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Fig.1 Schematic view of IFN signaling activation
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Fig.2 Aberrant IFN signaling due to gene mutation '

W FETRNA -
L S /

HE\EA

XUEELERE Y X RREESE FI B FR R S 10 R Alu,
fA] #% A IR-Alu (inverted repeat Alu) Joff. 4HjE
Yi i — P RNA R 52 B I 2B (RNA-specific
adenosine deaminase 1, ADARI1), fE45 4 dsRNA
- E A W B, B dsSRNA A RIS A AL
R BTEERS 1o Gl E ST, B ADARDHKE IR-Alu
TR S AMBIE A T, DATITRE AU XS 228 i 1R U
G, TCRIERECRTE5H © . ADAR] 3 i 3 A
REIEE R, B8R T IR-Alu B AUEE S5 # , fHi159%
RNATEAIME P, A2tk MDAS $Ui| . HAE R A:
UIHE T2 R B ADARI 98 78 5 VI RE AR AT I 9712 IFIH
(45 MDAS HE ) WO T, IR-Alu Tl iR
Wl “4k2” 43+, M if MDAS-MAVS
(mitochondrial antiviral signaling protein) %1%, fff
YU A TR AT B SR s

LRI IL, THRZR SR k4%, T2 LI
MR A R e E AT EE Y, — H X — 4T
W, T ER LA SR s, s ZHUER
FE AT S epimm kA (E12),

RNaseH2A. RNaseH2B.
RNaseH2C

N

LSM11. RNU7-1

27, 34]

H2 ERRESHTREERNSEHE 7

SAMHDI . TREXI. RNaseH2. LSMIIFIRNU7-1% & DIRETE G875 S 850 () 40 i DN AR 53

IFIH % %7 S S RNAR 5
FEA

BTG cGASA SR TR MM . ADARI .

HIGMDASA TR R . 26O FHRFIRRZ I, RO TFIRIIRAGS 4 E H R



2022; 49 (8

=%, & THRERERESESREER

+1449-

4 BESRE

gi Lk, TIRGUREHCEYE Sl
240 L P — o LS IO, TR T R R A
ARG AL T, AR Q. I
R, wem R R T IRE S

To PN TR, RIE T XSGR RS0

TR .
WG X A B S SO L AT R AR
S eGS0 I e e Y R L bl

mt%t@m R AR RS A X A0 M AE T 2508
HARBRYUIRAS FRER B DI B R EE . ARG
JPORMEIETE R, 3k SR R U S A B (R RS 1
FRASIN H AR FI 25 s, AN RO -l

M SR BRI T IR AR Tl g B AR, £
X DNA R AR g | & B9 AGS iR, 2245 1

W S R BEA T IR IR R IR R 27 > FER
K BVRAFTR], TRYPRE A HOR B 22 (4R S ) 551 i

AT BRI TSI, BIF5E s
Z £ x W

[1]  Kawamura T, Ogawa Y, Aoki R, Shimada S. Innate and intrinsic
antiviral immunity in skin. J Dermatol Sci, 2014, 75(3):159-166

[2]  Coates M, Blanchard S, MacLeod A S. Innate antimicrobial
immunity in the skin: a protective barrier against bacteria, viruses,
and fungi. PLoS Pathog, 2018, 14(12):¢1007353

[3] Hervas-Stubbs S, Perez-Gracia J L, Rouzaut A, et al. Direct effects
of type I interferons on cells of the immune system. Clin Cancer
Res, 2011,17(9):2619-2627

[4] LiuT, Zhang L, Joo D, et al. NF-«B signaling in inflammation.
Signal Transduct Target Ther, 2017,2(1):17023

[5] Isaacs A, Lindenmann J. Virus interference. I. The interferon. Proc
R Soc Lond B Biol Sci, 1957,147(927):258-267

[6] Picard C, Belot A. Does type-l interferon drive systemic
autoimmunity?. Autoimmunity Rev, 2017, 16(9):897-902

