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Abstract: Retinoid acid-inducible gene-I-like receptor (RLR) signaling pathways, the immune
signaling pathways in response to infections, play a regulatory role in the production of
pro-inflammatory cytokines, chemokines, and type I interferons. Ubiquitination as one of the
post-translational modifications refers to the process of ubiquitin binding to different amino acid
sites on the target proteins, which regulates the fates of proteins. For example, it initiates the
proteasome pathway to degrade the target protein or activating the protein transport. The
ubiquitination of RLR signaling pathways is a way of regulating multiple effectors and one of the
classical pathways through which viruses induce major diseases in animals, autoimmune
diseases, and chronic inflammation. This paper introduces the typical structural features and the
ubiquitination types of key effectors in the RLR signaling pathways. Furthermore, it expounds
the roles of ubiquitination in the regulation of key molecules in the RLR signaling pathways,
aiming to provide a reference for the intervention or treatment of related diseases.
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Figure 1 Molecular structure of key effectors in RLRs signaling pathway[6'14]. CARD: Caspase activation and
recruitment domain; Helicase: Helicase domain; CTD: C-terminal domain; TM: Transmembrane region; RING: Ring
domain; ZFD: Zinc-finger domain; TRAF-N/C:TRAF-N/C domain; KD: Kinase domain ; ULD: Ubiquitin-like
domain; SDD: o-helical scaffold/dimerization domain; NBD: NEMO-binding domain; HLX: N-terminal
kinase-binding domain; CC: Coiled-coil domain; LZD: Leucine zipper domain; HLH: Helix-loop-helix-domain;
DBD: DNA-binding domain; IAD: IRF-associated domain; SRD: Signal-receiving domain; ARD: Ankyrin
repeat-containing domain; PEST: Proline-, glutamate-, serine-, and threonine-rich (PEST) sequence; RHR: Rel
homology region; NTD: N-terminal; NLS: Nuclear localization sequence; TAD: Transactivation domain.
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#& 1 RLRs FSBEITEEHEANINGE

Table 1 Function of different domains of RLRs signaling pathway molecules

Domains Functions References
CARD Produce ubiquitination and autoactivation [6-7]
Helicase Transduct the dsRNA-mediated signaling

CTD Recognize viral RNA with 5’ triphosphate (ppp)

™ Anchor to the mitochondrial outer membrane [8]

Proline-rich region
RING
ZFD

TRAF
KD
ULD
SDD
NBD
HLX
cC
LZD
ZFD
HLH
DBD
IAD
Linker region
SRD
ARD
PEST
RHR

NTD
NLS
TAD

Bind to the tumor necrosis factor receptor-related factor (TRAF) family members
Equip with E3 ligase activity [9-10]

Regulate gene expression, cell differentiation, and embryonic development at the
transcriptional and translational levels

Interact with cell surface receptors initiates TRAF protein recruitment

Regulate kinase activity

Control kinase activation, substrate presentation, and downstream signaling pathways

Mediate IKKP and TBK1 dimerization and interaction with IkBa

Bind to NEMO

NEMO in complex with IKKB NBD

N

Bind to macromolecules

Bind effectively to IkBa and may direct IkBa to the ULD/SDD of IKKf

Bind to DNA and can form a dimer

Bind to DNA [11-12]
Mediate the interaction of IRFs to other factors

N

Receive signals from other molecules [13-14]
Mediate the interaction between two proteins

N

Mediate form homologous and heterodimers, which in turn can bind promoter and [13]
enhancer regions of genes to regulate gene expression
Mediate synergistic binding of proteins to multiple common DNA sites

Interact with the enucleate carrier so that the protein can be transported into the nucleus

Activate target gene

N: Not determine.

