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ARTICLE INFO ABSTRACT
Article history: Vertebrate innate immunity is characterized by an effective immune surveillance apparatus, evolved to
Available online 21 June 2014 sense foreign structures, such as proteins or nucleic acids of invading microbes. RIG-I-like receptors
(RLRs) are key sensors of viral RNA species in the host cell cytoplasm. Activation of RLRs in response to
Keywords: viral RNA triggers an antiviral defense program through the production of hundreds of antiviral effector
Innate immunity proteins including cytokines, chemokines, and host restriction factors that directly interfere with
Type-I interferon distinct steps in the virus life cycle. To avoid premature or abnormal antiviral and proinflammatory
RIG-I responses, which could have harmful consequences for the host, the signaling activities of RLRs and their

MDAS5

Viral immune evasion

common adaptor molecule, MAVS, are delicately controlled by cell-intrinsic regulatory mechanisms.
Furthermore, viruses have evolved multiple strategies to modulate RLR-MAVS signal transduction to
escape from immune surveillance. Here, we summarize recent progress in our understanding of the
regulation of RLR signaling through host factors and viral antagonistic proteins.
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1. Introduction
The innate immune system is an organism’s first line of defense
* Corresponding author at: Department of Microbiology and Immunobiology, against microbial pathogens and is composed of a defined set of
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specific microbial structural components or nucleic acid, commonly
termed pathogen-associated molecular patterns (PAMPs), and
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subsequently initiate an antimicrobial defense program. This
immune control program is characterized by PRR-induced produc-
tion of type-I and -III interferons (IFNs), which, once secreted, alert
surrounding cells of the microbial infection by inducing the
expression of hundreds of IFN-stimulated genes (ISGs). These ISGs
encode antiviral restriction factors, key molecules in innate immune
signaling pathways, chemokines, and cytokines, which together lead
to the establishment of an ‘antiviral state’ in infected and uninfected
cells, and also stimulate adaptive immunity.

PRRs are distinguished by the PAMPs they recognize and the
subcellular compartments in which they are found. Members of
two distinct PRR families have been described to detect viral RNA:
Toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) [1]. TLR3
and TLR7/8 are found primarily in the membrane of endosomes,
where they are positioned to detect the double-stranded (ds) and
single-stranded (ss) RNA of incoming virions, respectively. While it
has long been recognized that viral dsRNA also accumulates
intracellularly during viral replication, the PRRs that detect these
cytosolic RNA replication products were not discovered until
relatively recently. In 2004, Yoneyama et al. identified the RNA
helicase RIG-I (retinoic acid-inducible gene-I) as a sensor of viral
RNA using a cDNA library screen of molecules that potently
enhanced type-I IFN production in response to dsRNA transfection
[2]. This study also demonstrated that RIG-I functions upstream of
the transcription factors essential for IFN-[3 promoter activation,
IFN regulatory factor 3 (IRF3) and NF-kB. In the same year,
Andrejeva et al. discovered a second cytosolic receptor of viral RNA,
MDAS5 (melanoma differentiation-associated protein 5) [3]. Based
on the observation that paramyxovirus V proteins effectively block
the production of IFN-3 in response to intracellular dsRNA,
Andrejeva et al. sought to identify the cellular protein targeted by
the V protein in hopes of discovering key molecules involved in the
TLR-independent IFN induction pathway. Mass spectrometry
analysis of a protein that co-immunoprecipitated with the V
protein of parainfluenza virus 5 (PIV5), formerly called simian
virus 5, identified MDA5 as a cytosolic viral RNA sensor required
for antiviral IFN induction. In 2005, the third RLR member was
identified, LGP2 (laboratory of genetics and physiology 2), which
appears to exert a regulatory role in RLR signaling [4].

RLRs are essential for innate immune detection of RNA virus
infection in nearly all cell types, including fibroblasts, epithelial
cells, and conventional dendritic cells [5]. Since the discovery of
RLRs, immense progress has been made toward understanding the
molecular details of how these receptors sense viral infection and
coordinate an effective antiviral defense program. Recent findings

demonstrated that the signaling activities of RLRs are delicately
controlled through a multi-step regulatory program to avoid
excessive and uncoordinated cytokine production. Furthermore,
viruses have developed a myriad of mechanisms to manipulate and
dampen the immune response initiated by RLRs. Here, we detail
these recent discoveries of the cell-intrinsic regulatory circuits that
lead to balanced RLR signaling, as well as the viral mechanisms to
disrupt RLR signal transduction for immune escape.

2. RLR structures and signaling pathway

RIG-1 and MDAS5 belong to the DExD/H-box RNA helicase family
and possess two RNA binding modules, a helicase core (Hel) and a C-
terminal domain (CTD), which are linked through a bridging/pincer
domain (Br) (Fig. 1). The RLR helicase core is comprised of two
helicase domains, Hel1 and Hel2 with a unique insertion (Hel2i) in
Hel2.Together these domains work in concert to surround and make
tight interactions with RNA ligands and also have ATPase activity
[6,7]. In addition, RIG-I and MDAS5 possess two N-terminal caspase
activation and recruitment domains (CARDs) that mediate interac-
tions with downstream signaling partners, thereby inducing IFN
production [8]. LGP2 is composed of a helicase domain and a CTD but
lacks the N-terminal CARDs and is therefore incapable of direct
signaling. Studies attempting to elucidate the role of LGP2 in the RLR
signaling pathway have described LGP2 as a negative regulator of
RLR signaling in vitro [4,9], but as a positive RLR regulator in vivo
[10,11]. Thus, further investigation will be needed to define the
precise role of LGP2 in RLR signal transduction.

Soon after the identification of RIG-I and MDAS5, their common
downstream adaptor, the mitochondrial antiviral signaling protein
(MAVS) (also known as VISA, IPS-1 or Cardif), was identified by four
independent groups [12-15]. MAVS is comprised of a single CARD at
the N-terminus, a central proline-rich domain (PRD), and a C-terminal
transmembrane domain (TM) that contains a mitochondrial localiza-
tion signal. Once activated, RIG-I and MDA5 bind MAVS through
homotypic CARD-CARD interactions (Fig. 2). Recent studies indicated
that MAVS is not only localized to the outer membrane of
mitochondria, but also resides in peroxisomal membranes, and
mitochondrial-associated membranes (MAM) which connect the
endoplasmic reticulum (ER) to mitochondria [16,17]. There is new
evidence suggesting that MAVS signaling from peroxisomes occurs
rapidly upon viral detection and leads to the expression of a subset of
ISGs in the absence of type-I IFN production. In contrast, mitochon-
drion-localized MAVS signals later during infection, triggering type-I
IFN production and IFN-dependent ISG expression. Thus, the
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Fig. 1. Schematic representation of RLR and MAVS domain structures. RIG-I and MDAS5, but not LGP2, possess tandem caspase activation and recruitment domains (CARDs), a
signaling module allowing for MAVS binding and IFN-«/ induction. In addition, all three RLR members have a helicase core consisting of two helicase domains (Hel1 and Hel2), a
helicase insertion domain within Hel2 (Hel2i) with ATPase activity, a bridging domain (Br), and a C-terminal domain (CTD). Both the helicase and the CTD have RNA binding
abilities. MAVS is comprised of a single CARD, a proline-rich domain (PRD), and a transmembrane (TM) domain that anchors it to mitochondria, peroxisomes, and MAM.
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Fig. 2. Schematic model of the signal transduction pathway induced by RLRs, leading to gene expression of type-I IFN and proinflammatory cytokines. The specific details of

the model are described in the text.

current view is that peroxisomal MAVS is responsible for the
establishment of an antiviral state early in infection while mitochon-
drial MAVS facilitates a sustained IFN-dependent immune response.
MAVS at the MAM is proposed to organize an ‘innate immune
synapse’ for RLR-MAVS signaling by coordinating MAVS localization
in peroxisomal membranes and mitochondria.

Activation of MAVS facilitates the assembly of a number of
proteins that induce downstream signaling (Fig. 2). This ‘MAVS
signalosome’ includes the TNF receptor-associated factor (TRAF)
2, 3, and 6, as well as tumor necrosis factor receptor-associated
death domain (TRADD), TRAF family member-associated NF-kB
activator (TANK), Fas-associated death domain (FADD), and
receptor interacting protein 1 (RIP1) [18]. Additionally, the
mitochondria- and ER-associated protein stimulator of interfer-
on genes (STING/MITA), a critical molecule in the sensing
pathway of cytoplasmic viral DNA [19], was reported to interact
with the MAVS signalosome, promoting RIG-I signal transduc-
tion [20,21]. Recently, it has been shown that MAVS forms large
prion-like aggregates, which represent the signaling-active form
of MAVS [22]. MAVS signaling ultimately results in the activation
of TANK-binding kinase 1 (TBK1) and IkB kinase-¢ (IKK-€) as well
as the IKK-o/B/y complex, resulting in IRF3/7 and NF-kB
activation [1,8]. IRF3/7 and NF-kB translocate from the cyto-
plasm to the nucleus, where they - together with the activating
transcription factor 2 (ATF2)/c-Jun - induce the transcriptional
activation of genes encoding IFN-a/f3, proinflammatory cyto-
kines, and many other antiviral proteins, including RIG-I and
MDA5 themselves, creating a positive feedback loop that
amplifies the RLR response.

