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In higher vertebrates, recognition of the non-self signature of
invading viruses by genome-encoded pattern recognition
receptors initiates antiviral innate immunity. Retinoic acid-
inducible gene | (RIG-I)-like receptors (RLRs) detect viral RNA
as a non-self pattern in the cytoplasm and activate downstream
signaling. Detection of viral RNA also activates stress
responses resulting in stress granule-like aggregates, which
facilitate RLR-mediated antiviral immunity. Among the three
RLR family members RIG-I and melanoma differentiation-
associated gene 5 (MDADS) recognize distinct viral RNA species
with differential molecular machinery and activate signaling
through mitochondrial antiviral signaling (MAVS, also known as
IPS-1/VISA/Cardif), which leads to the expression of cytokines
including type | and Il interferons (IFNs) to restrict viral
propagation. In this review, we summarize recent knowledge
regarding RNA recognition and signal transduction by RLRs
and MAVS/IPS-1.
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Introduction

In 2004, RLRs were identified as RNA sensors to trigger
innate immune responses against viral infection [1].
Mammalian RLRs are composed of three family mem-
bers; RIG-1 (DDX58), MDAS (IFTH1) and laboratory of
genetics and physiology 2 (LGP2; DHXS8), and all are
expressed in the cytoplasm of ubiquitous types of cells
[2]. These RLRs all share a DExD/H-box RNA helicase

domain and a C-terminal domain (C'TD), while RIG-I
and MDAS, but not LGP2, have a N-terminal caspase
recruitment domain (CARD), which is responsible for
interacting with a downstream adaptor molecule, MAVS/
IPS-1 (Figure 1). The C-terminal RNA helicase and
CTD are implicated in the detection of viral RNA,
and A'TP-dependent conformational change allows
CARDs to interact with MAVS/IPS-1. For RIG-I activa-
tion, conjugation of Lys63-linked ubiquitin chain (Ubs)
by tripartite motif protein 25 (TRIM25) and/or associa-
tion of unanchored Ubs with CARD are required [3]. A
recent iz vitro study revealed that MDAS also interacts
with unanchored Ubs [4]. The CARDs accumulated on
the mitochondrial surface recruits signaling adaptors and
kinases, including IkB kinase (IKK) family kinases,
IKKo/B/y, TBK1 and IKKe IKKa/B/y activates NF-
kB and TBK1 and IKKg activates IFN regulatory factor
(IRF)-3 and 7. The activated NF-kB and IRF-3/7 can
translocate into the nucleus, and interact with the pro-
moter regions of target genes, including IFNs and in-
flammatory cytokines. Secreted IFNs transmit a signal
via cognate receptors and induce the expression of hun-
dreds of IFN-stimulated genes (ISGs), including, dou-
ble-stranded RNA dependent protein kinase (PKR), 2'-
5'-oligoadenylate synthetase (OAS) and RLRs, leading to
the establishment of an antiviral state [5]. Here we
review recent advances in our knowledge of the molecu-
lar machinery for RLR activation and RLR-mediated
signal transduction.

RNA recognition and signal activation by
RLRs

RIG-I is activated by infection by a variety of RNA
viruses, such as influenza A virus (IAV), Newcastle dis-
ease virus, Sendai virus, vesicular stomatitis virus (VSV),
measles virus (MV), and hepatitis C virus [2,6]. The non-
self signature of these viruses is a 5’-triphosphate (5'ppp)-
containing short double-stranded (ds) structure with a
complementary end and/or a poly-U/UC rich ds-stretch.
Recently, it has been demonstrated that incoming 5’ ppp-
containing viral RNA with nucleocapsid proteins can be
recognized by RIG-1[7]. A more recent study reports that
the 5'-diphosphate (5'pp) dsRNA genome of reovirus or
synthesized 5'pp-dsRNA can also be recognized by RIG-
I [8°]. Indeed, structural analysis of C'T'D has demon-
strated that the basic groove of RIG-1 C'TD interacts with
the negatively charged o and B, but not vy, phosphate
group of 5'ppp [9]. The crystal structure of RIG-I with
substrate RNA indicates that the RIG-I protein sur-
rounds A-form dsRNA and the 5 ppp-containing end is
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Figure 1
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Schematic representation of the domain structures of RLRs and MAVS/IPS-1. Three RLRs are DExD/H box-containing RNA helicases, and
comprised of Helicase domains 1 (Hel1) and 2 (Hel2), Helicase insertion domain (Hel2i), bridging/pincer domain and CTD. RIG-I and MDA5, but
not LGP2, has a N-terminal tandem CARDs. MAVS/IPS-1 is composed of CARD, PRR, three TBMs and TM domains.