[77  WangL, Wang F S, Gershwin M E. Human autoimmune diseases:
acomprehensive update. J Intern Med, 2015,278(4):369-395

[8]  Barrat FJ, Elkon K B, Fitzgerald K A. Importance of nucleic acid
recognition in inflammation and autoimmunity. Annu Rev Med,
2016,67(1):323-336

[91  Wolin S L, Maquat L E. Cellular RNA surveillance in health and
disease. Science, 2019,366(6467):822-827

[10] SunC,Luecke S, Bodda C, et al. Cellular requirements for sensing
and elimination of incoming HSV-1 DNA and capsids. J Interferon
Cytokine Res, 2019,39(4):191-204

[11] MacLachlan N J, Dubovi E J. Fenner’s Veterinary Virology.
Elsevier: Academic Press, 2017:477-495

[12]  West A P, Khoury-Hanold W, Staron M, ef al. Mitochondrial DNA

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

stress primes the antiviral innate immune response. Nature, 2015,
520(7548):553-557

Neidermyer W J, Whelan S P J. Global analysis of polysome-
associated mRNA in vesicular stomatitis virus infected cells. PLoS
Pathog,2019,15(6):¢1007875

Li X, GuM, Zheng Q, et al. Packaging signal of influenza A virus.
VirolJ,2021,18(1):36

Sun B, Sundstrém K B, Chew J J, ef al. Dengue virus activates
c¢GAS through the release of mitochondrial DNA. Sci Rep, 2017,
7(1):3594

Hajam I A, Dar P A, Shahnawaz 1, ef al. Bacterial flagellin—a
potentimmunomodulatory agent. Exp Mol Med, 2017, 49(9):e373
Tam J C H, Jacques D A. Intracellular immunity: finding the
enemy within——how cells recognize and respond to intracellular
pathogens. J] Leukoc Biol, 2014, 96(2):233-244

Mu X, Ahmad S, Hur S. Endogenous retroelements and the host
innate immune sensors. Adv Immunol, 2016, 132:47-69

Liu X, Wang Q, Chen W, et al. Dynamic regulation of innate
immunity by ubiquitin and ubiquitin-like proteins. Cytokine
Growth Factor Rev,2013,24(6):559-570

Ablasser A, Hur S. Regulation of ¢cGAS- and RLR-mediated
immunity to nucleic acids. Nat Immunol, 2020,21(1):17-29
Schindler C, Levy D E, Decker T. JAK-STAT signaling: from
interferons to cytokines. J Biol Chem, 2007, 282(28):20059-20063
Hornung V. Snapshot: nucleic acid immune sensors, part 1.
Immunity, 2014, 41(5):868-868

Hornung V. Snapshot: nucleic acid immune sensors, part 2.
Immunity, 2014, 41(6):1066-1066

Pascual V, Chaussabel D, Banchereau J. A genomic approach to
human autoimmune diseases. Annu Rev Immunol, 2010, 28(1):
535-571

Crow Y J. Type L interferonopathies: a novel set of inborn errors of
immunity. Ann N'Y Acad Sci, 2011, 1238(1):91-98

Lee-Kirsch M A. The type I interferonopathies. Annu Rev Med,
2017,68(1):297-315

Crow Y J, Shetty J, Livingston J H. Treatments in Aicardi-
Goutieres syndrome. Dev Med Child Neurol, 2020, 62(1):42-47
Crow Y J. Aicardi-Goutiéres syndrome//Adam M P, Ardinger H H,
Pagon R A, et al. GeneReviews”. Seattle (WA): University of
Washington, 2016: 1993-2021

Crow Y J, Hayward B E, Parmar R, et al. Mutations in the gene
encoding the 3'-5' DNA exonuclease TREX1 cause Aicardi-
Goutieres syndrome at the AGS1 locus. Nat Genet, 2006, 38(8):
917-920

Crow Y J, Leitch A, Hayward B E, ef al. Mutations in genes
encoding ribonuclease H2 subunits cause Aicardi-Gouticres
syndrome and mimic congenital viral brain infection. Nat Genet,
2006,38(8):910-916

Rice G I, Bond J, Asipu A, ef al. Mutations involved in Aicardi-
Goutieres syndrome implicate SAMHD1 as regulator of the innate
immune response. Nat Genet, 2009, 41(7):829-832

Rice G I, Kasher P R, Forte G M A, et al. Mutations in ADAR1



1450

EMUFESEYIRHR

Prog. Biochem. Biophys.

