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Abstract : Internal ribosome entry site (1RES) is a special functional element in RNA, which can directly recruit
ribosome to initiate protein translation independently of the 5’ end cap structure. It has been found to be closely
related to a variety of cell processes. Recently, IRES have attracted a lot of attention due to increasing evidence that
they play an extremely important role in the regulation of circular RNA translation. This paper reviews the current
mechanism of IRES-mediated translation regulation in eukaryotic cells, and summarizes the bioinformatics tools
related to IRES elements.
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IRES ™3 (¥ 05 49 0 B R0 AT 3
T 8 K 50 98 9 B I G 40 M ), A i A i
mRNA F I A 18 18 42 DR ECAZGR 06 IR T el F-4F
PR T T R o], AELATS ARG D) 1) # 92 R 2R 1 FEBE 2
£ M ( Immunoglobulin heavy — chain binding protein ,

BIP) B4 i, Northern E[J3E 43 #7 2 B, A I8 L 5 2
ARG TR0 BIP mRNA (054 287K AH [,
I BIP 25 FI/K-F B3 A Al B2 B KF Eais s
Jrgk, WU FS25 F2 B, BIP mRNA 1 5° UTR H
A AR ARAS B IE PE , UESE S IRES Jof,

57 uORF

CDS 87

B 1 mRNA 5’ UTR ATEETEERISEH
Fig.1 Possible structure of mRNA 5’ UTR

ZJ5  IRES JT A ARSI BN U 5 |
AN 9 T b R AR L i, XTAP (X-
linked inhibitor of apoptosis ) 42 i T #ill 31 5 i i AR
FNERLG il T IRES -5 19 B AL ) 4 4 2 1 ot
(ke =ik MR A BT ToRE LY L E S A1
TAT-A LAY HAL mRNA (Apaf-1.c-myc %) s & 81
IRES Joff, 328 TRES 45 (1 0 138 I8 5 ML 1) 6T 4k 45
MRS R E AR, B2, Apaf-1 7T 80 F
Ve B2 A A ( Caspase ) JETTZ AN I T, B
5 XIAP 75 40 g 94 1 98 15 vh B0 R [l B9 4
I IRES 1Y 22 573800 5 R 1) S B i 25 PR B K 7
AR TR T i AR 1 2 e LA S A M i A A AE T 40
HE,

VL% , Weingarten-Gabbay 251" 53+ 17— F i 3
SO S5~ 5256 73 B 5 A R R A B e
PR TCI e 4 O MY B A 8k S BT PR Y Y
SRR SN T 50 A, IESE N REL sk 41 25 10% 1
5" UTR %4 IRES Juff, MR IRES ()5 51 4540 4
fiE , IRES JTlF 53 1 1 W28, 43 ) AR 36 P A v 7 1Y)
BRI R, — 28R o R A AU IRES ,
5 AT B T (W0 ITAF 25407 ) K AR

5’ CDS 3’

Q cire-ZNF609

| N

| \

FH, R R B 1 928 23 B ARG A 5 o) — 2R Ik
FRoA“ 42 R R IRES, Hf M 5 H R 251 % )
AHOG AR Y S 8 A P RE R R LA R 4y |
HOGPEREAL, BeAh, WFIEE K I A 8 1k 7 R 36
PERY LR I A TE R AR W i A 40 B A 5003 1
R & 4, BR IRES A5 59 JE i 4 5t B0 1% 2
Dtie A i) e =2 () —Fh 2 b

N4 Fiti 2 AW A L 3% 43 B B v 368 £ 0 R AR Y
Jof AR J&  WF9E ke 80— S ST AS B A& G ) g
J1H circRNA F1 IncRNA 1 7] 38 32 P9 & IRES JC %+
B A B AR K, Legnini 21 & B cire-
ZNF609 405 —> 753-nt FYTFI B EAE , nl i UTR X
TR IRES JTIFR SRR AR ™ A S E (81 2) o 1
AN, cire-FBXW7 . circ-SHPRH | circPINTexon2 . circ3-
catenin ,circAKT3 473 12714 1y 1 Jg 512 6 1F Sz ]y H:
WHE IRES T S #  4E B S A Y )
fe B & M JE. Carbonnele Z5E1) M| 7 IncRNA
MELOE b & #ILF 5] i 7 4~/)s ORF @ if IRES
A5 1Y B PEAIL T G Bt = AR TR A I PR MELOE-1
Il MELOE-2, 5 ] 4 2y J8 (5 30088 e 2 ¥R ¥ 1 BEAE
R

ZNF609 mRNA

B2 circ-ZNF609 #i% it 72
Fig.2 Translation process of circ-ZNF609
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LncRNA Fl circRNA /E A b IR ~F B E 5
I NTEME RNA , CUIESEAE 2P A 2 o 72 rh 4 T
HEEMO AR FAE VLRI TER KRB A
FRRE , TRES A5 10 M8 2k 7P B0 135 AL n ML) )
fif A L D s R At T — B B9 T RE X T
ELHA] 4% 3 Y cireRNAs, TRES 45 1 8113 45
BL A fRrtE— 2D A B

2 IRES BHPEAH e JH ¥ AL

2.1 IRES RX1EAEF

TE R IR AR B 128 46 R A FE v, BR— SE bR o
B 8P L 4 X 1 ( Eukaryotic initiation factors , elFs)
Sb, IRES i 5 25 AR 52 2 AEHIP T (IRES trans
~acting factor, ITAF) 5%, 4 RE5¢ UM AU HH 532 1
YE, ITAF VE—FRFER Y RNA 254 88 11, JL7E IRES
-SRI AB I ERIPLH AR SE G A

EAWFFERY] ITAF RECH LT A EHI =X,
1) FE¥ IRES IR RNA 254, 55 B HAA5 5 & 1 H
GRS et IRES SEAMHANSS & 52) VE LN
SRMEARECHAD TTAFs AHEAEFT, 3500 IRES FiZA A
ZI8) B 45 4 5% T /71 Apaf-1 ( Apoptotic protease —
activating factor 1) F#Y IRES JoiF B A & R 94
), HAVAE unr( Upstream of N—ras) f7-7ERT, 4 7[5 PTB

