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RIG-I-Like Receptors and Type | Interferonopathies

Hiroki Kato, Seong-Wook Oh, and Takashi Fuijita

Type I interferon (IFN) production by the proper activation of nucleic acid sensors is essential for hosts to eliminate
invading viruses. Among these sensors, RIG-I-like receptors (RLRs) are well-known viral RNA sensors in the
cytoplasm that recognize the nonself signatures of viral RNAs to trigger IFN responses. Recent accumulating
evidence has clarified that some specific and atypical self-RNAs also cause activation of RLRs independently of virus
infection. Importantly, when RLR-activation by these RNAs or a conformational change via missense mutations is
sustained, the resulting continuous production of type I IFN will lead to autoimmune disorders. We, herein, focus on
autoimmune diseases caused by chronic activation of RLRs and discuss possible mechanisms of their onset.
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Introduction

NUCLEIC ACID SENSORS sense viral invasion by the rec-
ognition of nonself motifs and/or abnormal localization
of viral nucleic acids and trigger the induction of antiviral
interferon (IFN) for the elimination. Three kinds of sensors,
Toll-like receptors (TLRs) (Takeuchi and Akira 2010), RIG-
I-like receptors (RLRs) (Yoneyama and others 2004, 2005),
and cytosolic DNA sensors, such as cGAS (Sun and others
2013), have been identified as essential for the induction of
type I IFNs (IFN-a, IFN-B), and deficiency in these sensors
drastically increases the susceptibility to virus infection.
Transmembrane protein TLRs recognize viral nucleic
acids in the endosomal compartment of immune cells and
induce interferon. Especially, professional IFN-producing
cells designated as plasmacytoid dendritic cells utilize TLR7
and TLRO for eliciting the high production of IFN in response
to endosomal single-stranded (ss) RNA and unmethylated
CpG DNA, respectively (Diebold and others 2004; Hemmi
and others 2000). TLRs are viral sensing systems that trigger
IFN as an alert for surrounding cells before the viral infection
is established in virus-invading cells. On the contrary, the
other cytoplasmic sensors, RLRs, which consist of 3 RNA
helicases, designated RIG-I, MDAS, and LGP2, and DNA
sensors, such as cGAS, respectively, detect replication of in-
termediate RNA and DNA after the establishment of virus
infection and trigger IFN responses to suppress and eliminate
invading viruses. Detailed signaling pathways are indicated
in Fig. 1. Among RLRs, RIG-I specifically recognizes non-
self motifs of viral RNAs, including double-strand, 5tri-
phosphates, and absence of N1-2°O-methylation (Hornung
and others 2006; Pichlmair and others 2006; Schlee and others
2009; Schuberth-Wagner and others 2015). MDAS requires a

long length of dsRNA (over 2kbp) for its activation, and the
filament formation (head-to-tail MDAS oligomers) along
dsRNA has been reported in the activation process (Kato and
others 2008; Peisley and others 2011). In the case of cGAS, it
detects cytoplasmic localization of dsDNA and also long
ssDNA in some virus cases for IFN induction (Gao and others
2013; Herzner and others 2015; Sun and others 2013).

Secreted IFNs act both autocrinely and paracrinely by
binding with receptors on the cell surface and promoting the
expression of hundreds of antiviral IFN-stimulated genes
(ISGs), including 2’-5"-oligoadenylate synthetases, RNase
L, PKR, and IFITs, for the elimination of invading viruses
(Fig. 1) (Diamond and Farzan 2013). This production of IFN
is critical for the suppression of viruses, but tightly regulated
to be transient by negative feedback mechanisms, since
excess production is harmful to hosts.