capped by CTD [9-12]. The current model of RIG-I
activation obtained from high-resolution crystal structur-
al analysis is that; 1) an intramolecular interaction be-
tween the second CARD and Hel-2i domain inactivates
the RIG-I protein without ligand RNA, ii) once viral
5'ppp-dsRNA is recognized by CTD, ATP-dependent
conformational change induces a packed complex forma-
tion of the helicase domain/CTD with dsRNA, iii) the
tandem CARDs (2CARD) are released from auto-repres-
sion and are available for interaction with MAVS/IPS-1
(Figure 2) [12].

MDAS detects infection by picornaviruses, such as polio
and encephalomyocarditis viruses (EMCV). The struc-
tural signature recognized by MDAS is known as long
dsRNA (>1kbp), and is known to be generated by
picornaviruses. Reo, West Nile and Dengue viruses are
recognized by both RIG-I and MDAS. A recent study
using next-generation sequencing revealed that MDAS
can also recognize AU-rich viral RNA species generated
in MV-infected cells [13]. The molecular machinery of
MDAS activation is not yet well understood. A previous
report indicated that the C-terminal region of MDAS does
not play a role as an auto-repressor [14], suggesting a
differential repression mechanism(s) different to RIG-I in
the absence of viral dsRNA (see below). The crystal
structure of MDAS5 lacking the 2CARD with substrate
dsRNA reveals that the helicase domain and CTD sur-
round dsRNA in the same manner as RIG-I, but since
MDAS CTD does not have a 5 end-capping loop, which
is essential for the recognition of 5'ppp for RIG-I CTD
[15], MDAS CTD interacts with the dsSRNA stem, allow-
ing both 5" ends of dsRNA to be free from interaction

(Figure 2) [16°°]. This structural difference between
RIG-I and MDAS could explain the diverged substrate
specificity of these two RLRs.

Importantly, recent reports revealed a link between
MDAS and autoimmune diseases. Funabiki ¢z @/. demon-
strated that a gain-of-function mutation of MDAS5 (Gly821
to Ser®!) induces lupus-like nephritis in mice [17°]. In a
more recent study, Rice er @/. found gain-of-function
mutations in Aicardi-Gouti¢res syndrome patients [18],
suggesting an important role for MDA5-mediated IFN
upregulation in the onset of inflammatory disorders.

LGP2 has no N-terminal CARD but interacts with
dsRNA with high affinity, thus it was initially reported
as a negative regulator for RIG-I and MDAS [19]. How-
ever, studies using LGP-deficient mice demonstrated
that LGP2 facilitates IFN production in response to
infection by several RNA viruses, such as EMCV and
VSV [20,21]. Indeed, a recent study revealed that LGP2
associates with certain RNA species, which can stimulate
MDAS in EMCV-infected cells, suggesting cooperative
recognition of picornavirus RNA by these two RLRs [22].
Furthermore, a recent biochemical study demonstrated
that LGP2 assists MDAS5-RNA interaction and MDAS
filament formation (see below) [23°]. A more recent study
suggested that RNA-binding protein, pumilio, plays a role
as a chaperon for RNA recognition by LGP2 [24]. How-
ever, since LGP2 KO studies have presented confusing
observations in response to several RNA viruses
[20,21,25], further analysis will be necessary to under-
stand LGP2-mediated regulation of viral RNA recogni-
tion and signal activation.
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Model of RNA recognition by RIG-I and MDA5 and MAVS/IPS-1 mediated signal activation. Details are described in the text.