APAF-1

G55, RAERZRERIZERE T unr 5 Apaf-1791 1)
IRES AHZ5 G, Rl 5 5 (IR R L5 A B FT T, (i 15 PTB
18ISz aha ST IRES SRARMHA 5 1Y 1
2EFR 5 (I 3) . BAG-1(Bel-2 associated athanogene
1) WFEE PTB-1 F1 PCBP1 H:[F/EH, A fEE 1A IRES
AR BRI R, P, PCBP Y 32 AR R ok e
IRES JEI I RNA A4, LA HE S5 AR A2 1% X 35
TREERIRIREES ; T PTB-1 MV Rk St ia
HAYIREZEH S

ITAF X} IRES [ 5% Wi A] B 2 FR AR 2 1Y, o Al fig
EIHITER, HRTC & 11 ITAFs HA X
FAEM G, PTB @it 5 IRES TG (4 AH 1A%
FH R S PEHBIG TR p27 mRNA 19 IRES 3% #:2  m7E
B —THF5E ) & BL PTB 41 Bip IRES /519 #4
PR ARt SR S 0 (T B Y T AL
il B ATAS SR ARIEEE ) KA g TN H
YRR SR R R AEVE R ITAF, T BE R B4 i3 iF
— A RE T IRES ) 50, Wt 4m il 15 & 1
EHHATRZEEE J), MM, A S 4 65 ITAF ) mRNA
AW ESA IRES, #l40, unr & FIER N BER 5 A
B mRNA A0 EAEH, IF B 000 # unr A9 357,
DAPS5 ( Death-associated protein 5) 045 25 L 4R i& ,
Henis—Korenblit 25 I 3iF Ho e 40 fo 8 T o & rp i
P i — AN 1E B s 1 8T 3 B IRES 136k,

Ribosome

3 APAF-11IRES @3 5 ITAF & & #{TZEEES
Fig.3 APAF-1 IRES recruits ribosomes by binding to ITAF

ITAFs [B] AR AR FIER T AT LU B RS AR ST
Al BB 35 4%, Sharathchandra %5/ JIFB Annexin
A2 I PSF 3585 p53 IRES FEE45 &, JF HAE IRES
Telt A EERAE SO, 18I AT, A
RIUKEA PSF W BE RIS /N, Annexin A2 5 p53 IRES
(A EL AR T3 8 08055 5 3G /0 Annexin A2, PSF 5 p53
IRES [A] Y255 [ RE B /0 s LA B 235 SRR B 5 g b
HH A SRS G pS3 P Y IRES Joif. b,
HA MG S RFE Y ITAFs 0] BEA7 78 5% S P fE
X%, Takagi %) JE W] RPL26 ( Ribosomal protein
126) (5t 23k, 24458 p53 mRNA 55 2 RAK MY CHK,

BN p53 1Y BH P AH I, nucleolin [9 13 38 35 T 2 4171 ]
pS3 MBI, JF B, ENIM#E QL p53 IRES b3i4AH
A 9 &5 A A 45, 38 3 78 MCF7 40 At o 5 i) 2 3k
nucleolin, p53 FEE K- E R, K RP1L26 444k
XKLL , DI %% T nucleolin X p53 A4 HHIZEHNH]
i, Yang 257 36 7 —Flt IncRNA TRMP
('TP53-regulated modulator of p27) , 7if 45 PTBP1
LAWY p27 mRNA 5° UTR A9 H AR, 2 1fi
] p27 (9 IRES AR PE B, B AR AR il £
B HARR) B RARLHIEA it — B E5E | Ak ]
REAZME—BEAZ I 1Y IRES % IncRNA
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2.2 G-Ik IEAR, Jodoin 2555 7E 2019 4F B IR IE T 45 —

G-DUSEIK ( G-quadruplex, G4) & & & 5 I 1)
DNA 8¢ RNA JE UM R A% TR 2540 . AR 1R B o
Hrig s, AZE mRNA 19 5° UTR H A 4 000 £14> G4
Hpp R 2 40 o R AR T B R AR
SRIMT, 24 G4 &5 H 7 T IRES JTAFH LS/ h IRES
TCAERY—FR i U 2 (e A MR AR B iR

FGF-2( Human fibroblast growth factor 2) mRNA
A5 P4~ CUG Fl—A> AUG IR % S 1, Horbr 57 3k
Ui CUG BT IE 1S5 M FH SRR A T H AR
DU 4G % 5 F 0 i IRES A 5 % B Ik 47 5,
Bonnal 25" 38 o f 2% 00 R A2 328 5 56 4 FGF-2
IRES £ 5 P22 E5 T — > G4 JEFp, BS54
A B T 5 = IRES & M, DT i 45T i i A4 k2

RS T R BERLG

hVEGF ( Human vascular endothelial growth
factor) mRNA 4 2 W >4 57 7 IRES Joff, Hor
IRES-A RJ 3 i AN [ ) B ERG G- SEff 445, DA
[ 6 G4 2540, 515 H IRES 35 P28 46, Wi 76 A [
FREE S FE B AR, Morris 502 58 3 WL &R
PR 2 G0 UE 52, IRES-A 1] DL 7E S48 4% 1 R 2 15
hVEGF B PE, (02 G4 251 B il IR, 00 JHG 37 Pk e
K HEABIEKE TR,

ARPC2 ( Actin-related protein 2/3
subunit 2) mRNA f—NIEAHY IRES Joff e & 5
WEERA (Y X BB T R G4 4544, Al—Zeer %517 i i 5|
AR G4 Z548 , & LR PR3 i R Yy
30% ., HIRXFIRN AU hWVEGFE il R4 B
HAB R/ G4 18 IRES A5 81158 i o A7 45 f2
PEVE ., 250l H#b, Koukouraki F11 Doxakis R
SNCA ( a-Synuclein) mRNA i) 5° UTR H[alRE R B T
A G4 FFHY IRES Juf, HAESE % G4 Z5HXS T
IRES BYIREAS 2% 75 19 (B REHR 2 HTE Pk

complex

amino acid

starvation

60S

AT LA [R] B 52 e 8 40 8 R A AR R B 25 ) BE 1Y
BAG-1 RNA G4 #5# , 1Z M ATE Z 1if i — T 50
KIBAG-1 5" UTR 155 6-35 # A MR AL &AL A7AE—
A~ G4 25 JFIESEIL G4 Z5H 2 BAG-1 T A7 K
(R AT BH IR D RE D, IR AE R B, 14 G4
LER R AR I8 2 S BBAG-1 IRES JGF (5 UTR
5 247-423 B TRAL ) B0 IR R 4 TE PR A R BE,
BE AL AR T IRES B4R, o T WX
— G, A SHAPE HR 73 & B G4 454 [ il IR
WU T IRES DI A i Je ot RO, 45 TRES
JIF A DX SS90 48 S IR AR < st PAT 7 A BELA: T
555 408 A = S H BEAY ITAF f45 5, 515k
IRES ST HIRER I

