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Mammalian cells have the ability to recognize virus infection and mount a powerful antiviral transcriptional response that pro-
vides an initial barrier to replication and impacts both innate and adaptive immune responses. Retinoic acid-inducible gene I
(RIG-I)-like receptor (RLR) proteins mediate intracellular virus recognition and are activated by viral RNA ligands to induce
antiviral signal transduction. While the mechanisms of RIG-I regulation are already well understood, less is known about the
more enigmatic melanoma differentiation-associated 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). Emerging
evidence suggests that these two RLRs are intimately associated as both accomplices and antagonists of antiviral signal
transduction.

Cellular antiviral signaling is initiated following recognition of
virus-encoded molecular signatures, often in the form of nu-

cleic acids. Infection by RNA viruses results in cytosolic accumu-
lation of double-stranded RNA (dsRNA) or otherwise chemically
distinct, non-self RNA species. Sentry proteins in the cytoplasm
recognize characteristics of non-self RNAs and can trigger down-
stream signal transduction pathways that culminate in activated
antiviral transcription regulators (1–3). These factors accumulate
in the nucleus, where they drive the expression of virus-induced
genes, including the primary antiviral cytokine, beta interferon
(IFN-�), and diverse direct and indirect antiviral effectors (4).

One group of intracellular responders, the retinoic acid-induc-
ible gene I (RIG-I)-like receptors (RLRs), includes the proteins
RIG-I (5), melanoma differentiation-associated 5 (MDA5) (6),
and laboratory of genetics and physiology 2 (LGP2) (7). Similar in
structure and function, these proteins share significant sequence
homologies that define them as the products of an evolutionarily
conserved gene family (8) (Fig. 1A). The RLR proteins are thought
to share the ability to detect molecular signatures of virus infection
and activate antiviral signaling cascades, but they differ in both
their RNA recognition capacities and signaling properties (9, 10).
RIG-I, MDA5, and LGP2 share homologous DECH box helicase
domain regions that have intrinsic dsRNA binding and ATP hy-
drolysis functions and a C-terminal domain that has been impli-
cated in binding to RNA termini and autoregulation (11–13).
RIG-I and MDA5 both have tandem N-terminal caspase activa-
tion and recruitment domain (CARD) motifs, protein interaction
domains that mediate associations with upstream and down-
stream regulatory machinery. The CARDs are regulated by
posttranslational modifications, including ubiquitination and
phosphorylation (14–16). Current evidence indicates that RNA
recognition by RIG-I and MDA5 is accompanied by CARD de-
phosphorylation, enabling their productive interaction with sig-
naling machinery. Much of the knowledge of the RLR signaling
pathway was developed by detailed study of RIG-I, the prototype
RLR (17), and investigations of MDA5 have contributed greatly to
a general paradigm for RLR signaling (Fig. 1B). Interaction with
non-self-ligand RNAs leads to exposure of active RLR CARDs,
enabling association with the CARD of an essential mitochondrial
antiviral signaling protein, IPS-1/MAVS (18–21). IPS-1/MAVS is
thought to act as a polymeric signaling scaffold that facilitates the

assembly and activation of signaling proteins, including TRAF2,
TRAF5, and TRAF6, and associated serine kinases, including I�B
kinase alpha (IKK�), IKK�, IKK�, IKKε, and TANK-binding ki-
nase 1 (TBK1) (22). These kinases activate the master transcrip-
tion regulators, interferon regulatory factor 3 (IRF3) and NF-�B,
that induce the production of IFN-� and diverse antiviral target
genes (23, 24). Secreted IFN-� amplifies the antiviral response via
IFNAR-JAK-STAT signaling, inducing the expression of many
more effectors that together produce a cellular antiviral state that
provides a broadly effective barrier against virus replication
(25, 26).