Recently, several lines of evidence have shown that aber-
rant antiviral signaling from nucleic acid sensors or caused by
a failure in the clearance of nucleic acids can result in the
excess production of IFN, leading to disorders designated as
interferonopathies. For instance, studies on Y-linked auto-
immune accelerator (Yaa) mice, which harbor a duplication
of the TLR7 gene, suggested its role in an amplification loop
for the production of IFN and also the activation of B cells in
autoimmune disorders such as systemic lupus erythematosus
(SLE) (Pisitkun and others 2006; Deane and others 2007).
Deficiency of DNases, including DNase I, DNase II, and
TREX1 (DNase III), has been reported to cause abnormal
accumulation of DNAs, which activates DNA sensors and
leads to IFN signatures and autoimmune disorders (Ahn and
others 2012, 2014, Jacob and others 2002; Kawane and others
2001, 2006). More recent studies demonstrated autoim-
mune diseases are also caused by abnormal IFN signaling
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FIG. 1. IFN production and signaling upon viral infection. Viral infection causes cytoplasmic exposure of viral nucleic
acids. RIG-I and MDAS are RNA helicases that directly bind to viral dsSRNA species to trigger a downstream signal cascade
(black arrows). Ubiquitin ligases, Riplet and TRIM25, mediate K63-linked polyubiquitination of RIG-I and facilitate its
activation and self-oligomerization. MDAS is activated by forming filamentous structure around dsRNA in an ubiquitin-
independent manner. MAVS, a mitochondrial adaptor protein, associates with activated RIG-I/MDAS with accompanying
prion-like aggregation on the mitochondrial outer membrane, and further activates downstream molecules, including
TRAF3/TANK, TRAF6, TBK1/IKKe, and IKKa/B/y. IRF3/7 and NF-kB (p65 + p50) transcription factors are then trans-
located into the nucleus and undertaken IFN gene expression. Secreted IFNs bind to cognate IFN receptor (IFNR) expressed
on neighboring cells and elicit JAK-STAT signal cascade to induce expression of hundreds of ISGs. OAS is an ISG-encoded
antiviral enzyme that processes viral dsRNA into 2’,5"-linked oligoadenylate (2-5A) (blue arrows). This unique RNA is
subsequently cleaved by RNase L into small product, which potentially activates RIG-I for secondary IFN induction. AT-
rich viral dsDNA is a latent template of a DNA-dependent RNA polymerase, Pol III, to produce immunostimulatory 5’ppp-
dsRNA (purple arrows). cGAS also binds to viral dsSDNA and catalyzes cyclic GMP-AMP (cGAMP) synthesis (green
arrows). This second messenger activates ER-associated STING for the IFN induction.

by constitutive activation of cytoplasmic RNA sensors
MDAS and RIG-I in both ligand-dependent and ligand-
independent manners. In this review, focusing on viral RNA
sensors RLRs, we will provide an overview of recent studies
on single-nucleotide polymorphisms (SNPs) in RLRs, mice
with RLR mutations, and autoimmune disease patients with
RLR mutations, as well as discuss how aberrant activation of
RLRs possibly cause autoimmune symptoms.

SNPs of Viral RNA Sensors RLRs Are Involved
in Susceptibility to Autoimmune Disorders

Since RLRs are essential viral RNA sensors, polymor-
phisms in RLR can be a risk factor for RNA viruses. For

instance, a polymorphism in the IFIHI gene encoding
MDAS was reported to be associated with the severity of
enterovirus 71 infection (Cinek and others 2012). The in-
volvement of RLR polymorphisms in the susceptibility to
human diseases has also been reported, especially, in the
case of autoimmune diseases. Among RLRs, several SNPs
of the IFIHI gene have been repeatedly identified in type I
diabetes patients, suggesting a strong association of IFIH1
SNPs with the susceptibility to type I diabetes (de Azevedo
Silva and others 2015; Liu and others 2009; Plagnol and
others 2011; Smyth and others 2006; Zouk and others 2014).
One SNP (151990760, A946T) shows the strongest corre-
lation, and interestingly this SNP has also been identified
in the case of other autoimmune diseases, including SLE,
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Graves’ disease, multiple sclerosis (MS), rheumatoid ar-
thritis, and psoriasis, and also in immunodeficiencies such as
IgA deficiency (Bergamaschi and others 2010; Enevold and
others 2014; Ferreira and others 2010; Molineros and others
2013; Robinson and others 2011; Sutherland and others
2007). Although many groups have also assessed the sig-
nificance of RIG-I and LGP2 SNPs in the susceptibility to
human diseases, such as SLE and MS, no significant dif-
ference has been reported so far. SNPs in an essential
adaptor MAVS have also been examined and several groups
have reported some correlation in the case of SLE and MS
(Pothlichet and others 2011).