2.3 uORF

i SEHE ( Upstream open reading frame,
uORF) fii F mRNA = B 7% X ( Main open reading
frame ,mORF ) FLURZEAS 19 3%, SRl 25 H B BiiEnd
ez —, TERHG RS R uORF IO EC R 2
JET mORF SRS & X1 H - 205 # B2 L
FRAEHE & B, uORF 7T 55 IRES — L B ] 47 4H it /8
ANFMRZS T Y F BB K-

Yaman %57 4RI 76 RS RRYUERS & 0 40 L
¥ W H, CAT-1( Arginine/Lysine transporter) mRNA
AR PRS0 39 A AR A 1), % i e i N B TRES
JUPFAR S A, B AR EE A i, BFSE R B,
CAT-1 uORF /275 IRES JCI 1 ¥ (1 FF 3¢, uORF
) TRH PR BT J5 o 1 B AR PR TR % . 24 uORF
ANEIPEIS IRES JGIF32 A B 4544 I, Bl fE AR
MRS, AR VAR AR JC 2 5 & CAT-1 HY IR BE AR i
B 024 uORF PRI 3X T B 5 445 44 B A 3R
IRES JCIF4E A8 RGP 2548, CAT-1 A Al M8 4 6 ¢
REJI BN (&1 4)

3
L’ ‘ Ribosome

4 CAT1 mRNA uORF BJEBiZ = IRES &1

Fig.4

Translation of CAT1 mRNA uOREF regulates IRES activity
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Chen %578 % ¥, fF 1IE % IR & T, FGF9
( Fibroblast growth factor 9) mRNA 3 32 i 4 46 &9 15
ML A B B, (HAZ 3] wORF BRI, A H
FIR KA, SR, 2 20 b T B 4 A B
FGF9 1 M8 4K i % 4 o4 IRES 4K ¥ 1 8 3% ik 12,
mORF i3 F32 2] uORF PR , &5 H B3Rk
A RS BT S B R AR SRR, uORF
R R L e Al R MR % R N T T A A ]
CDS 2 fy 25 R {37 5 BT 3T A0 A% W44 3 A1 D) g =25 14
e X —EREY] B ARZE T, FGF9 mRNA
BRI B PR S 4 R IRES A 5 0% Sl 1 40 76 008, 2
IMEE wORF 1 B0 BR 1, {2 #F 85 (1 B3R Ik 7K 719
EF.

5 uORF P55 IRES {5 P28, IRES 1L 7] 52 1
uORF {9 I ¥ I . Bastide %57 #F 58 3IF 52, 7
VEGFA ( Vascular endothelial growth factor A) mRNA
S R SELIE S U O A &= Wl [V = Bl e 1wt S L N1
VF VEGF 121 (R I F 4 3R35 s M  , B TR AU E
Ja S FAE R A T I TR E , LAY S sh
WIS 2 TIRES-AFF 51 N #Y uORF LR 7 19 75
B, IHMH VEGF 121 WA BIR £ L,

W5 R £ 1Y uORF T IRES M9 &, BAT1E

PRI AT B 1 58 AT REARER T 1E AN W
AR IR A A R R AL (e
ik — 2L WE 5T 2 BT B9 RNA 45 74 DL KR B A9
ITAF , DM g Ar P 25 O TR 50 AR

3 IRES JCHMAEYFB¥% T H N
B

IRES SE50 50 F Jr ik 75 RIS R 4 3 41, ) 3
XU T2 A4, 158 8 BH P R B P R, e 2R B 4T
T BL TR A AR T 2 38 K AL 7R AG T 51 B9 TRES 7%
PE, AN AR — A6 IRES Joi4RORE 07 &
D575 DT St R U B 1 A P 1), 5 90 T 4 e T )
) TRES 351, B2 IRES i1 2 % TR, IRES Joit
S TE T AN R R, BB ), HE TR 2
Xof BRI HG DAHERR LA P 28 19 T4, P& IRES Jof
FHICA WA B 20N ik, WA B 45 70N 52 56 56 1iF
FRVETE PP H T I, HEBR 40 B 38, 0D S AR (36
1), BEAM A @5 PR3 A O 81 IRES JT 14 AH G 5L
PR, A BTt HL ol B K AV T AL A 2k — A5
(R 2),

#®1 IRESiHRFITEH
Tablel IRES identification tools

THAMK & 5 TR E/IE ST THARR A [ 1k KR

IRESite . B

RSS! T IRES IRES 25 AT UTRdb il SR 2> 1.5 WO R http://140.135.61.9/ires/ 2009
TR AL 43 - LN A B BEE
A PSR HILE 5 000 AR
16 TRSS it - IRESite PUF s 054y 73 —
VIPSU Ol IRES MBS UTRO S BEEMSREEN OBV
ot Rfam 1 46 S i T v/
R

[RESite BRI EEZ 10 MRETE 15—

IRESPrad (] I 7 S A P Genbank 7 500 MEFHEZ B A% IR)Y 51 5 http : //bioinfo.net.in/ 2016
IRES Eli Eisenberg et al.[®] RUATER =R IRESPred/
TE Y ] BRI
SRR AR BRI T
i AP R R IRES 1
Weingarten- WX — TP 4 I hitps; // github.com.
IRESfinder ™) 410 IRES stz cAmlE| Gabbay et al, IRES {fith s 880 = SR A 3l xiaofengsong/ 2018
T H 5 R RN R XA IRESfinder
IRES i ;i th IRES
VTSR S
IRESite s < bl
IRESpy*! Yo BE S AN T Komar J.XA et al.[4] J-HIQ{E ;ZAE:H III;E]); ;\;IJ I https ://irespy.shinyapps.io/ 2019
IRES Weingarten- IRESpy/