While MDA5 has been the subject of many investigations, its
redundant and nonredundant functions with respect to RIG-I are
only beginning to be unraveled. The study of natural and synthetic
RNAs has yet to reveal precise features that clearly define an
MDA5-specific ligand or reveal the basis for non-self-recognition
capacity, contributing to a paucity of mechanistic details regard-
ing the basis for MDA5 non-self RNA recognition leading to signal
transduction. For LGP2, the absence of CARDs or other recogniz-
able signaling domains has impeded drawing clear comparisons
with the functions of the other RLR proteins. Furthermore, the
apparently antithetical reported functions of LGP2 as both a pos-
itive and negative regulator of antiviral responses have been diffi-
cult to reconcile. These mechanistic details leave a large gap in our
understanding of RLR signaling and contribute to contradictory
reports that implicate MDA5 and LGP2 as either collaborators or
competitors in the antiviral system. The complex relationship of
MDA5 and LGP2 is described here, and a unifying model is pre-
sented to help clarify their roles in the regulation of antiviral sig-
naling.
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RIG-I

RIG-I, the prototypic RLR, is the first recognized and best charac-
terized family member (17). As RIG-I has been reviewed exten-
sively (e.g., in references 1, 2, 9, and 3), it is discussed here curso-
rily, primarily to provide a basis of comparison to contrast with
MDA5 and LGP2. RIG-I is autoinhibited at steady state by CARD
interactions with the helicase domain, and it can be conforma-
tionally activated by engaging an appropriate RNA ligand (11, 27,
28). RNA recognition by RIG-I involves helicase domain-medi-
ated interaction with dsRNA, ATP-powered translocation along
the dsRNA (29), and C-terminal domain (CTD)-mediated recog-
nition of tri- and diphosphorylated RNA ends (28, 30). RIG-I is
responsive to short or long dsRNA or single-stranded RNA

(ssRNA) with 5=-triphosphate and base-paired ends, including
poly(I·C), viral hairpins and defective interfering RNAs, and hep-
atitis C virus (HCV) poly(U)-rich untranslated region (UTR)
RNA. These diverse ligands reflect the broad range of RNA viruses
that have been demonstrated to be susceptible to detection by
RIG-I. RIG-I deficiency in mice results in high susceptibility to
RNA virus infections, including several negative-strand RNA ge-
nome viruses, such as Newcastle disease virus, vesicular stomatitis
virus, influenza A virus, and Sendai virus. Cells derived from these
mice fail to initiate antiviral signaling programs, resulting in re-
duced production of IFN-� (32). RIG-I has been linked to many
additional regulatory pathways that have been characterized to
positively or negatively regulate RIG-I signaling capacity, includ-
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FIG 1 RLR family proteins in antiviral signaling. (A) Diagram illustrating key features of RIG-I, MDA5, and LGP2 mentioned in the text. The three RLRs are
composed of a central DECH box helicase domain containing conserved domain 1 (encompassing helicase motifs Q, I, II, and III) and domain 2 (encompassing
helicase motifs IV, V, and VI), both of which are essential to coordinate RNA binding and ATP hydrolysis activities. A C-terminal domain (CTD) is required for
RNA terminus recognition and is involved in autoregulation of RIG-I. RIG-I and MDA5 contain tandem caspase activation and recruitment domain (CARD)
regions at their N termini, which are essential for downstream signaling activity. The position of the minimal V protein binding region (MVBR), the target site
for paramyxovirus V protein antagonism of MDA5 and LGP2, coincides with the boundaries of domain 2. (B) Simplified overview of RLR signal transduction
leading to IFN-� gene transcription. Virus infection causes accumulation of cytosolic RNA species with non-self features, including 5=-triphosphates and
double-stranded regions (for RIG-I recognition) or long RNAs with structural features (for MDA5 recognition). These RNAs trigger derepression of RIG-I and
activate exposure of RLR CARDs to allow interaction with the CARD of the signaling adaptor, IPS-1/MAVS, that is localized on the mitochondria (Mito).
Activation of IPS-1/MAVS polymerization stimulates assembly of a signaling scaffold for TRAF2, TRAF5, and TRAF6 and their associated kinases (e.g., TBK,
IKK�, IKK�, and IKKε) that result in phosphorylation-mediated activation of latent IRF3 and NF-�B transcription factors. These factors, along with ATF/JUN,
assemble on the IFN-� gene proximal enhancer, resolve nucleosome-mediated repression, and recruit RNA polymerase to induce transcription. Transcribed
IFN-� mRNA is translated and subsequently secreted from the cell.
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ing ubiquitination, phosphorylation, and association with antivi-
ral mediators (e.g., see references 2, 33, 34, and 35). Moreover,
several viral IFN antagonists have been described to disrupt RIG-I
directly or indirectly (36, 37), confirming its role as a critical com-
ponent of the RNA-induced antiviral system.