2 B R R
R 2

o ZRARES R IZ REIENE E1. Z R4

12 Z (ubiquitin, Ub)JEfH 76 NEIEMRA N A1 B2, Z RK#EHN B3 A& ERRE =5
—FhE AR AEE N, RAEAE 1975 Bl BERBENN . 1Z B B A= BRI O A
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KUTE, X BREHEAZRN C b
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FAM B R R A S B AR S (L
TR 22 2 R /93 R IO 2 R/ s A R ) O
HATCIESSZ R 5IRYIZ maet k4 9 Fh
KAz ZAGEME, 2908 G76. K63, K48,
K33, K29, K27, K11, K6 #1 M1'*", K%

Ubiquitin
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Figure 2 The connective form of the ubiquitin chain
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Linear polyubiquitin chain

I M: Methionine site; K: Lysine site; G: Glycine site.
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2 R AAE AL RE % VR F5 B 115 14 S 40
B Beiz KR R, i HIAS ST 15
oyt AR . NGS5 DNA #if
&5 K A G N S 2 R fliG 8. Horp K6
K11, K27, K29, K48 {i mi(iZ 2= 555 sh ek 1

R2 ZEUMARHEEIEMGSRE

Table 2 Types of ubiquitination and antiviral response

VRREARIRAR , 1 E b I 2 1 R AR ;s ML K33,
K63 v 15 )12 2 e (e 3 I B A 8T
A5 P2 S AT I A 7 1) SO 56 5 T e B
WI3E A (2 S S D555 2 B AR )z 2 ik
SRR AR G, IRFIARTE ERE R 2),

Ubiquiti-nation Ubiquiti-nation ~ Physiological functions

Antiviral reaction

species sites Virus proteins ~ Substrates Effects

Ml Methionine (Met) Inflammation, Epstein-Barr ~ TRAF1 Promote M1-linked
anti-apoptosis, NF-xB LMP1 polyubiquitination and activate
signaling activation®” downstream typical NF-xB

pathway?!

K6 Lysine (Lys) DNA damage repair, PDCoV N polRF7  Promote K6-linked ubiquitination
mitochondrial and inhibit porcine type I IFN
autophagy?>>*! production®¥

K11 Lysine (Lys) Regulates the cell cycle, Zika virus NS1 Caspase-1 Reduce K11-linked
binds to K48 and promotes poly-ubiquitination and inhibit
proteasomal degradation type I interferon signaling®®

K27 Lysine (Lys) DNA damage repair, PRV UL21 cGAS Promote K27-linked
antibacterial and antiviral ubiquitination and inhibit type I
responsel?’28 interferon signaling!”!

K29 Lysine (Lys) Regulating the degradation PRV UL13 STING Promote K29-linked
of kinases*”’ ubiquitination and inhibit type I

interferon signaling®"

K33 Lysine (Lys) E3 ligase Nrdpl mediates = IBDV VP3 TRAF3  Reduce K33-linked
polyubiquitination of the ubiquitination and inhibit IFN-$
K33 linkage of the signaling expression by blocking
kinase Zap70, thereby TRAF3-TBK1 complex
terminating early TCR formation"*
signaling in CD8(+) T cells?*?

K48 Lysine (Lys) Mediates protein GCRV VP4 RIG-1 Promote K48-linked
degradation by 26S ubiquitination and inhibit type I
proteasome®*! interferon signaling®”’

K63 Lysine (Lys) Activate the antiviral IBV PLpro MDAS Reduce K63-linked
signaling pathway*¢* ubiquitination and inhibit type I

interferon signaling®”

G76 Glycine (Gly) Connecting each ubiquitin N N N

site, formation of a ubiquitin
chain by constructing an
isopeptide bond between
G76 of one ubiquitin and a
specific lysine residue of the

next ubiquitin™*”

N: Not determine.
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Figure 3 Regulation of RLRs signaling pathway molecules by ubiquitination modification.
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Bz R, I IE MAVS R4, M
WG POR R S, AT A TRIM6S
AEfEIE MDAS Y K63 #2972 4P, Mg
1 MDAS SRBUE RIRGPE . 5T R AL Ytk =2
A5 9K B (infectious bronchitis virus, IBV)Zm i
1) — AN I FE IR PLpro, HAHEM
K ff B AR Ah Kz R TE P, IBV PLpro 7
DF-1 4ififi i Rk By, REGEIEHE MDAS Fi
TBK1 Bk K63 &Mz Rk, NMH|s5H0m
E A R IUN L
3.4 ZERULEIERT MAVS B9BIE{ER