2022; 49 (8)

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

cause Aicardi-Goutiéres syndrome associated with a type I
interferon signature. Nat Genet, 2012, 44(11):1243-1248

Rice G1, del Toro Duany Y, Jenkinson E M, et al. Gain-of-function
mutations in IFTH1 cause a spectrum of human disease phenotypes
associated with upregulated type I interferon signaling. Nat Genet,
2014,46(5):503-509

Uggenti C, Lepelley A, Depp M, et al. cGAS-mediated induction
of type I interferon due to inborn errors of histone pre-mRNA
processing. Nat Genet, 2020,52(12):1364-1372

Barroso S, Herrera-Moyano E, Muioz S, et al. The DNA damage
response acts as a safeguard against harmful DNA-RNA hybrids of
different origins. EMBO Rep,2019,20(9):e47250

Hopfner K P, Hornung V. Molecular mechanisms and cellular
functions of cGAS-STING signalling. Nat Rev Mol Cell Biol,
2020,21(9):501-521

Sparks J L, Chon H, Cerritelli S M, et al. RNase H2-initiated
ribonucleotide excision repair. Mol Cell, 2012, 47(6):980-986
Mackenzie K J, Carroll P, Martin C A, et al. cGAS surveillance of
micronuclei links genome instability to innate immunity. Nature,
2017,548(7668):461-465

Pendergraft W F, Means T K. AGS, SLE, and RNASEH2
mutations: translating insights into therapeutic advances. J Clin
Invest,2015,125(1):102-104

Burns K H, Boeke J D. Human transposon tectonics. Cell, 2012,
149(4):740-752

Zhang Z, Zheng L, Yu'Y, et al. Involvement of SAMHD1 in dNTP
homeostasis and the maintenance of genomic integrity and
oncotherapy (Review). IntJ Oncol, 2020,56(4):879-888

Coggins S A, Mahboubi B, Schinazi R F, et al. SAMHDI functions
and human diseases. Viruses, 2020, 12(4):382
Hu S, Li J, Xu F SAMHDI1
retrotransposition by promoting stress granule formation. PLoS
Genet, 2015,11(7):¢1005367

Martinez-Lopez A, Martin-Fernandez M, Buta S, ef al. SAMHD1

et al. inhibits LINE-1

deficient human monocytes autonomously trigger type I

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

interferon. Mol Immunol, 2018, 101:450-460

Simpson S R, Hemphill W O, Hudson T, ef al. TREX1-Apex
predator of cytosolic DNA metabolism. DNA Repair (Amst),
2020,94:102894

Motwani M, Pesiridis S, Fitzgerald K A. DNA sensing by the
c¢GAS-STING pathway in health and disease. Nat Rev Genet,
2019,20(11):657-674

Achleitner M, Kleefisch M, Hennig A, et al. Lack of Trex1 causes
systemic autoimmunity despite the presence of antiretroviral
drugs. J Immunol, 2017,199(7):2261-2269

Piantadosi C A. Mitochondrial DNA, oxidants, and innate
immunity. Free Radic Biol Med, 2020, 152:455-461

Ablasser A, Hemmerling I, Schmid-Burgk J L, et a/. TREX1
deficiency triggers cell-autonomous immunity in a cGAS-
dependent manner. ] Immunol, 2014,192(12):5993-5997

Chen L L, DeCerbo J N, Carmichael G G. Alu element-mediated
gene silencing. EMBO J,2008,27(12):1694-1705

Athanasiadis A, Rich A, Maas S. Widespread A-to-I RNA editing
of Alu-containing mRNAs in the human transcriptome. PLoS Biol,
2004,2(12):e391