3. RLR ligands

The question of how RLRs distinguish viral RNA from host RNA
has been an area of intense study. Using synthetic RNAs, such as the
dsRNA analogue polyinosine-polycytidylic acid [poly(I:C)] and in
vitro-transcribed RNAs, basic features of RLR agonists have been
identified. Interestingly, despite their homologous domain archi-
tecture, RIG-1and MDAS5 have been shown to recognize distinct RNA
species. It is now well established that the key signature of RNAs
recognized by RIG-I is a 5'triphosphate (5’'ppp) moiety combined
with adjacent stretches of blunt-end base pairing of ~20 nucleo-
tides, as found in the genomes of many RNA viruses (reviewed in
further detail in [23,24]). Furthermore, there is increasing evidence
suggesting that specific sequence motifs in the RNA ligand, such as
poly-U/UC, are needed for optimal RIG-I activation [25,26].
Structural studies have further defined the molecular determinants
of RNA recognition by RIG-I. A basic groove in the CTD of RIG-I has
been shown to bind the negative charge of the 5'ppp group [27,28],
while the adjacent short dsRNA stretches stabilize the association
of the CTD with the RNA [6,7]. In addition to RIG-I's function as
a sensor of RNA viruses, there is new evidence that RIG-I also
detects various DNA viruses by sensing small viral RNA species
produced during replication [29-31]. Specifically, RIG-I was shown
to bind the Epstein-Barr virus (EBV)-encoded RNAs (EBERs), small
5’'ppp-containing untranslated RNAs synthesized by RNA polymer-
ase III, as well as adenovirus-associated RNA (VA). Furthermore,
itwas reported that RIG-Iis also implicated in the detection of herpes
simplex virus-1 (HSV-1); however, the physiological ligand(s)
for RIG-I in the context of HSV-1 infection remains elusive.
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Compared with those of RIG-I, the molecular features of viral
PAMPs that trigger MDA5 activation are less well understood.
MDAS5 does not require a 5'ppp moiety for RNA recognition, and
instead, is activated upon binding to longer dsRNAs, as well as
web-like RNA aggregates as found, for instance, in cells infected
with the picornavirus encephalomyocarditis virus (EMCV) [32,33].
More recent studies have described cooperative binding and
multimerization of MDAS5 on viral RNA as a mechanism by which
MDAS5 discriminates between dsRNA species of different lengths
[34-36]. This activity of MDAS5 to bind to the RNA helix along its
length, forming large filaments, is dependent on the ATPase
function of its helicase domain. Structural studies showed that not
only the helicase but also the CTD of MDA5 coordinates the
formation of MDAS5 filaments and subsequent interaction with
MAVS [37]. In addition to this length-dependent mechanism of
RNA recognition, it has been proposed that MDAS5 can discriminate
host and viral RNA based on the 2’-0O-methylation status of their
5’cap structures [38].

Initial infection studies performed in mice deficient in RIG-I
(Ddx58'~) or MDAS5 (Ifih1~/~) indicated that these two sensors
recognize different subsets of viruses. Viruses found to be solely
detected by RIG-I were influenza A virus (IAV), vesicular stomatitis
virus (VSV), arenaviruses, and multiple paramyxoviruses, includ-
ing Sendai virus (SeV), New Castle Disease virus (NDV), and
measles virus (MV). In contrast, MDA5 was shown to be activated
primarily in response to picornaviruses as well as RNA inter-
mediates produced during vaccinia virus infection [39,40].
Furthermore, detailed studies in cells deficient in either RIG-I or
MDAG5 revealed partially redundant roles of these sensors in the
detection of reoviruses and flaviviruses such as dengue virus
(DenV) and West Nile virus (WNV) [41]. While these investigations
greatly expanded our knowledge about the roles of RIG-I and
MDAS5 in antiviral immunity to distinct viral pathogens, the fact
that many viruses encode potent RLR antagonists, which could
obscure the contribution of RIG-I or MDAS5 to virus recognition,
was often not considered. For example, initial infection studies
suggested that RIG-I, but not MDAS5, is the primary sensor for the
detection of RNA species during paramyxovirus infection; howev-
er, it has been demonstrated that the V proteins of many
paramyxoviruses specifically inhibit MDA5 activation. Indeed,
detailed in vivo studies showed that SeV infection of Ifih~/~ mice
was more highly pathogenic and elicited much lower levels of pro-
inflammatory cytokines compared to infection of wild-type mice
[42]. Additional studies strengthened that indeed MDA5’s contri-
bution to sensing of paramyxovirus infection was not apparent in
previous infection studies due to the antagonistic function of the V
protein; when RIG-I knockdown cells were infected with a
recombinant MV lacking the V protein, high IFN-f induction
was observed, which was triggered by MDAS5 [43]. In support of
this, Runge et al. recently identified both distinct and common RNA
species bound by RIG-I and MDAS5 in MV-infected cells by using a
novel protein-RNA cross-linking approach followed by next
generation sequencing [44]. Both RLRs were able to recognize
defective interfering (DI) copy-back RNA products and showed
preference for AU-rich regions from the L gene. RIG-I also bound
to both negative-stranded genomic RNA and positive-stranded
mRNA transcripts, likely dependent on the presence of a 5'ppp.
MDA5 on the other hand, was only found associated with
positive-stranded mRNA transcripts as well as replication
intermediates [44]. A similar RNA pull-down and deep sequenc-
ing approach had previously defined shorter 5'ppp-containing
RNA segments of the IAV genome as well as DI genomes of both
IAV and SeV as physiological ligands for RIG-I in infected cells [45].
More recently, it has been shown that the nucleoprotein-encapsi-
dated viral genomic RNA of incoming virions can also trigger RIG-I
activation [46].

Furthermore, recent studies have implied that RIG-I and MDA5
may respond to viral infection in a temporal manner. WNV-
infected Ddx58 '~ mice were able to produce IFN, but in a delayed
manner compared to wild-type mice. Indeed, MDA5 was able to
compensate for the lack of RIG-I, but was not activated as quickly in
response to WNV [47]. This effect has been shown to be due to the
recognition of two distinct RNA species that are present in WNV
infection: RIG-I responded to early RNA replication intermediates
in a 5'ppp-dependent manner, whereas MDAS5 responded to viral
RNA species that accumulated as the infection progressed [48]. It is
thus tempting to speculate that in the context of many viral
infections, during which a variety of viral RNA species are likely
produced, RIG-1 and MDAS5 act in concert to sense viral PAMPs in a
temporally distinct manner. Further studies will be required to
identify these physiological PAMPs and the individual and
cooperative contributions of RIG-I and MDAS5 to IFN induction in
response to viral infection.

4. Regulation of RLR-MAVS signal transduction by host
proteins

An effective antiviral immune response is characterized by
high levels of cytokine production and the broad activation of
antiviral effector genes that control many important cellular
processes including apoptosis and protein synthesis; as such,
dysfunctions in this process can be severely detrimental to the
host [1]. Thus, immune responses to infection require a fine
balance between viral clearance and host preservation. Insuffi-
cient IFN-induced cell death may prevent complete clearance of
the virus, leading to persistent infection, while an overactive
inflammatory response may cause tissue damage and reduced
overall fitness of the host. Over the past few years, many host
regulatory proteins have been identified that act either at the level
of RLRs or at other important checkpoints in the RLR pathway,
ultimately maintaining a balanced - yet effective - antiviralimmune
response [41]. Here, we focus on recent findings concerning the
molecular mechanisms that control the antiviral signaling activities
of RIG-I, MDA5 and MAVS.