MDA5

MDA5 shares the overall domain structure of RIG-I with tandem
CARDs fused to homologous helicase and CTD regions (Fig. 1A)
and is thought to signal through a similar CARD-mediated, IPS-
1/MAVS-dependent system to activate antiviral gene expression.
Unlike the autoinhibited RIG-I, the expression of MDA5 alone is
sufficient to activate the IFN-� gene in the absence of specific RNA
recognition (38, 39), though its activity is regulated in vivo by
CARD ubiquitination, phosphorylation, and direct or indirect as-
sociation with other antiviral mediators (2, 16, 33–35). MDA5
deficiency in mice created a defect in the response to poly(I·C) and
greater susceptibility to certain positive-sense single-stranded
RNA viruses, specifically, the picornaviruses poliovirus and en-
cephalomyocarditis virus (EMCV) and murine norovirus (32, 40,
41). All of these viruses have a protein covalently attached to the
RNA 5= end, effectively preventing their genome RNA termini
from recognition by RIG-I. However, the simplistic distinction
between negative-sense and positive-sense single-stranded RNA
virus recognition by RIG-I or MDA5 cannot be generalized. For
example, flaviviruses are more potent IFN activators in wild-type
than in RIG-I-deficient mice (32, 42), but further work shows that
dengue virus and West Nile virus are detected by both RIG-I and
MDA5 (32, 43, 44). Similarly, although Sendai virus is thought to
be recognized by RIG-I during early infection, the importance of
MDA5 becomes more apparent during later phases of infection in
vivo (40, 45, 46).

There is a relative lack of detailed information regarding
MDA5 RNA recognition substrates, in part due to the apparently
poor RNA binding activity of MDA5. However, a few studies have
elucidated potential RNA features or modifications or specific vi-
ral RNA regions that are discriminated by MDA5. MDA5 was
found to be activated by enzymatically digested or sheared popu-
lations of RNA longer than 2 kbp (47), and high-molecular-
weight RNAs extracted from virus-infected cells were shown to
preferentially activate MDA5-mediated signaling (48). It was pro-
posed that structural features such as RNA branches found in
RNAs with both single-stranded and double-stranded regions
might be required for recognition by MDA5. This is consistent
with the observation that poly(I·C), a synthetic dsRNA analogue,
is able to activate MDA5 in vitro and in vivo (32, 40). MDA5 may
also be able to discriminate some features specific to virus-derived
mRNAs, including 2=-O-methylation or primary and secondary
structures (49, 50, 76). EMCV is a virus that effectively escapes
RIG-I detection by masking its RNA 5= ends and replicates more
efficiently in the absence of either MDA5 or LGP2. A region of the
EMCV negative-strand RNA that was found to copurify with
LGP2 acts as a physiological agonist of MDA5-dependent signal-
ing (51). This RNA, derived from the antisense RNA complemen-
tary to the EMCV L gene, is necessary and sufficient for antiviral
responses to EMCV mediated by MDA5. While the identification
of this virus-origin MDA5 agonist RNA failed to yield information
regarding specific RNA features that are required for MDA5 re-
sponses, it adds to the increasing evidence implicating LGP2 as a
collaborator for MDA5 RNA recognition (more below).