Discovery of Mice with an Ifih1 Missense
Mutation (G821S)

Previous studies reported that human SNPs in IFIHI en-
coding MDAS, such as rs1990760 (A946T), were correlated
with an increase in the susceptibility to autoimmune disorders
(Robinson and others 2011), such as SLE, suggesting that the
atypical activation of RLR signaling may lead to SLE. Fu-
nabiki and others (2014) recently reported that mice with the
Ifihl missense mutation spontaneously developed lupus-like
symptoms, including nephritis, systemic IFN signature, skin
rash, and production of antinuclear and dsDNA antibody in
the blood. This is the first study demonstrating that mutations
in RLRs directly lead to an autoimmune disease.

The upregulation of type I IFNs, IFN-inducible genes, and
inflammatory cytokines, including IL-6, IL-1f, and TNF-q,
was detected in multiple organs of this MDAS mutant mouse,
reflecting the ubiquitous expression of MDAS. This missense
mutation enhanced the basal activation level of IFN by
MDAS, but abrogated responsiveness to viral infection as
well as the ATPase activity induced by an MDAS ligand
dsRNA. More importantly, the autoimmune phenotype was
not observed in the mouse background of Mavs™". These
findings indicate that the mutant MDAS may confer consti-
tutive activity, rather than being hypersensitive to endoge-
nous or viral RNA. Similar to Yaa mice with TLR7 gene
duplication (Pisitkun and others 2006), a simple increase in
the wild-type Ifihl gene dosage was insufficient to cause
spontaneous nephritis (Crampton and others 2012), suggest-
ing that a dysregulation of MDAS by a mutation may be
essential for triggering autoimmunity.

Autoimmune Disease Patients
with RLR Mutations

Discovery of MDAS mutant mice in 2014 was followed
by the discovery of mutations in the IFIHI gene in patients
with autoimmune diseases. The first evidence of human
MDAS5 mutations was reported in patients with Aicardi—
Goutieres syndrome (AGS), an inflammatory disease that
particularly affects the brain. After the report on AGS pa-
tients, mutations in the /FIHI gene were also reported in 2
autoimmune diseases, SLE and Singleton—-Merten syndrome
(SMS). Details of each autoimmune disease related to RLR
mutations are described below.

Aicardi-Goutieres Syndrome

Patients with the neuroinflammatory autoimmune disease
AGS exhibit profound intellectual disabilities, dystonia and IFN
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signatures, and high lethality by the age of 5 years (approximately
20%). Detailed characterization of disease phenotypes in AGS
patients revealed that approximately 30% of patients exhibited
chilblains in addition to neurological phenotypes, and other
symptoms, including nephritis, glaucoma, hypothyroidism, and
cardiomyopathy, have also been observed in some cases, impli-
cating phenotypic overlap with other autoimmune diseases such
as SLE and SMS (Crow YJ 2013; Crow MK 2014).

AGS has been shown to develop from mutations in genes
encoding nucleotide processing proteins, including TREX],
SAMHDI, ADARI, RNASEH2A, RNASEH2B, and RNA-
SEH2C (Crow and Rehwinkel 2009). Importantly deficiency
in TREX1, RNaseH 2A, 2B, and 2C has been shown by
gene targeting to accumulate abnormal DNAs and cause
IEN signature through the activation of cytsolic DNA sensor
cGAS (Ablasser and others 2014; Gray and others 2015;
Mackenzie and others 2016; Pokatayev and others 2016) as
described in Fig. 2. Recently, the IFIHI gene encoding viral
RNA sensor MDAS was identified by 2 groups as the 7th
responsible gene for AGS onset (Oda and others 2014; Rice
and others 2014). Rice and others (2014) identified muta-
tions in /FIHI in AGS patients, which conferred the con-
stitutive activity of MDAS, but occurred at different
positions from the mouse Ifih/ mutation reported by Funa-
biki and others (2014). Human MDAS5 mutants exhibited
hyper-responsiveness to ligand stimulation, thereby sug-
gesting the possible involvement of endogenous and/or viral
RNA in the onset of AGS (Fig. 2).