Y4 RLRs {55 538 B 9 B ZAK 4], MAVS 38
T AR Bty TM 45 ey Sl o e 2 b A S s 2
1 F, #/H CARD 5 RLRs M HEA/EMCY, k4=
EA MG BMMA LR N, B AR e,
R 2EF A THESE RLRs 5538 BR A3t
3.4.1 K48 ERERIZ R MAVS HIiEEIER

A W5 & B A 95 9% 7 (Tambusu  virus,
TMUV) NS2B fit'5 MAVS 42 EEAE, {2k
MAVS 1) K48 i1z R MR &
AR A NS2B IR REE R SE4E B3 2 R ik
filt MARCHS #1729z RAWEM MAVS, M
il TR TFN FSAE A 7= Az, ik 040 i 4 At A
Biows 5 iYL NLRX1 2 5 & % 0% 5
(hepatitis C virus, HCV)H—FiAESE, g5
MAVS M HAE I T K48 i 272 L0,
AR L T MST4 {2 1F B3 12 R % H: Smurfl
1 MAVS Z R EAER, XE# T MAVS 1)
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K48 17 Z Ak sh B AR AR, BCL2 AHCHE
J8 72 # [H 6 (BCL2-associated athanogene 6,
BAG6) 1 BE I F K48 % 12 1 72 £ 1k 3k 3 4l
MAVS R &, I 5 PEH 58 MAVS Xt
TRAF2 (SR E LI RLRs [5 51551, b,
AT ARMEREIETEMENTIRERD 4

(neuroprogenitor cells express developmentally

regulated down-regulated protein4, NEDD4)%5 &

#5F 3 (NEDD4 binding protein 3, N4BP3)F/15 5
#5 [ 33 (transmembrane protein 33, TMEM33)1
A U E MAVS B K48 1452 1972 Z A5
RNF114 HHEHE 7] MAVS Il TRAF3 #E47 K27 Fil
K48 172 RALFE A AR X SL A o
K48 fii sz = AL, e TP 5 il
o HZMR, WU SEE A RECS R0
IRZEMAERFRE 1 SMC ALY, 7RSS . 4L
Ji g TG P ARG IR B AR LS, Chen 551
5% & B, REC8 G5 4T i) MAVS AHEAE
FH, #0if RNFS fil % 5 MAVS ) K48 iE #1712
ZAE NI MAVS GEIRE R 5555
T, R KRR
3.4.2 K63 EIZEAZ R MAVS BYEEER
TRIM31 g5 MAVS tHEAEH, fifk MAVS

| Lys10., Lys311 HI Lys461 ) K63 %212
2k, BOE TS, MIMES 1R IFN FIRAE
N F iy = A e PR R r X R EA
USP18 fig5 MAVS FS VA AR, i K63
R £z %4k T USPIS fE N4k,
fE i TRIM31 R8T 7, I35 2 4
TRIM31 #l MAVS Z[RIBAHTAERT, F4b,

Chen %531 35 Secl3 G T MAVS S 4EF
K63 iz £k, H B EHR T IRF3 (iR
AR AL, ek IFN-B 197=/E7?, NEDD4
4545811 3 (N4BP3)iE L1 4 1] MAVS i i MAVS
) K63 E 1012 LB, & RLR {5 58 H Y