Gabbay et al.[10]

UERAARIES)
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3.1 IRES TiR3ITH

2009 4, Wu 28l T R4S B 4F 1 IRES T
S5 BT T —A IRES R RS, s~ IRSS, %
REFEAE WL RNA A5/ U RNA 2%
SERLLXT, RS B RRP S8 R, i RNALfold
FEFP T 2 5/ A Pl RE 5 vk 00 )55 RNA 8¢
S5K9 T RNA LG 2 77 IR 750300 25 4 55 ©L 0 IRES
T ZRAE AT ILEL . 72 RNA XS A v, AR 4fs
E S 43 # ( Distance score, DIST) # kb % DT Bt 4 BF
( Alignment match length, ALEN) 115 IRES Tl #5/3
(R=ALEN/DIST) , T HPA Web IR 55 1 2 AL H P
fdiFH, T H 5 AR FASTA B4l SCAA X1y 1551, i
HEFIHITA R = 1.5 Y IRES Tl 455, 145 RNA
JPE | 20 Bt/ A AR

2013 4, Hong %" X 7E IRSS By FEAl L, 87
T pknotsRG F2J¥, HI LA4 = 9% ¢ IRES Jo /4 i Ft il
WERE B 5 B WA 44 0 VIPS, 9% 7 IRES Jof4 R
P RNA Q45 A] 855 Ry PUAp A 2 1 Fhofe iy
AR 2 oA % IR RR S 9 B ( Cricket paralysis virus,
CrPV) 1Y TRES Z544 ; 25 — RIS AR 3 A TR BT &
Y9575 (Hepatitis C Virus, HCV) A4 IRES 4544 ; 55 = #h
A AR ik o0 L& 93 B ( Encephalomyocarditis
virus, EMCV) ] IRES 2544 ; 55 DU R B AR 0
Bl IR 5 955 7% ( Poliovirus, PV) A4 TRES %54, VIPS
XF I Y 2 AU IRES JT 4 0y 15000 o B 23 40 0 ok
98.53% .90.80% .82.36% F1 80.41% ., 5 IRSS L,
{7 RNA {B45 25 0 AR B 5, VIPS i 548 1
551 5 4 Hh A TRES SO (4 50 50 b R 1
PE, VIPS [FFELL Web Il 55 AR AL P A8, i A
FEAIBREITES 000 HFERLAR , i i U 7F TRSS 45
(LRG3 T IS S5 T 45 5 . ik, 78 IRSS
A1 VIPS 1, 41 RNALfold F2 /¥ il (9 IRES JoEA
AEVCHD Rfam A 94T IRES A5 5 AH e Wy i op 22/
P [EE IRES , 33 A A B 25 9 25 3%, e DA%
B ) T RN B RS B A R IRES T, &
BLHAY IRES MYRE ) BAK; [FIRT, & 2 3 T /N [
BB A 7 AT 0, S 5 4 1) ) ) 2 R A1 245
T HERA A, BT LA S A 8 K B BR 5 {EL T Ok
VIPS J¢ IRSS ¥ Joikiiln]

2016 4, Kolekar 251 L 7 ¢ (] EHLAL Y | JF
KT —AAI T 400 IRES S i o T 5
TRESPred,, #5578 i FYI 25 S R B0 42 Hh i 1IE R A
% H IRESite i B2 S H W 4 19 28 5 55 56 55 ik 1)
IRES J#31 (n=189) , TAFEA IR A LIS H K
P 5° UTR 4 (n=97) 40 CDS FF51 (n=46)
JR#E CDS P4l (n=46) , Z M AIILAE H] 35 4~4F

fiE, Horh 8 A28 UTR )7 50 4 ) R ik, Fo kol
UTR 5 27 Ff /N 0 %5 4% B 1R 28 A ( Small-subunit
ribosomal proteins, SSRPs) B #H BAE AR, 116 1~
SCEGIGIE ) 40 L IRES J¥ 51, IRESPred 1E ) #lil 85
A HEWIRN 73.2% 358 1~ AZK IRES J¥51], IRESPred
IEFRTIN 44 A, HEH RN 75.86% ., IRESPred .1
web RS IEAMEH A M, Bk 252 10 MK
7E 15 37 500 2 (8] 19 FASTA #% =094 ey
A ARG IRES T 2558 | 902548 J& 35 Rk
IAE . ARJIT AT A6 T AR 78 (%) I T vl 4 ke
V2 B S IE 7 5008 48 1 AT A 1, IRESPred i =
S S E ) LS SRR AR B el Y 2 A M G
LR R AR L T 51, I BN B 4 1 43 ot
WA A, E B A BRSSO BAE T
b PR HEEHE

2018 4 AT H T — o 4 A R 1
40l IRES JC4 9 T. B IRESfinder, 5 LL1E T AR
6], B B 45 29K [ Weingarten-Gabbay 25" i 5
W IRES TR %08 5000, A 46 S50 394k 2L A7 IRES
WPERY 583 DM ANKFA) (IEFEA) K REANAEA
IRES IHPEM P9 (TAREA) o AT R T —FPoBi i
framed k-mer 773531 P S HFE ,}J\':F"/fﬁ‘l:lﬁ'iﬂ i 19
AFFIEAL R e DL , e A8 A [l ) S Y -4y
X EHIER ) AUC {628 0.825, e 7 i 5k
4 |, IRESfinder J& P H 809% 1 FIMPKE i R F1 73% 11
T AERA . 5 IRESPred A F, IRESfinder [ 42 i
TP 5275 R IRES BYHIE 25 A0 B 245 H P 4
HEFH A RE DT 2006, 8 0t B P vl LK s AT 510480
HE— 25 W i, I 5 EL A e A o R RTORG A R
AN FRAE 23 B & B IRES 5 41481 1) T4 5 B £ 1Y
T TNNTT 1 TTNA, ifiJF IRES J¢ 51 {5 i) T3, & 5 &
CG Ml CGG, X — 45 R 3R W] T(E U) & H IR W] RETE
IRES I fE e 5 CEEEH