The other group, Oda and others (2014), also identified
IFIH] heterozygous missense mutations in AGS patients, and
there was 1 mutation (R779H) identical to the reported mu-
tation by Rice and others (2014). The encoded MDAS mu-
tants exhibited constitutive activity, but failed to respond to a
viral stimulus similar to the mouse MDAS mutation. These
findings indicated a link between constitutive MDAS activity
and AGS; however, responsiveness to viral infections re-
mains controversial, particularly, the same mutation (G2336A:
R779H) included in these studies. This discrepancy needs to be
reexamined using a common assay.

Recently, several groups clearly demonstrated that RNA
editing of endogenous RNAs by ADARI prevents the ac-
tivation of MDAS. Adarl-deficient mice and mice with an
editing-deficient knock-in mutation (E861A/E861A) have
been shown to be embryonic lethal, but their lethality was
rescued by concurrent depletion of MDAS (Liddicoat and
others 2015; Pestal and others 2015), indicating that aber-
rant activation of wild-type MDAS5 by unedited endogenous
RNAs is the cause in AGS patients with ADARI mutations
(Fig. 2). It will be interesting to explore the responsible
RNAs for MDAS activation, which are usually edited by
ADARI, but not in AGS patients with ADAR1 mutations.

Systemic lupus erythematosus

SLE is an autoimmune disease that causes a chronic in-
flammation affecting many organs, including skin, joints,
kidneys, lung, and nervous system. Nephritis, especially, has
been reported in severe cases. IFN signature has been re-
ported in SLE patients, and a central role of type I IFN in
disease pathogenesis has been suggested. SNPs in several
molecules involved in the production of IFN have been
correlated with the onset of SLE. As described above, the
strong association of IFIH1 SNPs with the susceptibility to
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FIG. 2. Type I interferonopathy caused by dysfunction of regulatory proteins. A cytoplasmic exonuclease TREX1
degrades extranuclear ss/dsDNA accumulated within intrinsic DNA metabolism. A dGTP-dependent triphosphohydrolase
SAMHDI and a heterotrimeric ribonuclease complex RNase H2 (RNase H2A, B, and C) also function as DNA metabo-
lizing enzymes. Mutations in their respective genes (TREXI, SAMHDI, and RNASEH2A/B/C) abrogate their enzymatic
activities and cause redundant accumulation of self-DNA in the cytoplasm. This abnormal DNA pool potentially stimulates
cGAS-STING signaling axis (blue arrows). ADARI, which is encoded by ADARI, is an RNA-editing enzyme that binds to
dsRNA and converts adenosine bases to inosines to prevent MDAS from sensing endogenous dsRNA as nonself. Mutations
in ADARI result in constant activation of MDAS (red arrows). Gain-of-function mutation in /FIHI, which encodes MDAJS,
is also identified. All these mutations lead to constitutive activation of IFN and are strongly associated with Aicardi—

Goutieres syndrome (AGS), a genetic disorder referred to as type I interferonopathy.

autoimmune diseases, such as SLE, has been reported
(Robinson and others 2011).

Importantly, de novo gain-of-function mutation in the
IFIHI gene (R779H) has recently been identified by whole-
exome sequencing in a patient with severe early-onset SLE
and selective IgA deficiency (Van Eyck and others 2015).
Together with the SLE-like phenotypes observed in MDAS5
G821S mutant mice (Funabiki and others 2014), these
findings indicate a strong correlation between aberrant ac-
tivation of MDAS5 and SLE. Of note, IFIH1 SNPs have been
shown to correlate with IgA deficiency as well, and a shared
genetic predisposition between SLE and IgA deficiency
through IFIH1 is suggested. According to the mouse study,
macrophages and dendritic cells were reported to be re-
sponsible for IFN production, leading to overproduction of
antibodies, including autoantibodies from B cells via T cell
activation, deposition of antibodies in kidney, and finally,
nephritis. Thus, it is important to clarify the pathogenesis

and the mechanisms of disease onset in SLE patients with
MDAS mutation, referring to the investigation on MDAS
mutant mice. Furthermore, the R779H mutation was also
identified in an AGS patient, as described above. Thus, it is
intriguing to investigate how the same mutation causes dif-
ferent phenotypes of diseases, SLE and AGS.