4.1. Regulation of RIG-I

A recent series of structural and biochemical studies has
demonstrated a multi-step model of RIG-I activation that is subject
to several intricate regulatory mechanisms. Control of RIG-I
activation is primarily mediated by conformational changes and
host enzyme-induced post-translational modifications (PTMs)
(Fig. 3). During the initial characterization of RIG-I as a viral
sensor, Yoneyama et al. observed that the overexpressed CARDs of
RIG-I were constitutively active and robustly induced signaling
without viral RNA stimulation [2]; in contrast, full-length RIG-I had
a low basal signaling activity in the absence of viral PAMPs,
providing the first hint that RIG-I is maintained in an inactive,
signaling-repressed state in uninfected cells. Subsequent studies
showed that the deletion of the CTD of RIG-I leads to its
constitutive activation, while overexpressed CTD alone had a
dominant-negative effect on RIG-I-induced signal transduction
[49]. This suggested a model in which the CTD functions as a
regulatory/repressor domain (RD) by keeping RIG-I in an inactive
conformation in which the CARDs are masked and thus unable to
signal. The model for RIG-I autorepression was further refined by
crystal structure data that demonstrated distinct conformational
states for RIG-I in the absence of PAMPs and upon activation
through viral RNA binding [6]. These findings indicated that in the
repressed state, interactions between the helicase core - in
particular Hel2i - and the CARD2 of RIG-I inhibit MAVS binding and
downstream signaling.
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Fig. 3. Model of RIG-I activation and regulation. (A) In uninfected cells, RIG-1 is kept inactive via two mechanisms: a closed conformation mediated by the helicase domain and
phosphorylation at specific Thr and Ser residues in the CTD and CARDs mediated by casein kinase II (CKII) and protein kinase C (PKC)-a/[3, respectively. (B) Upon viral
infection, RIG-I binds to its RNA ligand, which facilitates RIG-I conformational changes and multimerization. The E3 ligase Riplet mediates the Lys63-linked
polyubiquitination of Lys788 in the CTD, which contributes to the release of RIG-I from its autorepressed state. Dephosphorylation of the CTD is also thought to be required for
RIG-I activation although the phosphatase responsible has not been identified. (C) Release of RIG-I from the autorepressed conformation renders the CARDs accessible to the
phosphatases PP1-a/y, which dephosphorylate Ser8 and Thr170 in the CARDs. (D) Dephosphorylation of the CARDs of RIG-I allows for interaction with the E3 ligase TRIM25,
possibly by inducing a conformational rearrangement within the tandem CARD. TRIM25 mediates Lys63-linked polyubiquitination of Lys172 in RIG-I CARD2. (E)
Ubiquitination of RIG-I facilitates further multimerization and the recruitment of the mitochondrial targeting chaperone 14-3-3¢, inducing the translocation of RIG-I to
mitochondria-associated membranes (MAMs) where RIG-I interacts with MAVS. (F) Negative regulators of RIG-I signaling include the deubiquitinating enzymes (DUBs)
CYLD, USP3, and USP21, which remove Lys63-linked ubiquitin chains from RIG-I. LUBAC, comprised of the E3 ligases HOIL-1L and HOIP, downregulates RIG-I signaling by
targeting TRIM25 for proteasomal degradation. The DUB USP15 counteracts the activity of LUBAC by removing Lys48-linked ubiquitin chains from TRIM25, thus stabilizing
TRIM25 during viral infection.

RNA binding is believed to induce conformational changes
that release the CARDs, rendering them accessible to down-

In addition to conformational auto-repression of RIG-I, multi-

site Ser/Thr phosphorylation has been shown to play an
important role in preventing aberrant RIG-I signaling in
uninfected cells [50]. RIG-I is constitutively phosphorylated at
the CARDs and the CTD in uninfected cells, and rapidly depho-
sphorylated upon viral infection, indicating that a balance of
phosphorylation and dephosphorylation regulates RIG-I signal
transducing activity. Phosphorylation of the residues Thr770 and
Ser854/855 in the RIG-I1 CTD by casein kinase II (CKII) was shown
to be required for maintaining the autorepressed conformation
[51]. Phosphorylation of Ser8 and Thr170 in the RIG-I CARDs
induced by protein kinase C-a (PKC-a) or PKC-f3 inhibits CARD-
dependent downstream signaling by preventing the interaction
of RIG-I with MAVS [52-54]. In contrast, dephosphorylation of
both Ser8 and Thr170 allows efficient MAVS binding, possibly
caused by a distinct conformation of the tandem CARD triggered
by dephosphorylation of these residues. Extensive research has
been performed to determine the molecular details of how RIG-I
is released from its autorepressed state in response to viral
infection. The current view is that RIG-I activation requires (i)
Binding of 5’ppp-containing dsRNA to the CTD and helicase
domain, and (ii) a series of dephosphorylation and Lys63-linked
ubiquitination events both in the CTD and the CARDs. As
described above, the RIG-I CTD and helicase domain bind to
the 5'ppp moiety and duplex RNA, respectively [6,7,55-57].
Thermodynamic studies further supported the model that the
CARDs contribute to dsRNA binding specificity by controlling
RNA access to the helicase domain [58]. Upon infection, viral

stream interaction partners.

Studies addressing the role of inhibitory phosphorylation marks
in RIG-I demonstrated that binding of viral RNA is insufficient for
RIG-I activation, but that dephosphorylation of the RIG-I CARDs (at
Ser8 and Thr170) and CTD (at Thr770, Ser854/855) is required for
RIG-I signaling [51-54]. These studies thus indicated that an
unknown phosphatase(s) is likely recruited to RIG-I in response to
viral RNA binding, leading to RIG-I activation. Wies et al. performed
a phosphatome RNAi screen that targeted 257 human phospha-
tases, including Ser/Thr phosphatases, Tyr phosphatases and dual-
specificity phosphatases as well as regulatory subunits of
phosphatases. This screen identified two isoforms of the phospho-
protein phosphatase 1 (PP1), PP1-a and PP1-vy, as essential
regulators of RIG-I (and also MDAS) signaling [59]. The PP1
subfamily is a group of Ser/Thr phosphatases that in mammals
consists of the isoforms PP1-o, PP1-f3, and PP1-y, and that are
involved in many cellular processes, including cell cycle regulation,
metabolism, protein synthesis, and muscle function [60]. However,
arole of PP1 in innate immune sensing or the type-I IFN response
had not been shown. This study demonstrated that PP1-a/y are
required for the RIG-I- and MDA5-mediated type-1IFN response, by
dephosphorylating specific CARD residues (Ser8 and Thr170 in
RIG-I; Ser88 in MDA5), thus allowing MAVS binding and
downstream signaling. Gene silencing of PP1-o/y reduced RLR-
meditated IFN and ISG production and, consistent with this,
enhanced the replication of VSV and DenV. The activity of PP1-ot/y
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toward RIG-1and MDA5 was specific, as PP1 had no effect on TLR3-
induced signaling. These studies further indicated that PP1-a and
PP1-vy, which arose by gene duplication and share more than 90%
identity at the amino acid level, have redundant functions in
phosphorylating RLRs. Studies to address the mechanistic details
of how PP1-a/y are activated in response to viral infection,
and the molecular determinants of specificity toward RLRs
are currently under investigation. Furthermore, although the
dephosphorylation of the sites in the RIG-I CTD is also thought
to be required for RIG-I activation [51], the responsible
phosphatase(s) is still unknown.

In addition to phosphorylation/dephosphorylation, RIG-I's
signal transducing activity is tightly regulated by Lys63-linked
ubiquitin chains which, in contrast to Lys48-linked ubiquitina-
tion, do not target proteins for proteasomal degradation but
rather modulate their activity (Fig. 3). Over the past few years, a
growing number of substrates for Lys63-linked ubiquitination
have been described that are involved in diverse processes,in-
cluding DNA repair, protein transport, translation and innate
immune signaling [61]. Using mass spectrometry analysis, Gack
et al. identified that the RIG-I CARDs, purified from human cells,
undergo covalent Lys63-linked ubiquitination at six lysine
residues (Lys 99, 169, 172, 181, 190 and 193). Mutational analysis
identified that Lys63-linked polyubiquitin attached to Lys172 in
RIG-I is necessary for RIG-I's ability to bind MAVS and to induce
type-1 IFN [62]. Mass spectrometry analysis of RIG-I CARD-
interacting proteins further identified tripartite motif protein
25 (TRIM25) as being responsible for catalyzing the covalent
Lys63-linked ubiquitination of the RIG-I CARDs. TRIM25 belongs to
the TRIM protein family of ubiquitin E3 ligases with more than
80 members in humans, many of which play important roles in
antiviral immune responses by either acting as restriction factors or
modulators of innate signaling pathways [63,64]. All TRIM proteins
are comprised of a conserved domain structure containing an
N-terminal RING domain with ubiquitin E3 ligase activity, one or
two B boxes, and a central coiled-coiled domain (CCD) for homo- or
hetero-oligomerization. In addition, the majority of TRIM proteins
harbor a PRY-SPRY domain at the C-terminus, which often dictates
substrate specificity by mediating binding of the TRIM proteins
to their substrates. Mapping studies of TRIM25 showed that the
C-terminal SPRY domain of TRIM25 binds to CARD1 of RIG-I,
allowing TRIM25 to ubiquitinate Lys172 in CARD2 [65].