EPEE S, X E [ FAFL @it 5
TRIM31 $E4 MAVS 4550 MAVS 1 K63 %42
W27 ZACFELE, H K48 LM L2 ZILA
Bz B,
343 K27 EERAVZ RN MAVS HYIEE{ER
He %513 % 1k RNF34 & BUH: i 2 ik MAVS
) K27/K29 #HEMZ 20, B BEE R ani bt
J& 2 (bone marrow stromal cell antigen 2, BST2/
tetherin) /& —F TR B WIUR R T, BA
REL 1 52 JRk % 44t B R ik G S 25 1 RE T, SR
BH tetherin REFHSF E3 12 & % #:H MARCHS 1k
Lys7 &b MAVS F#) K27 ##mz £k, 1fEN
NDP52 {4 | Wik A i s 57
3.5 ZEBIRXT TRAFs KikAEE{ERH
TRAFs J&Z 5N {E 57 500 8 215
EH, EEEARNESER, HilkHa 7 1
FWEM G . 22T TRAFs Z5#4 - f) TRAF 45#)
W, M EAT B3 12 R RE A S 48
IRE, 1 RING 1 ZF 4568809 — 4k ) J2 K63
TR M2 B e T AT o
351 ZEREIEX TRAF2 BiBE{ER
— P LR AT Y AR T R R A K %
filf DUT-M, it 5 RIG-I #il MAVS #H & 4E 15k
HEBNZH%E MAVS-TRAF2 B4, Wik TRAF2
) K63 5E 27z 4k, FHIRF3 —RILAI p6s
PRk s Y5, DN ITTRCNE 1 78 TFN RS AE K+
=AU SRY M EH ST 9 (SRY-box
transcription factor 9, SOX9)5 MAVS tHEAEH
FFHR A MAVS LU MAVS-TRAF2 68, M
M0 H MAVS 45 ) TRAF2 () K63 4412 21k,
T IFN-B RSB MR R R 557 S,
3.5.2 ZHRLEIHXT TRAF3 MiEE(ER
WERZE 2K o (estrogen receptor a, ERa)jE
W A B s R AR 2 AR L B, RE AR S
TRAF3 M HAEFIF{E0F TRAF3 () K48 5% 5 1§
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PRBEE AR , AT W 20— ARS8 0 400 B s 7
R AP T M7 2 (cellular inhibitor of
apoptosis 2, cIAP2)if )5 & i B 7 H7TN9 NP
E A4 4E 4 TRAF3 4 5E TRAF3 %k,
Mﬁﬁﬁﬂ%ﬂ K48 #1212 Z b TRAF3 HyRE
fifel”, PINK1 W3 i B 455 TRAF3 45
4, FFA Parkin £ Y TRAF3 K48 4% 177 %
AR BB A | DA 4530 2 e 8 S I It
FlEA 70,

RNF166 N1 3#45% TRAF3 fl TRAF6 [
K63 55172 Z LIRS RNA f5 il % 19 IFN-B 1
FEAEBY, TRIM24 tAEMEUE TRAF3 K63 #4214
wEAk, fiH5 MAVS #1 TBK1 FHCEE, M
BOE W PR R 5. Forkhead #53¢[HF 1
(forkhead box O1, FoxOl)4&— Fhfig 3= 4% 3¢ A
T, 1E SeV J&YLJ5, FoxOl il T TRAF3 K63
ez 240D 5 TBK1 ZRMBEAE, MiiT
P& IRF3 AR/ T RT R A A,

3.5.3 ZHRLEIHXT TRAF6 REIE{ER

1 Z2F 94 92 95 7 17 (bovine herpesvirus 1,
BHV-1)%ii% i F 26 (4 BICPO H A B3 12 K ik 4%
MG PR, AR RE ARG TRAF6
() K48 17 ZAL RIS, NLRP11 J& NLRs K%
FIRE L, REME KT MAVS i )7 201855 TRAF6
() K48 L1972 ZAL M5 S TRAF6 [,
IEJH#E 71 (enterovirus 71, EV71)E&4L1s Eéﬁiﬂ@
J& . FERAMRINRSS T Xz RILE USP4 1y
ik, 1 USP4 Alid et 2Bk TRAF6 1Y K48 i%4%
H7z ZACREAL TRAF6 RYFEAR, DAL S T
EV71 By HI%,

IZ Z M UBL4A BEfiEF TRAF6 119 K63
Rz £, BT BT R AR ok
FLPHEEE R 3 454 85 H (galectin 3 binding protein,
LGALS3BP)/E 2 22 15 TRAF6. TRAF3
AHHAE 14558 TRAF6 FI TRAF3 K63 B H: 1072 &
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b, FFEN TRAF6 BFe Bz ZALEY), 5%
178 TFN AR AN A=Akl s ™
LGP2 Wid & 572 = % ¥  E2N  (ubiquitin
conjugating enzyme E2N, UBE2N)AJ%E & LI
il TRAF6 (9 K63 57z AL,
3.6 ZRWEHRT TBK1 BiEE(EH

