycling,
DBRI deficiency blocks the debranching and degradation of lariat RNAs, preventing the disassembly of the post-splicing complex and impeding the
recycling of spliceosomal components into pre-splicing complexes. D: acting as molecular sponges and regulating translation, lariat RNAs function as
miRNA sponges or RBP (RNA-binding protein) sponges to sequester target molecules, and can also regulate mRNA translation efficiency by interacting
with translational machinery or ribosomal components.

El4 ERRNAKEYZ EESIERILHI(RIES S STHRIS1204)

Fig.4 Biological functions and regulatory mechanisms of lariat RNAs (adapted from reference [S])

4.4 EZRNAEAD FERI D FIENEY
FIRE

LRI FUR I, RN AR E 1B 2R RNAT] I8

script, LAT)/E NG E E R RNA, Al 4G
I HEAR 60S KV M A% R AR 2L 58, sk 1 3 5
I B R AR IR R A R TR B0, ek, S R
Moy T CREZ LR 22 55 E KRB R RNAFEH MRS (1 FOR I b 25 0 S iz g sh
IR sR T (Bl4D) . — 710, & H miRNAZS &7 VING RSN, AT R B R T HaWH RT3
RUEZR RNARTIE T 554+ A5 RNA(competing en- B,

dogenous RNA, ceRNAWLHI A FE 747N, 565+
PES5 G miRNA DL PH B H G EE mRNA P FEAE, T 4ER
AL Rk Re S P, i —TJ71i, B RNAG AT {E
975 VR B 0 AR P RBP, 4 #E A 1 1R S4B i o7
SR RE S EY)FI)RE . X —HLHITE 2 P AR HE 5%
PRI AR 2 TIRANIRUE - FENZE R 4L (amyo-
trophic lateral sclerosis, ALS)< #1, DBR16k[E T2
B2 RNAM R ATl B 45 & 200 & H TDP-43FH iy
HIR BRI A, 0T 2 25 PRI s 22 B U0, T A PRl
Y9295 7 (herpes simplex virus, HSV)EGeik &, 9
B g RS I AR AH G % S A (latency-associated tran-

ERL G STt et — DR T &
HRNAK 7> THEAR AL, X miRNAA YA il i 4%
DRl -F- HEAT IE [ 38 A5 57 18 28 € T dbrl-255 AR, 1%
FRAFRALE 4 3L R 41 R RNA K s R 2 R £ B
miRNAKF- ()4 /e T HLRIoT e, R R
EZRZRNATEAmMIRNAI TE EWM 54,
5 H XS pre-miRNA R UIFIN T, AITSZIE miRNAY)
AR X — RN T ERRNAFEE
VI/N RNAGE B FOET AL, tRBA#A T DBRIA 3R £
Iy SRR R miRNAZE YA i Ra A5 B O
PREERS,
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5 RE51He
5.1 DBRI1/TSEZRNAMERHIAKEHLE

ERZAED T, RNAR S 31 5 RUNEFE H
MEZRTIFES 5. RN FER. RITENRNA
R M et D IR, ERRNAM LS SCHLT5%E
AT DBR1. 55 H A RNAIN Tl 2 £ 4
SEEYME, DBRUB R & W& ES 33
P, RS T O TE R RNARBH ARV AL
VR )

T 26, DBRIAE LR 57 P s I HS R B (9 e 40
WU S . 5SRO L — 1 RNALE &3 (RNA
binding domain, RBD)&k 4 Bl A~ 1 RNA BN T A
7], DBRIULT- 8L B4R 5 45 A 90 S RNAGEH,
X AH 45 DBR1 2243 SCIE AR 4 M P (4 s 25 ) i 2 L
A TE2E -

Kk, BRLGW AN NDBRIN FHER
RNA 290 B R A T4 i% N, {HBR B2 (i AIE
R, £ IEH RSN, DBRIGEZRRNAK ]
SENL AT X PP AR T B
FELHTHEE, M5 K T R TERRNAZITUS A%
B R 2 o A28k 2 o) A 8 375 A4 KT 5o
FS I HEHEAT 2% 1) SE AL e W E R RN AR BB B

UEAl, DBR1E 1 1T i 52 B8 128 J5 12 11 50 240
FRLIX S5 A R RS 5 4, AT AR 0 400 A 3 75 SR 3 4
IR 2R RNA R R . i, i s e sl 48 Ak
LA PR B R T e BT HIDBR VG 1, 51 R ER
RNAM M EPERR ; e R B W Bt fErp, 40
Pt DU AT fi 5 LR T DBR LI 1 DUDR A% 2 1) [8] i
FIHT . fEHE(RIESRIE )R, DBRIGE A 1 AR gHE 1)
TUAR , FAR N —Fh 2 DIREI) “ /3 T2 953 ”(molecular
gatekeeper), P HAETE VS MM TS 4EFF L IEL
HRNATHfE S AR
52 EZRNALESERHIEARHRSHE

bt 5 e W R S 2 R A W SRR TR
B, A ERRNAKRER S THCRER, BE
R RS 55550 PR B HAr, &5
% 4 KB R RNA K 3 2 s 48 30 % S g A
RS Ry ST AL 20-5 WG R . BRI, TR
B 15 200 R RRNA S SO ) TR % 5 g
AR, R R RNA R & 5 45 MR ok
X

AR NAR 5T B2 RN A A W02 Th g 06 54K

A % R0 S JR LS 2°-5 IR B (AR A BT
%o FI WAL PAZ SR B AT A A1 B 42 Bl B 4L
WD X EGHRELR T, =B M7 R
EYE B B E R TR, TR A
F 1% (group 11 intron ribozymes) /15 & i AR N
il TR IX — ME R AL T T L 82 i B TR Y
M 1A% 4 7 i AR AR FE , SR T REE IR A K E
RKRNAME =2, FUBAL T4
53 EZERNARFHINGE ST IR

S M PN AR i (B E AR AE ) E R RNA, H
D Re AR RHRANIR R . AN — KR
IRRNASEH, &3 ER RNATE ML RS
XHAFERNPEAY), BUEN o Filgan 5w 4 1k
MRNAZE G E H, S 553G .

£ 2 RNATE A [A) 2H 23R0 41 o 25 234 A i 4 S 12k
MR, it — W 7 A T A BB Dy s
FEME . RIS FRiE 2 B R RNALEY) A I 8) 1124
FE—— U & DBRIS 3/ 570 32 5 5 i FE
HHRAR— EMEERRNAG W IMES TR
[ PRI SRR R oG . JET ok, AR T 83h )15 5%
A7 (kinetic competition model) B %: #7 2 M
RAFER (40 DBR UG N YA 8k AR 25 101 ), 4544
TEREE R RNAKE A S0 H 2 am i og, HLAURR
AR H 45 1) 45 HL B 0% 78 B 5T Hh R FE 3T B D e (n
7824 B 5 BR B miRNA B SC B3R ER AR ), |2, #it%
WL SRR e, WERRNAKHIEEE. &
Z RNAZME AL AV R I S IR, SR HZ
1T 2 IR et . R, ER RNAGIES
ST (1) 2% 1R A IE SE 5 22 3B AT MR K B EUR
PL B DDA DG, 3 A L 28 1B i B I PR V6 97 8 A
I . RN B 22 % RNAFR S 5 RNA R &5
% 2 (B AR BAE A, 3G ik A6 R B SRR
R i R R B R R nT IR DR — AN I AR
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