More recently, the ubiquitin E3 ligase, Riplet (also known as
RNF135 or REUL), has been shown to facilitate Lys63-linked
ubiquitination of the RIG-1 CTD [66,67]. Multiple lysines in the CTD
were shown to be ubiquitinated by Riplet; however, Lys63-linked
ubiquitination at the specific residue Lys788 was critical for RIG-I
activation [68]. Mechanistically, Riplet-induced Lys63-linked
ubiquitination does not affect the RNA binding activity of RIG-I,
but allows for subsequent ubiquitination of the CARDs by TRIM25,
potentially by facilitating an overall conformational change in RIG-
I that exposes the CARDs. The importance of covalent Lys63-linked
ubiquitination for RIG-I activation was supported by the identifi-
cation of a splice variant of RIG-I that lacks amino acids 36-80
within CARD1 and thereby loses TRIM25 interaction, CARD
ubiquitination, and antiviral signaling activity. This RIG-I splice
variant is specifically upregulated upon virus infection or IFN-3
stimulation and acts as a dominant-negative feedback inhibitor by
hetero-oligomerizing with RIG-I, thereby blocking its interaction
with MAVS [65]. Furthermore, several cellular proteins have been
shown to modulate the TRIM25- and Riplet-induced Lys63-linked
ubiquitination of RIG-I. Three deubiquitinating enzymes (DUBs)
have been identified that remove Lys63-linked ubiquitin chains
from RIG-I, thus dampening RIG-I activity. Tumor suppressor
protein cylindromatosis (CYLD) reduced the baseline Lys63-linked
ubiquitination of RIG-I in uninfected cells [69]. Viral infection and

antiviral cytokine production reduces CYLD protein levels, thereby
relieving its repressive activity on RIG-I1. The effect of CYLD was not
specific to RIG-I, as CYLD also deubiquitinated and inhibited the
signaling activities of TBK1 and IKKe. Another DUB for RIG-I, USP3,
was identified in a screen for DUBs that negatively regulated RIG-I-
mediated IFN- induction [70]. This study further showed that
USP3 acts not only as a negative regulator of RIG-I, but also MDAS5.
In contrast to CYLD, USP3 was shown to act on RIG-I and MDA5
specifically after viral infection, as the interaction of USP3 with
both sensors was observed only in response to viral infection or
viral RNA stimulation. A similar screen of DUBs identified USP21 as
an inhibitor of RIG-I signaling by removing its Lys63-linked
ubiquitination [71]. Usp21 knockout mice showed enhanced
antiviral responses to SeV and VSV, but unlike USP3, viral infection
was not necessary to facilitate the interaction between RIG-I and
USP21. In contrast to these negative regulators of RIG-I Lys63-
linked ubiquitination, Caspase-12 has been identified as a factor
that facilitates the covalent Lys63-linked ubiquitination of the RIG-
I CARDs by promoting binding of TRIM25 to RIG-I [72]. In addition
to covalent Lys63-linked polyubiquitination, the RIG-I CARDs have
been shown to bind short, unanchored Lys63-linked polyubiquitin
chains in vitro [73]. TRIM25, together with the E2 ubiquitin-
conjugating enzyme Ubc5 or Ubc13, were responsible for the
synthesis of free polyubiquitin chains, which upon binding to the
CARDs facilitated RIG-I multimerization and engagement with
MAVS [74]. The role of non-covalent Lys63-ubiquitination of RIG-I
in the context of an authentic infection, as well as the functional
contribution of covalent versus non-covalent Lys63-linked ubiqui-
tination in RIG-I activation have been a subject of debate. Recently,
a crystal structure of the tetrameric 2CARD of human RIG-I
revealed that both covalent and non-covalent Lys63-linked
ubiquitin chains act synergistically in promoting RIG-I 2CARD
oligomer assembly and signaling ability [75]. Furthermore, it has
been unclear how RIG-I, upon its ubiquitination, engages MAVS to
induce antiviral signal transduction. Ubiquitinated, activated RIG-I
as well as TRIM25 were recently reported to form a complex with
the mitochondrial targeting chaperone protein 14-3-3¢. This
‘translocon’ complex triggered the redistribution of RIG-I from
the cytosol to the membranes where MAVS is found [76].

Moreover, several proteins have been identified that regulate
the stability of RIG-I or its upstream regulators. The ubiquitin E3
ligase RNF125 (ring-finger protein 125) induces Lys48-linked
ubiquitination and subsequent proteasomal degradation of RIG-I
(and also MDAS5 and MAVS) [77]. Since RNF125 expression is IFN-
inducible, its repression of RLR signaling may serve as a negative-
feedback loop to prevent excessive cytokine production. The
ubiquitin-editing protein, A20, also negatively regulates RIG-I
signaling, specifically through its C-terminal ubiquitinating
domain; however, the precise mechanism by which it does so is
not known [78]. On the other hand, ubiquitin-specific protease 4
(USP4) removes Lys48-linked ubiquitin chains from RIG-I, thus
stabilizing the sensor [79]. TRIM25’s protein levels are also tightly
regulated by a fine balance of Lys48-linked ubiquitination and
deubiquitination. The linear ubiquitin assembly complex (LUBAC),
composed of the two E3 ligases HOIL-1L and HOIP, inhibits the
TRIM25-RIG-I axis by inducing Lys48-linked ubiquitination of
TRIM25 at its C-terminal SPRY domain, thereby targeting TRIM25
for degradation [80]. In addition, this study proposed a second
mechanism of how LUBAC inhibits TRIM25-RIG-I signaling: the
interference of LUBAC with TRIM25 binding to RIG-I. Recently,
USP15 has been identified as a counterplayer of LUBAC in TRIM25
regulation. USP15 bound to TRIM25 specifically late during
infection, removing Lys48-linked ubiquitin chains from TRIM25
and thus stabilizing it [81]. Virus replication assays further
indicated that USP15 is important for a sustained IFN-[3-mediated
antiviral response against VSV, NDV and SeV.
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4.2. Regulation of MDA5

Compared with those of RIG-I, the mechanisms of MDA5
activation are not as well characterized, but what is known
suggests that some of the regulatory steps leading to MDA5
activation may be quite different from those of RIG-I. Unlike RIG-I,
MDA?5 is not kept inactive by an autorepressed conformation [82],
suggesting that PTMs may play an even more important role in
controlling MDAS signaling activity (Fig. 4). One commonality of
RIG-I and MDAS5 activation is the removal of repressive phosphor-
ylation marks in the CARDs [59]. Mass spectrometry analysis of
purified human MDA5 2CARD revealed phosphorylations at Ser88
and Ser104, located in the CARD1 and short CARD-CARD linker
region of MDADS, respectively. Mutational analysis indicated that
phosphorylation at Ser88, but not Ser104, modulates the CARD-
dependent signaling activity of MDA5: phospho-mimetic Ser88
mutants of MDA5 were unable to signal downstream, while a SS8A
mutant of MDA5 had optimal signaling and IFN-3 induction
activity. Through the use of a phospho-Ser88-MDA5 specific
antibody, this study also showed that endogenous MDA5 was
robustly phosphorylated at Ser88 in uninfected cells; however,
MDAS5 stimulation by EMCV infection or poly(I:C) transfection
induced rapid dephosphorylation of MDA5. As described above,
the phosphatases PP1-a/y have been identified as being responsi-
ble for not only dephosphorylating RIG-I, but also MDA5 at Ser88,
leading to RLR activation. Sequence analysis identified two
potential PP1-binding sites in MDAS5, one located in the CARDs
and one in the helicase domain. Mutation of each of these PP1-
binding motifs in MDA5 abolished PP1-a/y interaction, keeping
MDAS in the phosphorylated, signaling-repressed state [59]. In
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infected cells, specific recruitment of PP1-a/y to endogenous
MDAS5 induced dephosphorylation of Ser88, promoting MDA5
binding to MAVS and type-I IFN induction. These results
demonstrated that phosphorylation/dephosphorylation of specific
Ser/Thr residues in the N-terminal CARDs regulates MDA5 and RIG-
[ signaling abilities, and also identified the phosphatases PP1-o/y
as common activators of both sensors.

While it is now well-established that Lys63-linked ubiquitina-
tion is essential for RIG-I signaling, the requirement for Lys63-
linked ubiquitin chains in MDA5 activation has been a subject of
debate. No covalent Lys63-linked ubiquitination of MDA5 CARDs
purified from human cells has been detected [62]. Furthermore,
while a study suggested that unanchored Lys63-ubiquitin chains
promote MDAS5 oligomerization and filament formation in vitro
[74]; others have not observed a requirement for unanchored
Lys63-linked ubiquitin chains in MDAS5 activation [83].