2019 4F, Wang % 25 5 981 545 RAE , FF &
T 3T XGBoost [ TRES 4325 #8—IRESpy, FHilll %k
LR FEK H Weingarten-Gabbay 2100 {1y i B IRES
TCF %8 SEH  IRES 16 4050 T 600 197 51 ik
YEIEREAS AR 7 5 B S AR A, 7 i 4R
MI3E A IRESite 20405 7 i % 9 IRES 381 8 1E A
A BEHLPEIEE LN B 5 UTR FFHIE N kA
IRESpy EZAHH T = Fh IS RURHAE, [ SRR | 4544
FEHE RN 751 - 2RI R AE (BN SS & T — 205 5 Al
TN B T R 45 AL A = B IR R AR ) . i H 8
XGBoost # I FM ) IRES 5 €52 2 A9 IRES SZ50 7%
PR, & B0 Y AN B AR 0 T B (A 248 0.1 B,
13.47% M NP HN BT & IRES, 38 Z Al 5
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A 1) 10% 5 [RIE X F 5 16 P43 %0 ( >600) B IRES,
T IRES 1E 67 HF % 5 28 5 T35 PR B o Fa A

JKF-(<600) A TRES, W] XGBoost 1 51X} 5 7 1
IRES F N B4

% 2 IRES ¥iEE
Table 2 IRES database

IRES % H

) ; : ERER 1k BT
i SHRIE T B o
WiEE 30 - WEZF IRES 3F M 4l 5514 http : //ifr31w3.toulouse.inserm.fr/
IRESdb 4] . 2003
A .50 -- 45 IRES AWy AR B AR T 4R F B TRESdb/
JHTE: 68 -- IRES Btk S8 1) F B4
IRESite#] Gk . : . e 1/ http : //www.iresite.org 2006
115 -- S b T B (Y T AP
BN EAE B IV TR
- Z 251k (SNP) RNA &14fi .miRNA Z54
IRESbase!*] QHEU;;: 774 D7 T F A 8 EFEEAR (mRNA . http://reprod.njmu.edu.cn/iresbase/ 2020

IncRNA J% cireRNA =Fh2EH0) GO R,
KEGG 3 4 L) 1 56 UF S0 454 K A5 B,

FPER AL (uORF JFFILRFE |

Human IRES WiEE -0 _—
Atlas!0] il . 659 19881

AR IR SO \IRES JCO-45 15 B
FEGYEE Y ITAF ¥ RUF51 BB+

http : // cobishss0.im.nuk.edu.tw/
2021
Human_IRES_Atlas/

SEIG K HA IRES S2361E 4

3.2 IRES TH#IRE

IRESdb 42 Bonnal %517 F 2003 4E T & BB 4
IRES JUEEE 2 | 155 30 B IRES Fl 50 4~ ELA%
IRES, H.i 8 IRES R4 NCBI #5870 2875 HE 17
TUHZE A0 TRES MARYEJEH = Dy RE AT 1718
%%, IRES MER(E S AR E A IRES B R
M4 5 M4 2 W23 IRES 36 /40 i &1k 5
IRES % A=W FRAH 5 A FH 0% 8 F 5 (T ey i X EH
RF) 55, B0 H bk hitp://ifr31w3. toulouse.
inserm.fr/IRESdb/ , HHj & JCik1J51A] .

IRESite f& Mokrejs % " F 2006 4F I % )
IRES JUHA804E 22 , 3+ T 2010 4FE 4T T 8 87, %4k
PEEAATAE T IRES B UE 5256 14 32 5225 51 (JF 41
S5K I LE) IBAF T S50 5 By I 2R AT
IRESite #4225 2240 7 P Fh SR IRES Jot, 4
SR AL T 40 M mRNA H Y K AR IRES, Fil
TALm N TR EAY IRES, TRESite HATULE T 68
FRPEBE AN 115 FP B 40 mRNA Y IRES , B 1%
kA hitp : //iresite.org/

IRESbase AR AL F 2020 4E I & (1) —4
IRES JCIF4a 508 e, Ml s 71 3284 IRES T
4, Hodh 554 6 IRES, 691 /S A2 TRES D)} 83
AR [ HoA B A WY IRES , B8 2 R 3K hip ./ /
reprod.njmu.edu.cn/iresbase/ ARG ERAE T EE
AR L, R 2 X T A28 IRES T, f il 3 N
PO EEE JFFNRSFE AL AT IR 2 8% (SNP) |
RNA &4 \miRNA 254005 5 £ 15 B4 A

(mRNA IncRNA & circRNA =Fh258) GO 7 F¢.
KEGG 38 [ DL R 35 iiE 5256 %5 AH {5 S, IRESbase X
TRl — X 3 9 A R K BE 9 TRES g6 4, X 5 2 1)
IRES JCH-AE #0059 s . TRESbase J& 1 4~
ek circRNA Al IncRNA H1 IRES JoF i 508 14 , It
His i % mRNA RIRAY IRES JoFEf T8 2@ 25T,
RI2 1914 circRNAs Fl1 168 > IncRNAs 3, 75 %843
24K IRES [F41,

Human IRES Atlas /& Yang %5:°° F 2021 4F#4) 3
L IRES FIHE s A, 250 IRESfinder |
PatSearch ™ ( W] K I A% 11 B e 571 i 4 ARl s A5 =R 2
FYFEF ) Ml IRESpy = T EL X A 855 55 41 v [l /)
IRES JOOEHEAT TR0, 5 FU0 245 5 v 1 3 & XS0
IRES J# 51, L3R 5] 1 17 013 4~ 42 F 5 UTR i
IRES Joff, JfH , 5l R A IRESpy M CDS #13°
UTR iR 5] i 1 8684~ IRES, It 4, if N IRESite |
IRESbase B SCHk HIREE T 659 4~ S5 50 UE 19 IRES
TOPF, TRBCE AR A /R 25 B ) B R R A R R 4K
W AR B LA 7 5 uORF JF AR SE 2 A% B A
EIER IRES JCAZ5F9 15 8. 5250 %558 1 ITAF
ST H) WU F- 5255 K Fofth IRES SEEESE . 25K
Jar I B e 5 BhHEWT TRES B 3 1% 20 Jif B33 40 56 4 35
ML, B3k~ http : // cobishss0.im. nuk. edu. tw/Human
_IRES_Atlas/,