TBK1 FE{5"5 38 f h 2 BE WS T iE IRFs
K, fEut 1AL IFN /=4, 1 THOC7 REHE M
TBKI1 i) K48 Z iz AL HFEM, Mty 1 8
IFN 7= 5 ™ 22 28 5006 0 1 26 (1 3O 1
(mitogen-activated protein kinase 1, MAP4K1)i#
17 RGN DTX4 ik K48 &4z R Axt
TBK1/IKKe #F17FMm™. PRtz 4h, GCRV il
R B TBK1 1 K63 i 1iz R AL i K48 i
FERZ A0k TBK1 354k, BHKT IFN K,
RSP0 Ayt ke Parkin 18342 #F TBK 1 /Y
K63 HiEZIz £k, fEdFEpik AN, Ao
Bk BAME BVT1 RS &
8 USP24 3R, FEAIK TBK1 B K63 i1
Zz FAk, dE— e BV P
RNF144B ifi i) IBR #5435 TBK1 /) SDD % 1"]
BEAE, R TBK1 B K63 stz %1k,
S TBKI1 RGP, SRR &, R
JEAR A 2 R BEH% B (nervous necrosis virus, NNV)
5E T RNF34, sladfeit K27 F1 K48 iEH:M
TBKI1 #il IRF3 32 ZALFIFEA#, 40 RLR A3/
IFN Sz i,
3.7 ZERLEIEXT IRFs RUEE(ER

IRFs J&40 15 e {5 5 il i Hh B 2 i 5% 5
WFz—, B KA 9 MHEIEMG . 76
RLRs {5 Sl g, IRFs & EBRRALTTES, Xt
TR T IFN 7= 28 e d il
3.7 ZEAEIEST IRF3 BiBIEER

X IRF3 Mz 2R K ZHEH T K48 fi
#i, W1 FoxOl1 @i itk TRIM21 5 TRIM22 45
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() IRF3 K48 1977 AL KMEIR IRF3 ffese v
Ji—F B3 2 FiEHEF MID1 5 IRF3 454,
PR K48 17 i i 212 Z AP, % Jumonji 454
3 & H 6 (Jumonji domain containing 6, JMJD6)
Wi SR RNFS SEME#E IRF3 K48 #HEMZ &
fb, TS TR R AP, Ak, PhAE
R J4 % B (pseudorabies virus, PRV)Z#E [ ¥4 i
UL13 s ¥ IRF3 YEfT K48 £z e
il IFN-B {558 B, 1 FRIKHE T 1 5 U 5
JiJed 25 44 38k (ovarian tumor domain, OTU)AY 272
Z Ak 6B (OTU deubiquitinase 6B, OTUD6B)fE
TN TRAF6 /519 K63 1319 IRF3/IRF7 12 %
1k, BAMEAHIES T TBK1 5 IRF3 1 IRF7 (45
4, SEME BRI ZR, B F-box
51 3 (F-box protein 3, FBXO3)IE 1 IRF3/7 )
K27 ¥R 22 ZA iR oy, 2
72 Z M PSMD14/POH1 i i3 V) #] IRF3 | Lys313
AbFEHE K27 297 R YERE IRF3 (1) 36l K
FIRF3 30 1 BTHRMTE, MR ik
IRF3 HWEREEY, LUBAC &Rtz &
LR A, AIAE IRF3 Y 2 A FR AR FEVE T
M1 EREN L7 ZIBIY, Raja S50
FERI, 2 Z 1 Otulin fEiE 11 225 LUBAC %
IRF3 M1 #4219 212 Z AR RIG-1175 S 1 21
AT AR,
3.7.2 ZRWEIERT IRF7 MBEER
WF5E K B S RPZS 25 (1 7E TBK 1 #4076
i K48 Mz AR IL Y IRF7, {2
HER A A U Nemye R8T 2 W 1a
(N-myc downstream regulated 1, NDRGla) Fl
GCRV VP56 HihE5 IRF7 M EAEM, {23 IRF7
K48 iz 24k, ST b e,
BRI GE IR R I X BE T30 & ARG N
1 (X-linked apoptosis inhibitory protein
correlation factor 1, XAF1)fEfr Rt IRF7 1E