Only a few upstream regulators of MDA5 have been described
to date (Fig. 4). A yeast two-hybrid screen identified dihydroace-
tone kinase (DAK) as an interaction partner of MDAS5, inhibiting its
downstream signaling. Notably, the inhibitory role of DAK on
MDAS5 signaling was not associated with its kinase activity, but
proposed to be attributed to its ability to prevent the binding of
MDAS to dsRNA or downstream signaling proteins [84]. The E3
ligase PIAS23 was shown to enhance MDAS signaling by
facilitating the conjugation of SUMO to the MDA5 CTD [85];
however the molecular mechanism by which SUMOylation
activates MDAS has not been addressed. Another positive regulator
of MDAS is ribonucleoprotein PTB-binding 1 (RAVER1), which was
shown to interact with MDA5 and to increase the binding of MDA5
to poly(I:C), thereby enhancing MDA5 signaling [86].
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Fig. 4. Model of MDAS activation and regulation. (A) In uninfected cells, MDAS5 is kept inactive by phosphorylation at residue Ser88 in CARD1. (B) Upon viral infection, MDA5
binds to dsRNA which allows for the recruitment of PP1a/y to the CARDs, which then induce Ser88 dephosphorylation. In addition, RNA binding facilitates MDA5
multimerization. The ribonucleoprotein binding protein RAVERT1 is thought to enhance the binding of MDAS5 to its RNA ligand, thereby enhancing MDAS5 signaling. The CTD
also undergoes SUMOylation mediated by the E3 ligase PIAS2[3, which has been shown to enhance MDAS5 signaling. (C) A study indicated that Lys63-linked ubiquitin chains
associated with the MDA5 CARDs facilitate MDA5 multimerization and activation; however, other studies showed that Lys63-linked ubiquitin is not required for MDA5
activation. Activated MDA?5 is then able to interact with its downstream signaling partner, MAVS. (D) DAK is a negative regulator of MDA5 signaling; however, the precise

mechanism of MDAS5 inhibition by DAK is unknown.
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4.3. Regulation of MAVS

Numerous cellular factors have been shown to modulate MAVS
signal transduction through diverse mechanisms, including steric
hinderance of MAVS binding to RLRs or other components of the
MAVS signalosome (Table 1). The mitochondrial NOD-like receptor
X 1 (NLRX1) was initially identified as a mitochondrial outer
membrane protein that acts as a negative regulator of RIG-I
signaling by competing with RIG-I for MAVS binding [87]. Other
studies, however, have suggested an alternative mechanism of
NLRX1 action and reported that NLRX1 is localized to the
mitochondrial matrix [88,89]. Furthermore, in vivo studies using
different strains of Nlrx1~/~ mice have provided inconsistent
results on the inhibitory role of NLRX1 in type-I IFN signaling
[90-92]. Thus, the role of NLRX1 in MAVS regulation warrants
further investigation. Furthermore, Nirx1~/~ mice showed reduced
autophagy in response to viral infection. Mass spectrometry
analysis of NLRX1-interacting proteins identified the mitochon-
drial Tu translation elongation factor (TUFM) [93]. TUFM was
shown to act as a molecular bridge between the type-I IFN
signaling pathway and autophagy by facilitating the formation of a
complex comprised of TUFM, MAVS, RIG-I and the autophagy-
associated proteins Atg5-Atgl2 and Atgl6L1. In this complex,
TUFM was found to inhibit type-I IFN signaling through MAVS,
leading to enhanced VSV replication. Mitofusin 2 (Mfn2), a
mitochondrial outer-membrane protein, inhibits MAVS signaling
through an interaction with the TM domain of MAVS [94]. The
complement receptor gC1qR was also reported to have a
dampening effect on RLR signaling through MAVS [95]. Upon viral
infection, gC1qR is relocalized to mitochondria where it interacts
with MAVS, suppressing its interaction with RLRs. Another cellular
protein that has been reported to antagonize antiviral signaling by
inhibiting the interaction between RIG-I and MAVS is the
autophagy-regulatory protein conjugate Atg5-Atg12, which binds
to the CARDs of both RIG-I and MAVS, thereby preventing their
interaction and downstream signaling [96]. The proteins SEC14L1
and NLRC5 have been shown to interact with the CARDs of RIG-I
and/or MDAS5, competing with RLR binding to MAVS [97,98].
Furthermore, the ubiquitin-regulatory-X-domain-containing pro-
tein 1 (UBXN1) was found to be relocalized to mitochondria upon
viral infection, where it competes with the signalosome proteins
TRAF3 and TRAF6 for binding to MAVS [99].

Moreover, variants of MAVS have been described to act as
suppressors of MAVS downstream signaling. During the initial
identification of MAVS, smaller versions of the protein were
detected and assumed to be splice variants or degradation
products of MAVS. A splice variant of MAVS, known as MAVS1a,
was identified which strongly bound to RIG-], thereby inhibiting its
interaction with MAVS [100]. A recent study reported that the
MAVS mRNA transcript is bicistronic, and that one of the smaller
MAVS variants, known as ‘mini-MAVS,’ is produced by alternative

Table 1
Cellular regulators of MAVS signaling activity. Cellular regulators of MAVS, grouped
by their mechanism of action, are detailed.

Mechanism Host regulator

RLR-MAVS binding inhibition =~ NLRX1 Moore et al., 2008 [87]
gC1qR Xu et al., 2009 [95]
SEC14L1 Li et al, 2013 [97]
NLRC5 Cui et al., 2010 [98]
Atg5-Atg12 Jounai et al., 2007 [96]
MAVS1a Lad et al., 2008 [100]

MAVS-TRAF2/6 binding Mini-MAVS Brubaker et al., 2014 [101]

inhibition
MAVS degradation PCBP2, AIP4 You et al., 2009 [102]

Ndfip, Smurfl ~ Wang et al., 2012 [103]
RNF5 Zhong et al., 2010 [104]

translation [101]. Mini-MAVS has been shown to be involved in
downregulating the type-I IFN response and promoting cell death.
It has been proposed that mini-MAVS competes with full-length
MAVS for binding its downstream signaling partners TRAF2 and
TRAF6; however, the exact mechanism by which mini-MAVS
inhibits MAVS signaling is unclear.

MAVS signal transduction is further regulated by proteins that
modulate the stability of MAVS. At least three ubiquitin E3 ligases
have been reported to induce Lys48-linked ubiquitination of
MAVS, promoting its proteasomal degradation. The HECT E3 ligase
AIP4 is recruited to MAVS by the poly(rC) binding protein 2
(PCBP2), which relocalizes to mitochondria upon viral infection
[102]. Upon recruitment, AIP4 induces Lys48-linked ubiquitination
at Lys371 and Lys420 in MAVS, triggering its proteasomal
degradation. A similar mechanism has been described for the
Nedd4 family interacting protein-1 (Ndfip1), in which Ndfip1l
promotes Lys48-linked ubiquitination and degradation of MAVS by
recruiting the ubiquitin E3 ligase Smurfl (SMAD ubiquitination
regulatory factor 1) [103]. The E3 ubiquitin ligase RING-finger
protein 5 (RNF5) has also been reported to interact with MAVS
upon viral infection, ubiquitinating and targeting MAVS for
proteasomal degradation [104].

Mitochondrial and cytoskeletal dynamics also play a role in
coordinating MAVS-mediated antiviral signaling. Recent studies
showed that RLR signaling promotes mitochondrial elongation and
fusion, which in turn facilitates the interaction of MAVS with
STING and downstream signaling [105]. Mitochondrial fragmen-
tation had the opposite effect, reducing MAVS-STING interaction
and inhibiting RLR signaling. The inner-mitochondrial membrane
protein cytochrome c oxidase complex subunit 5B (COX5B) has
been shown to play a role in the regulation of RLR signaling [106].
ATP production by mitochondria produces reactive oxygen species
(ROS) as a by-product, which is a stimulator of MAVS signaling.
COX5B, a component of the mitochondrial electron transport
chain, negatively regulates MAVS signaling by downregulating ROS
production and, in concerted action with Atg5, inhibiting MAVS
aggregation. Furthermore, the maintenance of mitochondrial
membrane potential has been shown to be critical for RLR
signaling through MAVS [107]. A loss of mitochondrial membrane
potential may inhibit rearrangements of the MAVS complex that
are necessary for signaling. MAVS activation during viral infection
has also been linked to virus-induced cytoskeletal perturbations.
The focal adhesion kinase (FAK), which is normally localized to
cytoskeleton-linked focal adhesions, redistributed to the mito-
chondrial membrane upon viral infection, where it interacted with
MAVS [108]. Cell deficient in FAK (Ptk27-) were more susceptible to
infection by RNA viruses and had reduced NF-kB and IRF3
activation. In infected Ptk2 wild-type mouse embryonic fibroblasts,
MAVS was observed to relocalize into cytoplasmic aggregates. In
contrast, Ptk2”7 cells showed abnormal MAVS localization and
morphology, both prior to and after viral infection. Although the
precise mechanism of MAVS regulation by FAK is unclear, FAK is
thought to facilitate proper MAVS localization and mitochondrial
morphology to promote antiviral signaling.