MAVS/IPS-1 was identified as a downstream adaptor
molecule for RLRs. MAVS/IPS-1 is composed of a N-
terminal single CARD, a central proline-rich region
(PRR), which contains two Tumor necrosis factor Recep-
tor-Associated Factor (TRAF) binding motifs (TBFs:
TBF1 and TBF2), and a third TBM at the C-terminal
region (TBM3) and a transmembrane domain (TM),
which specifically restricts mitochondrial localization of
MAVS/IPS-1. CARD interacts with the 2CARD of RIG-I
or MDAS, and thereby induces the oligomer formation of
MAVS/IPS-1 on the mitochondrial surface. Artificial olig-
omerization of TBF3 is sufficient to trigger IFN produc-
tion, suggesting that the primary role of CARD and 'T'M is
its efficient oligomerization on mitochondrion [26]. Ex-
pression of MAVS/IPS-1 is also observed on the peroxi-
some and mitochondrial-associated membranes [27,28]. A
recent study demonstrated that human miniMAVS,
which is produced by bicistronic translational initiation
and devoid of a CARD, interferes with full-length MAVS/
IPS-1-mediated IFN production [29].

Signal activation via aggregate formation of
RLRs

Previously, it was suggested that dimerization or oligo-
merization of RLRs is required for signal activation [14].

Recent i vitro studies proposed a model in which RIG-
I, MDAS5 and MAVS/IPS-1 signal through multimolec-
ular aggregates (Figure 2). RIG-I forms a complex with
dsRNA in a 5'ppp and ATP-dependent, but also
2CARD-independent manner [30,31]. Since sliding
RIG-I on dsRNA was reported [32], ATP hydrolysis-
driven translocation may allow RIG-I to form a beads-
on-a-string complex on viral dsRNA. Following the
complex formation, 2CARD adopts a helical tetrameric
‘lock washer’ structure, and interacts with MAVS/IPS-1
CARD [33,34,35°°]. The MAVS/IPS-1 aggregate, which
exhibits similarities to prion aggregates, is required for
the recruitment of downstream signaling molecules,
such as TRAF family members [26,33]. MDAS forms
a helical filamentous structure on dsRNA 7z vitro [36—
39]. Since MDAS5 has no end preference for RNA
recognition, MDAS randomly initiates the binding,
however cooperativity allows the elongation of the
MDAS oligomer on dsRNA (Figure 2). Unlike RIG-I,
ATP hydrolysis by MDAS induces dissociation of
MDAS from the filament. Peisley ¢ a/. propose a model
in which the formation of a long filamentous oligomer
of MDAS is critical for long dsRNA recognition by
MDAS [37]. The oligomer formations mentioned above
are observed iz vitro by using purified components,
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however their presence in virus-infected cells has not
been demonstrated.

Stress response and RLR signaling

Recent studies demonstrate that infection by various
viruses induces the formation of stress granule (SG)-like
aggregates, termed antiviral SG (avSG), in the cytoplasm
[40]. In many cases, PKR is responsible for sensing viral
infection and initiating avSG formation (Figure 2). An
avSG contains RLRs and several antiviral molecules,
including PKR and OAS as well as viral ribonucleoprotein
complex (RNP) [41°]. Inhibition of the avSG formation
impairs the virus-induced activation of IFN genes, sug-
gesting a critical role of SGs in the antiviral innate
response and their function as a platform for viral RNP
recognition by RLRs. On the other hand, many viruses
have acquired means to inhibit the formation of SGs [41°].
Unlike RLR, avSG formation is not an absolute determi-
nant for triggering innate immunity [42], so avSGs may
have a limited function in facilitating efficient viral RNA
recognition by RLRs.

Regulation of RLRs-mediated signaling by
ubiquitin chains

In vitro experiments showed that Lys-63-linked Ub
chains are critical for the oligomerization of RIG-I and
MDAS. However, the involvement of Lys63-Ubs has
been controversial. Although the initial report indicated
that ubiquitination of 2CARD at Lys172 by TRIM25 is
required for RIG-I activation [3], subsequent studies have
shown that RIG-I with Arg172 is fully active [43] and that
the interaction between 2CARD and unanchored Ubs is
important for the signaling-competent tetramer formation
of 2CARD [4,44]. It was shown that RIG-I forms a
complex with dsRNA in an Ubs-independent manner
[30]. Further structural and biochemical analyses
revealed that Lys63-linked Ubs interacts with the
2CARD tetramer at the outer rim, thereby stabilizing
the tetrameric conformation, and covalent Ub-conjuga-
tion could give an enhanced filament formation of MAVS/
IPS-1 CARD (Figure 2) [45°°]. The data suggests that the
requirement of Ubs-binding is compensated for by the
filament formation of RIG-I, suggesting a complex regu-
latory mechanism(s) by Ubs. On the other hand, the
requirement of unanchored Ubs in MDAS activation
has yet to be fully understood.