A, B sd B3 2R ERBESY
BTB-CUL3-RBX1, ffiH E## M IRF7 F4eidt
K48 # Mz RN, e PD /N RUEER
W, RI 2z Z1KEF OTUBI fiE R IRF7 K48
Rz FAk, 9 IRFT ke, mifeit
PD /)N BB S 17 3848 5 R R i B i U T
IRF7 WRE S it B3 2 REMEHERE 3
(neuralized E3 ubiquitin protein ligase 3, NEURL3)
FHEAEM, fii& IRF7 Lys375 b1 K63 i 5 12

ZEMA, BERPUR e RO Y. TAR RNA
¢t & 11 2 (TAR RNA binding protein 2,
TARBP2)I£=4it] TRAF6 /S0 K63 H:m)
IRF7 iz &AM,
3.8 ZRWEIGEM S FRIEFEER
Li SHEME 5 AFL T E6 AHCEH
(human papilloma virus E6 related protein, E6AP)
C i3 [A]7) (homologous to E6AP C terminus, HECT)
SEMIER) B3 {2 R iEHEM 3 (HECT domain E3
ubiquitin protein ligase 3, HECTD3)if i 7E K296
fLR % K27 Hl K63 EHMZ Rz Riklz 71k
IKKor, 3458 IKKow MIFSE M . A% L A S
P, I fE#E NF-xB HEEERLSE . Ja3h 1 83T
P Ay L% TRIM22 AUAT4E 4 TkBo
5T K48 JEHIZ RALIE R, I shit
(55, 1 1T 5 NEMO B W 2 A W13 F L i K63
HERRZ L, F3IKKowp M IkBo BER1L,
NLIR REE RSk AR

4 RZ

KF4> RNA 5 8 ol il i 88 e F RLRs {5
530 P OGN B AT T K48 BRI R
fb, DABEIR RLRs {55 @ BHfE 5165, %
WAE FPUOR R RE, LA S, Mk
I RLRs (5538 5% F 3828 1) K63 5837 s
7z Rk, AR (A 030G 32 20l s ek
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HATHNE S LT, IRFERE IR BIR AR e ok
BB . RILZEH, 15 RS E
2 FE R SR R AR sy R 5 S m %
2 2 A A8 1 A 38 T 5 B 1 A A5 BT H 8 e
800 A SRR R, B A B 1
WFFE S UL 2 VAT . AR R R A
EMCV 515 R4 A BAELHIDFSE, & &M
EMCV 258 1 VP2 il g H: C i 5 MDAS |
MAVS. TBKI1 Fl IRF3 tHHEAEH, ek Az
FAib, k& O R A R R AR B R
RLRs, H Uk EMCV F|HIH VP2 #kikkfg £ bim
BN o ik HSPOO, DDXS6 ., HEEEZE T A2
SRS R IR LT S 1S MR e, i — P
T 5305 2 R YL AL T B9 5 FE Rk,

ItAk, 7E RLRs &2 & BT 268 580 RIG-1
il MDAS Rz RABMvY R, HXETF
LGP2 iz Z4 R HIIBEMMI R AL . vk
P TRIM14 fEffi RIG-1 K49z £k, HIFHkK K
I LGP2 fE# TRIM14 Wit —# PSpry Fl Hel2
T HERE IR A S, WAS RIG-T 45
AP0 ATHEWT TRIM 14 5 RIG-T 1972 Z L& 2
REVTRE 2@ 5 LGP2 9AH B4 A a4
S XWAKTF LGP2 HALIHEEMBITE L K 4h
J@ W Z RLRs {5538 b A B 5 1 i de it
SR, INEA G 5835 RLRs F A FLITRERF SR 1Y
Bz —,

H i L R AL B AR BE T —Se bt
FEIEAl, (HXF 2Rz ZaEE . RG22 K.
Ltk 22 REEE )T ISR A Z E L, i
U y7 224 A6 i T 3 ST ) B 1 T ) A R
HiRXZ ZAB M IR 22— o385 kX
5 I Z A B 5 3 R S SR LA
0095 7 2 T B SR S AR S BT L, AR
HEXT RLRs 5530 B OCHE R 71z R AL
YERRAMESE 5500, LU S35 697

<l actamicro@im.ac.cn, & 010-64807516
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