5. Regulation of RLR signaling activities by viral proteins

Successful viral pathogens have evolved many different
mechanisms for evading the type-I IFN response to prevent their
rapid clearance. In the IFN-a/[3 induction pathway, many different
host targets of viral antagonistic strategies have been identified.
Not surprisingly, many RNA and DNA viruses dedicate a significant
portion of their genome to blocking the RLR-MAVS signal
transduction pathway. Perhaps the most direct way to interfere
with RLR-induced IFN induction is through preventing recognition
of viral PAMPs by RLRs (reviewed elsewhere [23,109]). In addition,
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there is increasing evidence that many viruses have developed
means of interfering with distinct steps in RLR-MAVS signaling.
Here, we focus on summarizing four major viral strategies of RLR
immune escape: (i) manipulation of the multi-site PTM program of
RLRs, (ii) inhibition of the ATPase activity of RLRs, (iii) sequestra-
tion of RLRs, and (iv) virus-induced cleavage of RLRs and MAVS.

5.1. Manipulation of the posttranslational modification (PTM)
program of RLRs

Recent studies uncovered that multiple viruses evade the type-I
IFN response by manipulating PTMs critical for RLR activation.
Several viruses, both RNA and DNA viruses, have been reported to
interfere specifically with the covalent Lys63-linked ubiquitination
of RIG-I, emphasizing the important role of this modification for
RIG-I activation. At least two distinct viral strategies have been
identified for manipulating the Lys63-linked ubiquitination of RIG-
I: targeting the responsible E3 ligases, TRIM25 and Riplet, or
directly removing Lys63-ubiquitin chains through virus-encoded
DUBs. Furthermore, recent studies identified that paramyxoviruses
have evolved means of manipulating the phosphorylation levels of
RLRs, thus keeping RLRs in the phosphorylated, signaling-
repressed states.

5.1.1. Viral inhibition of Lys63-linked ubiquitination of RIG-I

The non-structural protein 1 (NS1) of influenza A virus (IAV) is
known to block IFN induction through multiple mechanisms and
host targets [110]. NS1 has been reported to bind dsRNA via its
N-terminal RNA-binding domain (RBD), thus potentially sequester-
ing viral RNA from cellular sensors. Furthermore, through its
C-terminal effector domain (ED), NS1 interacts with several host
proteins to dampen antiviral responses, including CPSF30 which is
targeted by NS1 to block host gene expression. Recently, NS1 has
been shown to inhibit the initiation of IFN induction by blocking the
TRIM25-mediated Lys63-linked ubiquitination of the RIG-I CARDs
(Fig. 5) [111]. NS1 directly binds to the CCD of TRIM25 involving
residues E96 and E97 in the ED. The E96A/E97A mutation abrogated
the ability of NS1 to block RIG-I ubiquitination by TRIM25 and
inhibition of IFN production. Mechanistically, the interaction of NS1
with the CCD of TRIM25 prevented CCD-dependent oligomerization
of TRIM25 which appears to be critical for its enzymatic activity.
These results identified a novel mechanism for inhibition of RLRs,
through viral antagonism of the cellular E3 ubiquitin ligase TRIM25
[111]. As IAV infects and can adapt to many different host species,
the species-specificity of the TRIM25-NS1 interaction was investi-
gated [112]. Human TRIM25 efficiently interacted with the NS1
proteins of human, mouse-adapted, and avian strains (including the
NS1 protein of the highly pathogenic H5N1 strain). Interestingly,
while NS1 of avian IAV bound preferentially to avian (chicken)
TRIM25, none of the NS1 proteins tested bound to mouse TRIM25.
Further study showed that NS1 is able to effectively antagonize RIG-
lin mice. Mechanically, in contrast to inhibition of TRIM25 in human
cells,in mice, NS1 targets the E3 ligase Riplet, thereby blocking RIG-I
ubiquitination at the CTD and thus RIG-I activation [112].
Furthermore, this study indicated that some human strains of
IAV have evolved to bind to and target both TRIM25 and Riplet in
human cells, strengthening that TRIM25 and Riplet are critical
activators of RIG-1.

Flaviviruses, such as Hepatitis C virus (HCV), are positive-
stranded RNA viruses whose genome is directly translated into one
large poly-protein. This poly-protein is subsequently cleaved by
cellular and viral proteases to produce the individual proteins
required for viral replication. The NS3/4A protease of HCV has been
identified as an IFN antagonist that targets MAVS for cleavage,
thereby inhibiting its downstream signaling (further detail below).
Recent studies have indicated that NS3/4A also targets factors
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Fig. 5. Viral inhibition of RIG-I through modulation of its Lys63-linked
ubiquitination. Shown is a schematic of viral proteins that modulate the Lys63-
linked ubiquitination levels of RIG-I to suppress IFN gene expression. The NS1 proteins
of influenza A viruses (IAV) interact with and inhibit the ubiquitin E3 ligases TRIM25
and Riplet. This abolishes the Lys63-linked ubiquitination of RIG-I at Lys172 in the
CARDs (mediated by TRIM25) and at Lys788 in the CTD (mediated by Riplet). The
ability of IAV NS1 proteins to bind and target TRIM25 and Riplet is species-specific.
The NS1 proteins of human, avian, and mouse-adapted IAV strains are all capable of
binding human TRIM25. The NS1 proteins of some human [AV strains have also
evolved to target human Riplet. The protease NS3/4A of hepatitis C virus (HCV) cleaves
Riplet to suppress Lys63-linked ubiquitination of RIG-I at the CTD. Furthermore,
Kaposi's sarcoma-associated herpesvirus (KSHV), nairoviruses, arteriviruses, foot-
and-mouth disease virus (FMDV), and SARS coronavirus (SARS-CoV) encode
deubiquitinating enzymes (DUBs) that remove Lys63-linked ubiquitin moieties
from the RIG-I CARDs and CTD, thereby suppressing RIG-I antiviral signaling. More
details on viral inhibition of RIG-I ubiquitination are described in the text.

upstream of MAVS. Oshiumi et al. observed that expression of NS3/
4A, either during viral infection or upon its overexpression, was
able to suppress RIG-I-mediated signaling even in the presence of a
cleavage-resistant mutant of MAVS [68]. The authors further
observed that the protein levels of the E3 ligase Riplet were
markedly decreased in HCV-infected hepatocytes. Consistent with
this, the Lys63-linked ubiquitination of RIG-I was also decreased.
Indeed, bioinformatics analysis revealed that Riplet harbors an
NS3/4A consensus cleavage site in the RING domain. NS3/4A did
not affect the protein levels of a Riplet mutant with a mutated NS3/
4A consensus site; however, functional studies were not possible
with this Riplet mutant as it was no longer catalytically active [68].
Thus, further studies are needed to determine the physiological
role of Riplet cleavage for RIG-I escape by HCV.

Many herpesviruses encode viral DUBs that target cellular
proteins for removal of ubiquitin moieties. Kaposi’s sarcoma-
associated herpesvirus (KSHV), a member of the -~y-herpesvirus
family, encodes the viral DUB, orf64 [113]. Orf64 is a component of
the viral tegument that is important for virion assembly and lytic
replication. Recently, a third function has been unveiled for orf64:
the dampening of RIG-I antiviral signaling [114]. Orf64, but not its
catalytically inactive mutant, was able to inhibit the production of
type I-IFN induced by RIG-I. Further analysis revealed that it did so
by decreasing the level of covalently-linked Lys63-linked ubiqui-
tination of the RIG-I CARDs. This reduction was overcome by
overexpression of TRIM25, indicating that orf64 specifically
removes the TRIM25-induced ubiquitination essential for RIG-I
activation [114].