Liddicoat B J, Piskol R, Chalk A M, et al. RNA editing by ADAR1
prevents MDAS sensing of endogenous dsRNA as nonself.
Science,2015,349(6252):1115-1120

Ahmad S, Mu X, Yang F, ef al. Breaching self-tolerance to Alu
duplex RNA underlies MDAS-mediated inflammation. Cell,
2018,172(4):797-810

McLellan K E, Martin N, Davidson J E, et al. JAK 1/2 blockade in
MDAS gain-of-function. J Clin Immunol, 2018, 38(8):844-846
Rice G I, Meyzer C, Bouazza N, et al. Reverse-transcriptase
inhibitors in the Aicardi - Goutiéres syndrome. N Engl J Med,
2018,379(23):2275-2277

Tonduti D, Fazzi E, Badolato R, et al. Novel and emerging
treatments for Aicardi-Goutiéres syndrome. Expert Rev Clin
Immunol, 2020, 16(2):189-198



2022; 49 (8) =5, & THEERARSESRRER -1451-

The Relationship Between The Regulation of Interferon Signaling Pathway and
The Occurrence of Autoimmune Diseases’

LI Wei"”, YANG Han*>", MU Xin*>"
("Taizhou Medical Hi-Tech Zone (Taizhou Gaogang District) Pharmaceutical Industrial Park Management Office, Taizhou 225300, China;
ISchool of Pharmaceutical Sciences, Tianjin University, Tianjin 300072, China;
Tianjin University and Health—Biotech United Group Joint Laboratory of Innovative Drug Development and Translational Medicine,
Tianjin University, Tianjin 300072, China)

Graphical abstract

[ Cytosol \

IFN-I signaling

/ \ AGS mutant:
cGAS

MDAS

AGS mutants: AGS mutants:
TREX1 ADARI

— E—
SAMHD1 - ~~

7~ N
/ AGS mutants: \

RNASEH2A
RNASEH2B IR-Alu
RNASEH2C dsRNA element
\ LSMI1
RNU7-1 /
~ Nucleus /

— —

\ DNA homeostasis RNA homeostasis }

Abstract The interferon (IFN) signaling pathway is an important cellular defense mechanism against
microorganism invasion. By sensing pathogen-associated molecular patterns (PAMPs) and transmitting signaling
through the downstream cascades, IFN is robustly induced in expression and secreted to activate numerous
genes’ expression in self and neighboring cells. Products of these induced genes then participate in restricting
infection and modulating the immune system to further respond. This process needs to be properly regulated, for

its aberrant activation under non-infectious conditions results in inflammation and onset of autoimmune diseases
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in the host. The correct recognition of “self” and “non-self” is the first step to control. Given the fact that nucleic
acids of microorganisms are important immunogenic sources to the IFN signaling, the endogenous DNA/RNA
metabolisms then must be faithfully conducted and strictly regulated. A series of enzymes, using them as
substrates, work at different pathways to maintain this homeostasis. Intensive investigations on mechanisms of
autoimmune diseases highlighted the protective role of these enzymes. Take Aicardi-Goutiéres syndrome (AGS)
as an example, a monogenic type I interferonopathy, 9 mutated genes have been identified separately in patients
so far, including DNA metabolism involved genes TREXI, RNASEH2A, RNASEH2B, RNASEH2C, and SAMHD1,
RNA-related genes ADARI and [FIHI, and two recently identified genes, LSM1I and RNU7-1 whose correct
activity is required for histone expression. Aberrant DNA metabolism or damaged histone expression activates
IFN signaling through the cGAS-STING axis, while RNA errors sensitize the MDAS-MAVS axis. Thus, despite
these 9 mutations all leading to the aberrant activation of IFN signaling, they can rely on different mechanisms,
implicating that even having the same symptoms clinically the optimized treatment can be different. We thus
argue the importance and necessity of diagnosing at the genetic level to the treatment of complicated symptoms
and hope this review benefits the understanding of the pathogenesis of autoimmune diseases.
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