4 B4

I

A B B A 20 PN RS A A O Y i



4 #H

&

& % %20 A

T BEALE] A R R 1 s R B P e & R, B
PRIAT AR B R 1 45 A I B, B AR 4 | S
N2k o AH AT AR, B 4h 2 PR P 3R,
SRR B X AL IRES /SR
I, Bk, BRI AT IRES MAFGEAH T KiE
R (HAIHE TIRES A1 2C 0 4548 875 BIL I B v 7 1Y
Gl ATEE, u&fmﬁiaaﬁrﬁaﬁ@mﬁ’*
HE— 20Tt XA BRI M Y DR 2R S
FERY IRES JufF 8 A R, —Jr 2R I T
S TE IRES, i ifd TIRES & 45 /0 1) RNA 2544, JF H.
EATZ B A F R SE /DN, BRI AR X 43 A AN TR] 1)
2H X S BARMETI mRNA 3T 89 N IR P TRES,
7 EE R H T IE IRES 36 4 /9 B 14
HRERRE, FTERSNERG Y, R A #h
FEARANE ITAF B8 B0 40 P 622 RNA &1 LA

REEAE M, —L TRES A HAG 36 5 & 35 AR 55
WG RR P R G TP EA TR, IRES #9357 2>
RN AR TR 4 2 R ITAF 1) 22 5310 A A A (0 26 2E
ANk I A v 3 R R R I R R ) AW A
FPROR IR R, AT 2315 B FRATT & 9 B 38 e 4y 7 A
T RN, JTRE R B )RR SR A5 T Y o R KR
$2Tt, [FIEF IRES /-5 09 80 PR 05 5 0 AF |0 I 4
PRI PR ZRIRA TR LR 22 40 RN H A 35t 4% %% 1)
SO AR S U R A AR B TP R R, S
T RNA A7 2 v AR R S s i A X 38,
AT BEHEA TR 5T 45 1 T 8T R T R s AR YT T
2, G ANEL ) IRES {69715, ffi ] RNA 433k #PE )
XA 85 P R IR A T ORI 48, DT B 22 4 (1) b 9 15 31
ez T IRES-ITAF A BAEH a2 ITAF FRikK
SEST A, T RS IRES A5 00 B 2 H 1Y A O
BUL, X5F = FF 8 245 R aE RS 1 B 2 1Y) 0 e 22 0C
HEL,

27 CHk ( References )

[1]QU L, YIZ, SHEN Y, et al. Circular RNA vaccines against
SARS-CoV-2 and emerging variants [ J ]. Cell, 2022, 185
(10) :1728-1744. DOI.:10.1016/j.cell.2022.03.044.

[2]LIU X, ZHANG Y, ZHOU S, et al. Circular RNA: An e-
merging frontier in RNA therapeutic targets, RNA therapeu-
tics, and mRNA vaccines|[ J ]. Journal of Controlled Release :
Official Journal of the Controlled Release Society, 2022,
348 . 84-94. DOI;10.1016/].jconrel.2022.05.043.

[3]ZHANG J, CHEN J. Circular mRNAs: More stable RNAs
lead to more persistent protein expression [ J].
Therapy. Nucleic Acids, 2022,30.:357-358. DOI.10.1016/
j.omtn.2022.10.014.

Molecular

[4]XIA X, LI X, LI F, et al. A novel tumor suppressor protein
encoded by circular AKT3 RNA inhibits glioblastoma tumori-
genicity by competing with active phosphoinositide-dependent
Kinase—1[ J]. Molecular Cancer, 2019, 18(1): 131. DOI.
10.1186/512943-019-1056-5.

[5]LIANG W C, WONG C W, LIANG P P, et al. Translation
of the circular RNA cir¢B-catenin promotes liver cancer cell
growth through activation of the Wnt pathway [ J]. Genome
Biology, 2019, 20(1): 84. DOI. 10.1186/s13059-019 -
1685-4.

[6]MACEJAK D G, SARNOW P. Internal initiation of transla-
tion mediated by the 5’ leader of a cellular mRNA[J]. Na-
ture, 1991, 353(6339) . 90-94. DOI.10.1038/353090a0.

[7]HOLCIK M, LEFEBVRE C, YEH C, et al. A new internal-
ribosome-entry-site motif potentiates XIAP-mediated cytopro-
tection[ J ]. Nature Cell Biology, 1999, 1(3). 190-192.
DOI;10.1038/11109.

[8]COLDWELL M J, MITCHELL S A, STONELEY M,
Initiation of Apaf-1 translation by internal ribosome entry[ J].
Oncogene, 2000, 19(7): 899-905. DOI; 10.1038/sj.onc.
1203407.

[9]STONELEY M, CHAPPELL S A, JOPLING C L,

Myec protein synthesis is initiated from the internal ribosome

et al.

et al. c-

entry segment during apoptosis [ J ]. Molecular and Cellular
Biology, 2000, 20(4): 1162-1169. DOI; 10.1128/MCB.
20.4.1162-1169.2000.

[ 10] WEINGARTEN-GABBAY S, ELIAS-KIRMA S, NIR R, et
al. Systematic discovery of cap-independent translation se-
quences in human and viral genomes[ J]. Science, 2016,
351(6270) : 4939. DOI;10.1126/science.aad4939.

[ 11]LEGNINI I, DI TIMOTEO G, ROSSI F, et al. Circ-ZNF609 is
a circular RNA that can be translated and functions in myo-
genesis| J ]. Molecular Cell, 2017,66(1): 22-37. DOI;
10.1016/j.molcel.2017.02.017.

[12]YANG S, HUANG S, ZHANG M, et al. Novel role of
FBXW7 circular RNA in repressing glioma tumorigenesis
[J]. Journal of the National Cancer Institute, 2018, 110
(3) :304-315. DOI;10.1093/jnci/djx166.

[13]ZHANG M, HUANG N, YANG X,
encoded by the circular form of the SHPRH gene suppresses
glioma tumorigenesis[ J]. Oncogene, 2018,37(13) ;1805-
1814. DOI;10.1038/s41388-017-0019-9.