Coronaviruses (CoV) are large, enveloped RNA viruses that
cause a variety of respiratory illnesses. During infection, the
genome is translated into two poly-proteins which are then
processed by proteases into individual proteins. Structural and
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functional analyses revealed that the papain-like protease (PLP) of
severe acute respiratory syndrome coronavirus (SARS-CoV) has
DUB activity that catalyzes the removal of both ubiquitin and
ISG15 from substrates [115,116]. PLP’s DUB activity was shown to
play a major role in IFN antagonism [117,118]. Cell-based
deubiquitination assays identified RIG-I, TBK1, IRF3, and STING
as targets of deubiquitination by SARS-CoV PLP, leading to
downregulation of the type-I IFN response [119]. Another example
of a virus-encoded DUB is found in foot-and-mouth disease virus
(FMDV), a picornavirus that is responsible for a debilitating disease
of cloven-hoofed animals which can have serious economic
implications. The leader proteinase (LP™) of FMDV is a PLP known
to be involved in shut-off of host translation [120]. In addition,
FMDV LP™ was reported to have multiple roles in antagonism of
IFN induction. Independent of its protease function, LP™ leads to
decreases in IRF3, IRF7, and p65/RelA protein levels [121].
Bioinformatics studies predicted USP-type DUB activity in LP™
and showed that, like SARS-CoV PLP, LP™ is indeed a functional
DUB, and acted on several proteins involved in the IFN induction
pathway - RIG-I, TBK1, TRAF3, and TRAF6. The deubiquitination of
each of these proteins prevented their activation and downstream
signaling leading to production of IFN [122].

Another class of viral DUBs is encoded by two unrelated RNA
viruses: the arteriviruses and the nairoviruses. The arterivirus
family contains positive-stranded RNA viruses that cause severe
infections in livestock, including porcine respiratory and repro-
ductive syndrome virus (PRRSV). Nairoviruses have tripartite
negative-stranded RNA genomes and include Crimean-Congo
hemorrhagic fever virus (CCHFV), a tick-borne virus that causes
sporadic hemorrhagic fever throughout the Middle East, Africa,
Asia, and Southeastern Europe. Unlike viral PLPs which have a
USP-like DUB structure, bioinformatics approaches revealed
the existence of ovarian tumor (OTU)-type DUB domains in the
L protein of CCHFV, as well as the nsp2 proteins of PRRSV and the
related equine arteritis virus (EAV). Overexpression of these viral

OTU proteins (vOTUs) showed dual specificity for deconjugation of
polyubiquitin and ISG15 [123,124]. Protein deubiquitination and
delSGylation by vOTUs led to the inhibition of IFN-3 and TNF«
induction. More recently, studies have revealed that RIG-I is a
substrate for deubiquitination by the vOTUs from arteriviruses and
nairoviruses. Expression of wild-type vOTUs, but not catalytically-
dead mutants, decreased the Lys63-linked ubiquitination levels of
RIG-I and thus its downstream signal transducing activity [125].

5.1.2. Viral manipulation of the phosphorylation state of MDA5

The IFN-suppressive ability of paramyxoviruses is well known
and depends on their non-structural V, W, and C proteins, which
are encoded by the P/V/C gene [126]. In particular, the V proteins of
13 different paramyxoviruses have been shown to inhibit
specifically MDA5; however, the molecular mechanisms of this
inhibition have just begun to be investigated. It has been proposed
that one mechanism of MDA5 antagonism involves binding of the
V protein to the helicase domain of MDAS5, inhibiting the hydrolysis
of ATP [3,127-130]. Recently, it has been discovered that the V
proteins of measles virus (MV) and Nipah virus (NiV), but not of
PIV5, efficiently block the PP1a/y-mediated dephosphorylation of
MDADS5, preventing its CARD-dependent signaling activity ([164])
(Fig. 6). Intriguingly, upon MV infection, but not EMCV or DenV
infection, MDA5 remained in the Ser88-phosphorylated, inactive
state. This phosphorylation-modulatory effect of MV was due to its
V protein, and this activity was shared also by the V protein of NiV.
Biochemical studies revealed that the V proteins of MV and NiV
efficiently bound to PP1-a/vy, but not to PP1- which is not
involved in MDA5 dephosphorylation. Sequence analysis identified
a canonical PP1-binding motif in the very C-terminal ‘tail’ region of
the MV V protein (28RIWY?°!). Deletion of the ‘tail’ region
containing the PP1-binding site abrogated the interaction of the
MV V protein with PP1-a/y as well as antagonism of the
dephosphorylation-mediated activation of MDA5. Generation of
a recombinant MV of the Khartoum-Sudan strain, a clinical isolate

] Inactive State

Viral RNA Binding

( VProtein

4

Inhibition of ATPase
activity

PP1 recruitment and
S88 dephosphorylation

Active State

Fig. 6. Suppression of MDA5 activity through paramyxoviral modulation of MDA5 phosphorylation and inhibition of its ATPase activity. The V proteins of measles virus (MV)
and Nipah virus (NiV) sequester the phosphatases PP1-a/y from MDAS5, preventing the dephosphorylation of Ser88 in the N-terminal CARDs of MDAS. V protein-induced
inhibition of MDA5 S88 dephosphorylation prevents MDA5-MAVS binding and downstream signaling. Furthermore, upon binding to PP1-a/7y, the V proteins serve as
substrates for PP1-mediated dephosphorylation. The V proteins of several paramyxoviruses, including Parainfluenza virus type 5 (PIV5), bind directly to the helicase domain
of MDAS5, inducing conformational changes in MDA5, ultimately suppressing the ATP hydrolysis activity of MDA5 and thereby its filament formation on viral dsRNA.
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of MV, harboring a truncated V protein that is unable to bind PP1«/
v demonstrated that PP1 antagonism by the V protein is an
important mechansim of type-I IFN inhibition. Unlike the parental
virus, the PP1-binding deficient mutant MV showed a strong
replication defect in lung epithelial cells, which correlated with
enhanced IRF3 activation and stimulation of IFN-3 and ISG levels.
This study thus identified a novel mechanism of action for the V
protein of MV and NiV that is directed against PP1-o/y and
required for efficient inhibition of MDAS5 ([ 164]). Furthermore, this
finding combined with previous studies suggests a model in which
different paramyxoviruses using their V proteins may employ
different strategies to antagonize the sensor MDA5: PIV5 by
targeting the ATPase activity of the helicase domain (discussed
below), and MV and NiV through targeting PP1 and thereby MDA5
CARD-dependent signaling. This phenomenon of targeting a
common host factor of the IFN system by using multiple different
mechanisms has been described previously for STAT1/2 inhibition
by paramyxoviral V proteins: while some V proteins induce STAT1/
2 degradation, others sequester these transcription factors or
prevent their nuclear translocation and thus activation [131]. In
addition to these mechansims of IFN antgonism through their V
proteins, some paramyxoviruses have also developed strategies to
inhibit innate immunity in a V-independent manner. Interestingly,
in dendritic cells, measles virus targets DC-SIGN signaling to
inhibit PP1a/7y, thereby blocking the activation of both MDAS5 and
RIG-I (Mesman et al., in press).

5.2. Inhibition of the ATP hydrolysis activity of RLRs

As mentioned above, the V proteins of several paramyxoviruses
have been shown to interact with the helicase of MDAS5, inhibiting
its ATPase activity [3,127-130]. Recently, the co-crystal structure
of porcine MDA5 and the V protein of PIV5 showed that the
inhibition of the ATPase activity is due to mutual structural
unfolding (Fig. 6) [132]. Additionally, the VP35 protein of Ebola
virus has been reported to hinder specifically RIG-I's ATPase
activity by preventing its interaction with PKR activator (PACT), a
protein previously shown to activate RIG-I's ATPase activity and
downstream signaling [133,134].

The newly emerged Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) has been identified as the causative
agent of a severe respiratory disease with a high mortality rate.
Much research has been focused on understanding the pathoge-
nicity of MERS-CoV in an attempt to limit its transmission and
disease. These studies showed that while MERS-CoV replication is

impaired by IFN treatment in vitro and in vivo, it fails to induce high
levels of IFN during infection, indicating that this virus has effective
mechanisms of IFN antagonism [135-138]. The 4a, 4b, and M
proteins of MERS-CoV were identified as potent antagonists of the
type-1 IFN response. The 4a protein specifically blocked IFN
induction mediated by MDAS5, but not RIG-I, an activity thought to
be due to the predicted dsRNA binding ability of 4a [139].
Subsequent studies revealed that the MERS-CoV 4a protein
interacts with PACT, thereby preventing optimal ATPase and
signaling activities of not only MDA5 but also RIG-I. [140].

5.3. Sequestration of RLRs

Several viruses have developed means of interfering with the
CARD-CARD interaction of RLRs and MAVS by sequestering RIG-I
and MDAS5 from the MAVS signalosome (Table 2). SARS-CoV, using
its M protein, blocks the RLR-induced IFN-[3 gene expression by
interacting with RIG-I or key proteins in the RLR pathway, such as
TANK, TBK1, IKK-¢, and TRAF3 [141]. The M protein is localized to
membranes associated with the Golgi complex; thus it is
hypothesized that binding of the M protein to RIG-I results in
sequestration of this sensor away from MAVS at mitochondria to
Golgi-associated membranes instead. Two additional SARS-CoV
proteins, ORF3b and ORF6, have been shown to block the
interaction between RIG-I and MAVS. Both proteins localize to
mitochondria where they likely bind to either RIG-I or MAVS to
inhibit IFN induction [142,143].