Despite its relatively low solution RNA binding affinity com-
pared to that of either RIG-I or LGP2, electron microscopy has
revealed that MDA5 is able to assemble into filaments on dsRNA,
with ring-like asymmetric units that form helical twists (52–57).
Data indicate that MDA5 initially binds slowly and with low affin-
ity to dsRNA as a monomer or dimer and, under controlled con-
ditions, can be observed to assemble onto dsRNAs to form long
head-to-tail filaments. Curiously, these structures are destabilized
by ATP hydrolysis (56–59) but are clearly visible in the presence of
the ATP transition state analogue, ADP-aluminum tetrafluoride
(AlF4). Physiological ATP levels promote MDA5 dissociation
from RNA, and these filaments have yet to be observed inside
living cells. In light of evidence that, while MDA5 does require
ATP hydrolysis for its activity, catalytically inactive MDA5 mu-
tants are capable of constitutive signaling (38), as well as the dis-
covery of a similar signaling-competent, ATPase-deficient MDA5
mutant in mammalian autoimmunity (60), the exact reason for
filaments in MDA5 signaling remains to be determined. The ob-
served long MDA5 filaments may represent a captured transition
state formed during MDA5 signaling rather than a stable intracel-
lular structure. Interestingly, RIG-I also forms filamentous assem-
blies on RNA, albeit with clear mechanistic distinctions from
MDA5 (61), possibly indicating that oligomerization is a con-
served feature of RLR signaling that engages or induces IPS-1/
MAVS polymers.

LGP2

LGP2 shares sequence conservation with the other RLRs within
the helicase domain and the C terminus but lacks a CARD region
entirely (Fig. 1A). LGP2 is present at low levels in the uninfected
cell but accumulates in response to virus infection or antiviral
mediators, including poly(I·C) and IFNs (13, 62, 63). Due to the
absence of a CARD or other known signaling interaction domain,
the functions of LGP2 in antiviral signaling have been difficult to
generalize, and its precise roles in innate antiviral immunity re-
main to be fully elucidated. Three LGP2 knockout mice were
reported with disparate conclusions (64–66), and different exper-
imental strategies have demonstrated seemingly antithetic biolog-
ical activities. While the exact roles for LGP2 in RNA recognition
and antiviral signaling remain to be resolved, evidence is accumu-
lating that it can impact a wide range of cellular responses.

LGP2 AS A NEGATIVE REGULATOR

LGP2 expressed from plasmid vectors can function as a negative
regulator of RLR signaling (13, 62, 63). This observation, com-
bined with the fact that LGP2 expression is induced during
antiviral signaling, supports the characterization of LGP2 as a
feedback inhibitor of antiviral responses. Several potential mech-
anisms for LGP2-mediated feedback inhibition have been pro-
posed. The fact that LGP2 has a stronger RNA binding affinity
than MDA5 or RIG-I was interpreted as evidence for RNA seques-
tration as an inhibitory mechanism (63). LGP2 was proposed to
act as a sponge that soaks up excess RIG-I ligands. The character-
ization of a C-terminal regulatory domain in RIG-I that mediates
autoinhibition in cis and in trans via interaction with the CARD
domains was interpreted as another potential source of LGP2-
mediated interference. It was proposed by analogy that LGP2’s
C-terminal domain could also act as a regulatory domain to me-
diate RIG-I interference in trans (13). A third report demon-
strated that LGP2 could inhibit antiviral signaling independent of
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dsRNA or virus infection by engaging in a protein complex with
IPS-1/MAVS (62). Experiments indicated that LGP2 interaction
with IPS-1/MAVS could interfere with kinase recruitment that is
required for antiviral signaling. Based on currently available evi-
dence, these negative regulatory mechanisms are not necessarily
mutually exclusive, but evidence indicates that the negative regu-
latory activity of LGP2 remains intact in the absence of RNA bind-
ing ability or ATP hydrolysis activity (38, 39). This suggests that
LGP2 uses an interference mechanism distinct from that used for
MDA5 coactivation, which requires both ATPase and RNA inter-
actions (39). Further research will be necessary to fully appreciate
the basis for LGP2-mediated negative regulation and the relative
importance of these mechanisms to antiviral signaling.