[14]ZHANG M, ZHAO K, XU X, et al. A peptide encoded by

circular form of LINC-PINT suppresses oncogenic transcrip-

et al. A novel protein

tional elongation in glioblastoma [ J]. Nature Communica-
tions, 2018, 9 (1) 4475. DOI; 10.1038/s41467 - 018 -
06862-2.

[ 15]CARBONNELLE D, VIGNARD V, SEHEDIC D,

The melanoma antigens MELOE-1 and MELOE-2 are trans-

et al.

lated from a bona fide polycistronic mRNA containing func-

tional IRES sequences [ J]. PloS One, 2013, 8 (9):



EFROR 55 . IRES S-S A AR MRS B I I 5 2 9

€75233. DOI:10.1371/journal.pone.0075233.

[16]KING H A, COBBOLD L C, WILLIS A E. The role of
IRES trans-acting factors in regulating translation initiation
[J]. Biochemical Society Transactions, 2010, 38 (6):
1581-1586. DOI.10.1042/BST0381581.

[17]MITCHELL S A, SPRIGGS K A, COLDWELL M ], et al.
The Apaf-1 internal ribosome entry segment attains the cor-
rect structural conformation for function via interactions with
PTB and unr[ J]. Molecular Cell, 2003, 11(3) . 757-771.
DOI:10.1016/s1097-2765( 03 ) 00093-5.

[ 18] PICKERING B M, MITCHELL S A, EVANS ] R, et al.
Polypyrimidine tract binding protein and poly r( C) binding
protein 1 interact with the BAG-1 IRES and stimulate its ac-
tivity in vitro and in vivo [ J]. Nucleic Acids Research,
2003, 31(2) : 639-646. DOI.10.1093/nar/gkg146.

[ 19]PICKERING B M, MITCHELL S A, SPRIGGS K A, et al.
Bag-1 internal ribosome entry segment activity is promoted
by structural changes mediated by poly(rc) binding protein
1 and recruitment of polypyrimidine tract binding protein 1
[J]. Molecular and Cellular Biology, 2004, 24 (12):
5595-5605. DOI;10.1128/MCB.24.12.5595-5605.2004.

[20]GODET A C, DAVID F, HANTELYS F, et al. IRES trans-
acting factors, key actors of the stress response[ J]. Inter-
national Journal of Molecular Sciences, 2019, 20 (4):
E924. DOI;10.3390/1jms20040924.

[21]CHO S, KIM J H, BACK S H, et al. Polypyrimidine tract-
binding protein enhances the internal ribosomal entry site-
dependent translation of p27Kipl mRNA and modulates
transition from G1 to S phase[ J]. Molecular and Cellular
Biology, 2005, 25(4) . 1283-1297. DOI. 10.1128/MCB.
25.4.1283-1297.2005.

[22]KIM Y K, HAHM B, JANG S K. Polypyrimidine tract-
binding protein inhibits translation of bip mRNA[J]. Jour-
nal of Molecular Biology, 2000, 304(2) . 119-133. DOI.
10.1006/jmbi.2000.4179.

[23] DORMOY - RACLET V, MARKOVITS J, JACQUEMIN-
SABLON A, et al. Regulation of Unr expression by 5’ —
and 3’ -untranslated regions of its mRNA through modula-
tion of stability and TRES mediated translation [ J]. RNA
Biology, 2005,2(3) :e27-€35. DOI; 10.4161/rna.2.3.2203.

[24 ] HENIS - KORENBLIT S, STRUMPF N L, GOLDSTAUB
D, et al. A novel form of DAPS protein accumulates in ap-
optotic cells as a result of caspase cleavage and internal ri-
bosome entry site—mediated translation[ J]. Molecular and
Cellular Biology, 2000, 20(2) : 496-506. DOI. 10.1128/
MCB.20.2.496-506.2000.

[25]SHARATHCHANDRA A, LAL R, KHAN D, et al. Annex-
in A2 and PSF proteins interact with p53 IRES and regulate
translation of p53 mRNA[ J]. RNA Biology, 2012, 9(12) .
1429-1439. DOI.10.4161/1ma.22707.

[26] TAKAGI M, ABSALON M J, MCLURE K G, et al. Regu-

lation of p53 translation and induction after DNA damage by
Cell, 2005,
123(1) :49-63. DOI:10.1016/].cell.2005.07.034.

[27] YANG Y, WANG C, ZHAO K, et al. TRMP, a p53-in-
ducible long noncoding RNA, regulates G1/S cell cycle

ribosomal protein 126 and nucleolin [ J ].

progression by modulating IRES-dependent p27 translation
[J]. Cell Death & Disease, 2018, 9(9) . 886. DOI: 10.
1038/s41419-018-0884-3.

[28]GARANT J M, PERREAULT J P, SCOTT M S. G4RNA
screener web server: User focused interface for RNA G-
quadruplex prediction [ J ]. Biochimie, 2018, 151 115-
118. DOI;10.1016/j.hiochi.2018.06.002.

[29]KIKIN O, D’ ANTONIO L, BAGGA P S. QGRS Mapper:
A web-based server for predicting G-quadruplexes in nucle-
otide sequences [ J]. Nucleic Acids Research, 2006, 34
(Web server issue): W676—-W682. DOI: 10. 1093/nar/
gkl253.

[30]LEPPEK K, DAS R, BARNA M. Functional 5 UTR mR-
NA structures in eukaryotic translation regulation and how to
find them [ J]. Nature Reviews. Molecular Cell Biology,
2018, 19(3) . 158-174. DOI.10.1038/nrm.2017.103.

[31 ] BONNAL S, SCHAEFFER C, CREANCIER L, et al. A
single internal ribosome entry site containing a G quartet
RNA structure drives fibroblast growth factor 2 gene expres-
sion at four alternative translation initiation codons[ J]. The
Journal of Biological Chemistry, 2003, 278(41) : 39330-
39336. DOI:10.1074/jbc.M305580200.