In addition to TRIM25, several lines of evidence indi-
cate that RLR-mediated signaling is regulated by both
the conjugation and dissociation of Ub-chains. An E3
ligase, Riplet (also known as RNF135/REUL), which
can directly conjugate Lys63-Ubs at Lys-788 of RIG-I
CTD, helps to release RIG-I from its auto-repressed
state after viral detection, and to enhance TRIM25
function [46]. A recent study identifies an E3 ligase,
MEX3C, which can also conjugate Lys63-Ubs at LLys99
and Lys169 of RIG-I 2CARD independently of
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TRIM25, and enhance RIG-I-mediated signaling. In-
terestingly, the presented data indicates that MEX3C
interacts with viral RNA and accumulates in SGs to-
gether with RIG-I and viral RNA [47]. Systematic
analysis focusing on TRIM family E3 ligases revealed
that a large number of TRIM proteins positively regu-
late RLR-mediated signaling at differential steps of the
signal [48]. A more recent study indicates that TRIM13
plays a negative role in MDAS5S-mediated signaling, but
not in RIG-I [49]. TRAF family E3 ligase family mem-
bers, TRAF2, 5, 6, are also responsible for the regulation
of RLR-mediated signaling in multiple ways [50].

On the other hand, recent studies revealed the involve-
ment of ubiquitin-specific protease (USP) family mem-
bers in RLR-mediated signaling. Both USP3 and USP21
negatively regulate RIG-I activation vie the cleavage of
Lys63-linked Ubs conjugated on the 2CARD [51,52]. Itis
known that TRIM25 is regulated by proteasomal degra-
dation via Lys48-linked ubiquitination catalyzed by lin-
ear ubiquitin assembly complex (LUBAC), USP15
positively regulates RIG-I signaling by deubiquitination
of the Lys48-Ubs from TRIM25 [53]. USP4 can also
function as a positive regulator for RIG-I by the dissocia-
tion of Lys48-Ubs from RIG-I to stabilize the protein
[54].

Regulation by phosphorylation of RLRs

It was suggested that RIG-I signaling is attenuated by
phosphorylation at the 2CARD and CTD of RIG-I by
protein kinase C (PKC) o/B and casein kinase IT (CKII)
respectively [55]. On the other hand, protein phosphatase
1 (PP1), PPla and PPlvy, directly interact with and
dephosphorylate RIG-I and MDAS5 and virus-induced
signaling [56°°]. In the case of MDAS, phosphorylation
at the Ser88 residue in 2CARD attenuates MDAS signal-
ing and it is dephosphorylated by PP1, suggesting a role
for the phosphorylation in suppressing the basal activity
of MDAS. However, neither kinase nor phosphatase is
regulated by viral infection and dephosphorylation alone
is not sufficient to trigger RLR signaling.

Concluding remarks

Recent advances in biochemical and structural analysis
elegantly elucidates the molecular machinery underlying
non-self RNA recognition and signal activation by RLRs
and MAVS/IPS-1. Although RIG-I and MDAS5 differen-
tially recognize distinct RNA species, both induce fila-
mentous aggregates on dsSRNA and the relieved 2CARDs
form an oligomer to interact with the prion-like aggre-
gates of MAVS/IPS-1 CARDs. Furthermore, virus-in-
duced SG-like aggregates might also be involved in
some parts of these processes. These intriguing observa-
tions bring up several questions; why do RLRs and
MAVS/IPS-1 have to form these aggregates for sufficient
signal activation? And how are these rigid structures
dissolved after the completion of viral eradication? On
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the other hand, knowledge about viral antagonistic func-
tions targeting RLR/MAVS-mediated signaling and im-
munological disorders caused by dysregulated RLR/
MAVS  signaling has also been accumulating
[17°,18,57°]. Thus, current advances in the molecular
machinery of RLR activation will help us to develop
novel therapeutic strategies against infectious diseases
and immune disorders.
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