LGP2 AS A POSITIVE REGULATOR

Mice with a targeted disruption in the LGP2 locus are more sus-
ceptible to certain virus infections than heterozygous littermates
and have defects in generating antiviral responses, supporting a
positive role for LGP2 in antiviral signaling (64). LGP2 deficiency
reduces IFN-� production and other host responses to several
RNA viruses, notably including the picornaviruses EMCV and
poliovirus that had been previously linked to detection by MDA5
(32, 64). The effect of LGP2 deficiency extends to cytokine re-
sponses triggered by cytosolic dsDNA and DNA-genome patho-
gens, which are impaired in the absence of LGP2 (67). Experi-
ments in cells lacking both LGP2 and MDA5 revealed a synergistic
signal transduction activity resulting from coexpression of LGP2
with MDA5 that was not attributable to either RLR alone (64),
suggesting that LGP2 may synergize with MDA5 to promote effi-
cient signal transduction. Replacing LGP2 with an enzymatically
inactive mutant did not reconstitute defective positive signaling
responses in vivo, indicating the importance of ATP hydrolysis in
LGP2 positive regulation of antiviral signaling. This requirement
distinguishes positive regulation by LGP2 from its negative regu-
lation, which is independent of enzymatic activity (38, 39).

Biochemical analysis of ATP hydrolysis was combined with
single-molecule dsRNA binding and antiviral signaling assays to
study LGP2’s physical properties related to RNA interaction and
signal transduction (39). The results indicate that LGP2 uses ATP
hydrolysis to enhance its ability to scan the cytoplasm and effi-
ciently engage diverse dsRNA species. This ATP-enhanced RNA
interaction is connected to the ability of LGP2 to potentiate
MDA5-mediated signal transduction, as specific mutations that
eliminate LGP2 basal ATP hydrolysis also prevent its ability to
enhance MDA5 signaling. LGP2 positive regulation of antiviral
signaling through MDA5 is further supported by the aforemen-
tioned identification of an EMCV-derived MDA5 agonist RNA.
The MDA5 agonist was not identified based on association with
MDA5 but through its association with LGP2 (51). Together,
these features of LGP2 have greatly expanded our understanding
of this important innate immune sensor and enable the generation
of new models to reconcile its dual roles in RLR regulation (38,
45, 68).

LGP2’s positive contributions to antiviral signaling are also
highlighted by the actions of virus-encoded IFN antagonists, the
paramyxovirus V proteins. V proteins can bind directly to the
LGP2 helicase domain, disrupting its ATP hydrolysis activity (Fig.
1A) (69). The V proteins are known to disrupt MDA5 but not
RIG-I signaling, and this interference is mediated by a discrete
binding site in the helicase domain (69–72). The �130-amino-

acid minimal V protein binding region (MVBR) encompasses he-
licase domain 2, an evolutionarily conserved domain within both
MDA5 and LGP2 that is more divergent in RIG-I (69). The com-
mon viral antagonism supports a positive role for LGP2 and a
connection with MDA5. LGP2 has also been linked to more un-
expected tissue-specific functions in adaptive immune responses
and cancer. The investigation of adaptive immune responses in a
line of LGP2-deficient mice indicated a role in promoting the
survival of West Nile virus-specific CD8� T cells (65). LGP2 has
also been identified as a critical component of cancer cell resis-
tance to ionizing radiation that is associated with clinical out-
comes (73). It is unclear how these LGP2-driven phenomena re-
late to its roles in antiviral signaling, but these findings
demonstrate the importance of further studies to fully understand
the mechanisms of LGP2 function in a variety of contexts.