[32]MORRIS M J, NEGISHI Y, PAZSINT C, et al. An RNA
G-quadruplex is essential for cap-independent translation
initiation in human VEGF IRES[ J]. Journal of the Ameri-
can Chemical Society, 2010, 132 (50): 17831 —17839.
DOI.10.1021/jal06287x.

[33] AL-ZEER M A, DUTKIEWICZ M, VON HACHT A, et
al. Alternatively spliced variants of the 5’-UTR of the
ARPC2 mRNA regulate translation by an internal ribosome
entry site (IRES) harboring a guanine — quadruplex motif
[J]. RNA Biology, 2019, 16(11); 1622-1632. DOI: 10.
1080/15476286.2019.1652524.

[ 34 ] KOUKOURAKI P, DOXAKIS E. Constitutive translation of
human o-synuclein is mediated by the 5’ -untranslated re-
gion[ J]. Open Biology, 2016, 6(4): 160022. DOI; 10.
1098/rs0b.160022.

[35]JODOIN R, CARRIER J C, RIVARD N, et al. G-quadru-
plex located in the 5” UTR of the BAG-1 mRNA affects both
its cap-dependent and cap—independent translation through
global secondary structure maintenance[ J]. Nucleic Acids
Research, 2019, 47(19) . 10247-10266. DOI. 10.1093/
nar/gkz777.

[36]JODOIN R, PERREAULT J P. G-quadruplexes formation
in the 5" UTRs of mRNAs associated with colorectal cancer

pathways[ J]. PLoS One, 2018, 13(12) : e0208363. DOI;



10 4 #H

& % %20 A

10.1371/journal.pone.0208363.

[37]YAMAN I, FERNANDEZ J, LIU H, et al. The zipper
model of translational control; A small upstream ORF is the
switch that controls structural remodeling of an mRNA
leader[ J]. Cell, 2003, 113(4): 519-531. DOI.10.1016/
s0092-8674(03)00345-3.

[38]CHEN T M, SHIH Y H, TSENG J T, et al. Overexpression
of FGF9 in colon cancer cells is mediated by hypoxia-in-
duced translational activation[ J]. Nucleic Acids Research,
2014, 42(5) : 2932-2944. DOI;10.1093/nar/ gkt1286.

[39]BASTIDE A, KARAA Z, BORNES S, et al. An upstream
open reading frame within an IRES controls expression of a
specific VEGF-A isoform [ J].
2008, 36(7) : 2434-2445. DOI;10.1093/nar/ gkn093.

[40]WU T Y, HSIEH C C, HONG J J, et al. IRSS: A web-

Nucleic Acids Research,

based tool for automatic layout and analysis of IRES second-
ary structure prediction and searching system in silico[ J].
BMC Bioinformatics, 2009, 10; 160. DOT.10.1186/1471-
2105-10-160.

[41]JHONG JJ, WU T Y, CHANG T Y, et al. Viral IRES pre-
diction system — A web server for prediction of the IRES
secondary structure in silico[ J]. PLoS One, 2013, 8(11) ;
€79288. DOI;10.1371/journal.pone.0079288.

[42]KOLEKAR P, PATASKAR A, KULKARNI-KALE U, et
al. IRESPred: Web server for prediction of cellular and vi-
ral internal ribosome entry site (IRES) [ J]. Scientific Re-
ports, 2016, 6; 27436. DOI.10.1038/srep27436.

[43]EISENBERG E, LEVANON E Y. Human housekeeping
genes, revisited [ J ]. Trends in Genetics: TIG, 2013,
29(10) ;: 569-574. DOI.10.1016/j.1ig.2013.05.010.

[44]ZHAO J, WU J, XU T, et al. IRESfinder; Identifying
RNA internal ribosome entry site in eukaryotic cell using
framed k-mer features| J ]. Journal of Genetics and Genom-
ics, 2018, 45(7) : 403-406. DOI;10.1016/].jgg.2018.07.
006.

[45]WANG J, GRIBSKOV M. IRESpy: An XGBoost model for

prediction of internal rtibosome entry sites [ J ]. BMC

Bioinformatics, 2019, 20 ( 1). 409. DOI. 10. 1186/
$12859-019-2999-17.

[46]KOMAR A A, MAZUMDER B, MERRICK W C. A new
framework for understanding IRES-mediated translation[ J ].
Gene, 2012, 502(2) : 75-86. DOI;10.1016/].gene.2012.
04.039.

[47]BONNAL S, BOUTONNET C, PRADO-LOURENCO L, et
al. IRESdb; The internal ribosome entry site database[]J].
Nucleic Acids Research, 2003, 31 (1) 427-428. DOI.
10.1093/nar/ gkg003.

[48]MOKREJS M, MASEK T, VOPALENSKY V, et al
IRESite——A tool for the examination of viral and cellular in-
ternal ribosome entry sites [ J]. Nucleic Acids Research,
2010, 38 ( Database issue); D131-D136. DOI; 10.1093/
nar/gkp981.

[49]7ZHAO J, LI Y, WANG C, et al. IRESbase; A comprehen-
sive database of experimentally validated internal ribosome
entry sites[ J |. Genomics Proteomics Bioinformatics, 2020,
18(2): 129-139. DOI;10.1016/j.gpb.2020.03.001.

[50]YANG T H, WANG C Y, TSAI H C, et al. Human TRES
Atlas; An integrative platform for studying IRES-driven
translational regulation in humans [ J ]. Database, 2021,
2021 baab025. DOI.10.1093/database/baab025.

[517MOKREJS M, VOPA LENSKYV, KOLENATY O, et al.
IRESite: The database of experimentally verified IRES
structures ( www.iresite.org) [ J]. Nucleic Acids Research,
2006, 34 ( Database issue); D125-D130. DOI. 10.1093/
nar/ gkjO81.

[52]GRILLO G, LICCIULLI F, LIUNI S, et al. PatSearch: A
program for the detection of patterns and structural motifs in
nucleotide sequences[ J]. Nucleic Acids Research, 2003,
31(13); 3608-3612. DOI;10.1093/nar/ gkg548.

[53]MARQUES R,LACERDA R, ROMAO L. Internal ribosome
entry site (ires)-mediated translation and its potential for
novel mrna-based therapy development[]J]. Biomedicines,

2022,10(8) :1865. DOI ; 10.3390/ biomedicines10081865.