Arenaviruses are classified as New World viruses and Old World
viruses, many of which are capable of causing hemorrhagic fever
syndromes. The Z proteins of Arenaviruses have been implicated in
many virus-host interactions including binding to elF4E and PML
[144,145]. In regards to their IFN-antagonistic activities, the Z
proteins of New World arenaviruses (e.g. Guanarito, Junin,
Machupo, and Sabia), but not those of Old World arenaviruses
(LCMV or Lassa virus), have been shown to inhibit RIG-I [146].
Mechanistically, binding of the Z protein to RIG-I prevents the
CARD-CARD interaction between RIG-I and MAVS, thereby
preventing further downstream signaling.

Human metapneumovirus (hMPV) is a leading cause of
respiratory infections, particularly in infants, the elderly, and
immunocompromised individuals. Recombinant hMPV lacking
the glycoprotein (G) attachment factor (hMPV-AG) is attenuated
in vivo. Recently this attenuation has been attributed to the loss of
this protein’s ability to escape innate immunity. The hMPV-AG
mutant virus induced higher levels of IFN compared to the parental

Table 2
Viral inhibition of RIG-I and MDAS5. Different viral antagonistic strategies are detailed, including information on the virus and the specific protein responsible for RLR
antagonism.
RIG-I
Inhibition of ATPase activity Ebola VP35 Luthra et al., 2013 [134]
MERS-CoV 4a Siu et al., 2014 [140]
Sequestration SARS-CoV M Protein Siu et al., 2009 [141]
SARS-CoV ORF3b Kopecky-Bromberg et al., 2007 [143]
SARS-CoV ORF6 Freundt et al., 2009 [142]

NW Arenavirus Z protein Fan et al., 2010 [146]
hMPV G protein Bao et al., 2008 [148]; Bao et al., 2013 [147]
RSV N Protein Lifland et al., 2012 [149]
RSV NS1/NS2 Goswami et al., 2013 [151]
Cleavage Poliovirus 3¢pre Barral et al., 2009 [159]
Rhinovirus
Echovirus
EMCV
MDA5
Inhibition of ATPase activity Paramyxovirus V protein Motz et al., 2013 [132]; Rodriguez and Horvath 2013 [130]
MERS-CoV 4a Siu et al.,, 2014 [140]
Sequestration RSV N Protein Lifland et al., 2012 [149]
Cleavage Poliovirus Barral et al., 2007 [158]
EV71 2APT Feng et al., 2014 [163]
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virus. This IFN-suppressive effect of the G protein was due to its
interaction with the RIG-I CARD signaling module, preventing the
redistribution of RIG-I from the cytosol to MAVS on mitochondria
[147,148].

Like hMPV, respiratory syncytial virus (RSV) is a significant
cause of debilitating respiratory infections, particularly in infants.
Early after RSV infection, large inclusion bodies (IB) are seen, both
in in vitro cell cultures and in cells isolated from infected humans
and animals. The formation of IBs appears to be dependent on the N
and P proteins, as transfection of these proteins is sufficient to
induce IB formation. At 6 h post-infection, Lifland et al. observed
co-localization of both RIG-I and MDA5 to IBs, with MAVS also
accumulating at later time points. This re-localization was
dependent upon the N protein, as immunoprecipitation studies
showed an interaction between N and MDA5. Formation of these
IBs, induced by N and P proteins, significantly decreased the
production of IFN-3 mRNA in response to NDV infection, indicating
a critical role in innate immune evasion [149].

Additionally, the NS1 and NS2 proteins of RSV are known to be
antagonists of IFN induction, leading to inhibition or degradation
of several key signaling molecules in the IFN induction cascade
[150]. Recent work has identified a large multi-protein complex
comprised of mitochondria, RSV NS1 and NS2, and several
proteasome-specific host proteins. This complex has been dubbed
the NS degradasome (NSD), and depends on MAVS for its
mitochondrial association. When assembled, the NSD leads to
the degradation of many key signaling molecules in the IFN
pathway, including RIG-I, TRAF3, IKK-¢, IRF3, IRF7, and STAT2. This
degradation was shown to be due to the presence of both
proteasomal and non-proteasomal proteases in the NSD; however,
more detailed insights into the selective degradative activity of the
NSD for these molecules are needed [151].

5.4. Virus-induced cleavage of RLRs and MAVS

Many viruses encode proteases that play important roles in
their replication cycle. In addition, some of these viral proteases
antagonize RLR-mediated host immunity through cleavage of
MDAS5 and RIG-I or their adaptor molecule MAVS. The NS3/4A
proteases of HCV and the related flavivirus, GB virus B (GBV-B),
directly cleave MAVS. This cleavage occurs at Cys508 located in the
TM domain of MAVS, thereby dislocating it from mitochondria, and
suppressing MAVS-induced downstream signaling [152,153].
Hepatitis A virus (HAV), of the Picornaviridae family, also encodes
a protease which cleaves MAVS to downregulate IFN production
[154,155]; however, unlike HCV, HAV does not utilize its mature
protease, 3Cpro, but instead a stable, catalytically-active precursor
form of this protease (called 3ABC) which is localized at the
mitochondrion [156].

Poliovirus, another picornavirus, specifically induces cleavage
of MDAS5. Unexpectedly, this activity is not due to either of its viral
proteases as recombinant viruses expressing catalytically-dead
proteases did not have abrogated MDA5-cleaving abilities. Instead,
MDA?5 cleavage during poliovirus infection was dependent on both
the proteasome and cellular caspases. An independent study
showed that mouse MDAS5 was cleaved during apoptosis [157]. It is
therefore conceivable that poliovirus infection induces apoptosis,
leading to cleavage of MDA5, which results in decreased levels of
IFN production [158].

Several other picornavirus-encoded proteases have been shown
to cleave multiple members of the RLR signaling cascade.
Specifically, the 3CP™ protease of poliovirus, rhinovirus, echovirus,
and EMCV has been shown to lead to RIG-I degradation both in vitro
and in infected cells [159]. This mechanism is in stark contrast to
MDAD5 cleavage during poliovirus infection, which is mediated by
viral targeting of cellular proteases. Additional studies by the same

group identified MAVS as a potential target of 2AP™ and 3CP™ -
mediated cleavage during rhinovirus infection [ 160]. More recently,
a series of studies has identified both MAVS and MDAS5 as targets of
proteolytic cleavage during Enterovirus 71 (EV71) infection. First,
Wang et al. showed that MAVS at mitochondria was cleaved during
EV71 infection. This cleavage was confirmed to be a direct effect of
the 2AP™ protease, as a catalytically-inactive mutant was unable to
cleave MAVS invitro [161]. Two groups then showed that MDA5 was
both important for EV71 detection during infection, but also a target
for degradation [162,163]. The degradation of MDA5 in EV71-
infected cells was originally proposed to be due to caspase-mediated
cleavage as in poliovirus infection; however, a more recent study
reported that MDAS is also directly cleaved by the virally-encoded
2AP™, The same study also showed that RIG-I, MDA5, and MAVS are
all cleaved during EV71 infection by the viral proteases 3CP™ (RIG-I)
and 2AP™ (MDA5 and MAVS) [163].

6. Conclusion

It is well-established that the intricate interplay between
viruses and the host’s surveillance machinery dictates the outcome
of viral infection and disease. Over the past several years,
significant progress has been made toward our understanding of
the regulatory mechanisms of RLR-MAVS signaling by host and
viral factors. Despite extensive research in this field, many
questions remain: Why are so many safeguard mechanisms
needed for RLR control? And, are there disorders where RLR
activation is dysregulated? In this regard, it is tempting to
speculate that the ability of RIG-I1 and MDA5 to distinguish self
and non-self RNAs could be less stringent than anticipated, and
that self-RNA present in the cytosol may also be detected under
certain conditions. Furthermore, new insights into the regulatory
mechanisms of RLR activation and viral antagonistic mechanisms
will stimulate drug development for infectious diseases and
inflammatory or autoimmune disorders. Indeed there is recent
evidence that polymorphisms of RIG-I and MDAS5 are associated
with autoimmune diseases, such as systemic lupus erythematosus
and type-I diabetes; however, whether dysregulated RLR activities
are associated with diseases remains to be answered. We eagerly
await future discoveries of polymorphisms in regulatory molecules
of RLR signaling or their aberrant expressions, and their roles in
susceptibility to viral infections and disease development.
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