Singleton—Merten Syndrome

Patients with SMS, an extremely rare and multisystem
disorder, generally develop dental dysplasia, calcifications
of the aorta, glaucoma, and osteoporosis. SMS patients also
exhibit IFN signature.

Recently Rutsch and others (2015) reported a novel
missense mutation (R822G) in IFIHI in an SMS patient.
MDAS R822G exhibits constitutive activity (Rutsch
and others 2015). Considering that some AGS patients
exhibit glaucoma or premature tooth loss, further clinical
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examination in AGS patients, especially, those with an
IFIH] mutation may help us to understand the pathogen-
esis of SMS, since, only 1 SMS patient with an IFIH]
mutation has been reported so far. It is worth noting that
this mutation is next to the G821S mutation in Ifihl.
Therefore, it would be interesting to explore the SMS-like
phenotypes in MDAS G821S mutant mice, which were
reported to exhibit lupus-like nephritis.

Jang and others (2015) recently described a family af-
fected by these symptoms and identified a missense muta-
tion (E373A) in DDX58, encoding RIG-I. This is the first
report to show mutations of RIG-I in patients with an au-
toimmune disease. RIG-I E373A leads to the constitutive
production of type I IFN. Moreover, a further analysis of
DDX58 in 100 individuals with congenital glaucoma resulted
in the identification of another mutation (C268F). Two amino
acids, Glu373 and Cys268, of RIG-I reside in the ATP-
binding motifs I and II in the Hel-1 domain, respectively. The
constitutive activities and responsiveness to ligand RNA of
these mutants have not yet been characterized.

Future Perspectives

Recent intensive studies have revealed a strong correla-
tion of IFIHI mutations with autoimmune diseases. How-
ever, there remain several important and specific questions
to be solved.

(1) How do MDAS mutants cause a wide variety of au-
toimmune disorders? Also how can identical IFIH1
mutation, such as R779H, cause different autoim-
mune defects?

(2) What would be an effective treatment for patients
with RLR mutations?

(3) What kinds of RNA species activate MDAS in AGS
patients with ADAR1 mutations? Are endogenous
RNAs involved in the chronic activation of mutant
RLRs in patients?

(4) Although RIG-I shares a common adaptor molecule
MAVS for signaling, why is RIG-I mutation less
frequently found in autoimmune disease patients
compared to MDAS?

All IFIHI mutations found in humans and mice cause
amino acid substitutions within the helicase domain of
MDAS; however, no obvious hot spot has been identified to
date. These mutations may commonly induce conforma-
tional changes, resulting in the unmasking of CARD for
constitutive activity. Some mutations may also enhance the
detection of ligand RNA derived from host cells, which
might include chronic viral infections. There is much pos-
sibility that chronic IFN production level determines path-
ogenesis in organs, in other words, the suppression of local
IFN signature at a certain level will help to delay the onsets
or ameliorate autoimmune symptoms. Thus, it is important
to investigate the involvement of endogenous ligand RNAs
for RLR activation in each affected organ, and if any, to
identify the endogenous ligand RNAs of RLRs, and under-
stand how this is prevented by homeostatic mechanisms.
Studies on MDAS ligand RNAs in ADARI-deficient mice
may especially help us to characterize what kinds of en-
dogenous RNAs have the potential for MDAS activation. In
addition, to reveal the mechanisms of pathogenesis in RLR-
related interferonopathies, MDAS G821S mice will be
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useful to investigate what cell types are the major and pri-
mary source of IFN, the mechanisms by which over-
produced IFN leads to autoimmune disorders, and for
screening drugs to ameliorate symptoms of affected organs.
Also, the detailed molecular phenotypes of these mutations
need to be categorized in relation to the different manifes-
tations in patients.
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