LGP2 AS A CONCENTRATION-DEPENDENT BIPHASIC SWITCH

Combining information from a variety of sources has suggested a
theoretical foundation for understanding the mechanisms of
LGP2 as both a positive and negative regulator of RLR signaling
(Fig. 2). The evidence supports a model in which LGP2 functions
as a concentration-dependent switch between MDA5-specific en-
hancement and a more general RLR interference (68). It has been
observed that MDA5 is able to drive transcription from the IFN-�
promoter, and titrating LGP2 expression demonstrates that low
levels of LGP2 are synergistic with MDA5. LGP2 can produce a
concentration-dependent increase in MDA5 signaling activity, re-
ferred to as enhancement, optimal activation, or sensitization (39,
74, 75). This activity of LGP2 requires both ATP hydrolysis and
RNA binding activities. Further titration of LGP2 expression ulti-
mately achieves a concentration that inhibits MDA5 signaling ac-
tivity, driving IFN-� expression back toward baseline (39, 75).
The MDA5-coactivating activity of LGP2 is revealed in a narrow
stoichiometric range, and experiments with single high doses of
LGP2 invariably reveal only the inhibitory activity (13, 62, 63).

Titrating LGP2 with RIG-I instead of MDA5 illustrates a key
difference between the two RLR responses to LGP2 (62, 75). RIG-I
signaling is not enhanced by low LGP2 concentrations, but in-
creasing LGP2 expression results in concentration-dependent in-
hibition of RIG-I signaling. LGP2 acts as a negative regulator for
both RIG-I and MDA5. However, LGP2 is only able to enhance
MDA5 signaling. LGP2 mutants with defective ATP hydrolysis
and/or RNA binding are unable to stimulate MDA5 signaling but
retain negative regulation (39). This difference suggests that the
two regulatory actions of LGP2 target different cellular effectors or
pathways.

A kinetic model of RLR signaling is proposed to unify these
ostensibly opposing actions of LGP2 in MDA5 and RIG-I re-
sponses (Fig. 2). At steady state, low concentrations of LGP2 con-
stantly hydrolyze ATP to scan the cytoplasm and sample any
dsRNA species (Fig. 2A). During acute infection, LGP2 can medi-
ate viral recognition and communicate with MDA5 to facilitate
CARD-mediated signal transduction. LGP2 may function by as-
sisting MDA5 RNA recognition, regulating filament assembly, or
otherwise enabling MDA5 communication with IPS-1/MAVS, in-
ducing its polymerization and activation of associated signaling
apparatus. The intracellular LGP2 concentration increases as a
result of new mRNA and protein synthesis stimulated by the an-
tiviral response (Fig. 2B). As new LGP2 accumulates, ATP- and
RNA-independent negative regulatory phenomena cause it to be-
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come refractory toward signaling by mechanisms that are directed
downstream from both MDA5 and RIG-I (Fig. 2C). This model
would support the concept that viral evasion mechanisms could
evolve to inactivate positive signaling effects of LGP2 in the MDA5
axis, as has been accomplished by paramyxovirus V proteins that
antagonize both MDA5 and LGP2. By disrupting LGP2 ATP hy-
drolysis, V proteins prevent LGP2 RNA recognition, but negative
regulatory effects remain intact (77), providing the virus with a
double benefit in overcoming host immunity. Although this hy-
pothetical model is currently based on the idea that the concen-
tration of LGP2 determines its differential activity, it is possible
and likely that additional research will reveal posttranslational
modifications to LGP2 or MDA5 that regulate the switch between
positive and negative actions or control more nuanced signaling
activities.
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