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Abstract
The innate immune system is a first layer of defense against infection by pathogens. It responds to
pathogens by activating host defense mechanisms via interferon and inflammatory cytokine
expression. Pathogen associated molecular patterns (PAMPs) are sensed by specific pattern
recognition receptors. Among those, the ATP dependent helicase related RIG-I like receptors RIG-
I, MDA5 and LGP2 sense the presence of viral RNA in the cytoplasm of host cells. While the
precise PAMPs and functions of MDA5 or LGP2 are still unclear, RIG-I senses predominantly
viral RNA containing a 5’-triphosphate along with dsRNA regions. Here we review out current
knowledge how these PAMPs are sensed and integrated by RIG-I, and how RIG-I’s innate
immune function can be used in translational medical approaches.

Introduction
Organisms constantly need to battle against a large variety of environmental stress factors,
including physical influences and chemical agents but also infection by a large variety of
pathogens. The response to pathogens in humans is governed by the innate and adaptive
immune systems. Both types of response systems have a difficult molecular task: to
distinguish a large variety of “self” components from an even greater variety of “non-self”
components in a highly sensitive yet faithful manner. The innate immune system is hereby a
first line of defense against pathogen infection. Its receptors specifically sense pathogen-
associated molecular patterns (PAMPs). PAMPs are chemical or structural features present
in pathogens but not host cells that serve as alert signals to the innate immune system of the
host. Their recognition triggers cellular responses that attempt to counteract the pathogen
and initiate other defence responses such as inflammation and adaptive immune reactions.
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The response to pathogens by the innate immune system of mammals is initiated by the
detection of PAMPs by a variety of host pattern recognition receptors (PRRs). PAMPs
include viral RNA, cytoplasmic DNA, prokaryotic nucleotide second messenger, bacterial
cell wall components like LPS or flagellar proteins (Akira et al., 2006; Hiscott et al., 2006;
Meylan and Tschopp, 2006). PRRs belong to different protein classes such as the Toll like
receptor family (TLRs), nucleotide oligomerisation domain (NOD) like receptors (NLRs),
C-type (calcium dependent) lectin like receptors (CLRs), retinoic acid inducible gene I
(RIG-I) like receptors (RLRs) and members of the HIN200 family of proteins
(Burckstummer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Roberts
et al., 2009).

While the molecular mechanisms of sensing of some of these PAMPs and signalling by
many of these receptors is still unclear, considerable progress has been made towards
understanding the recognition of PAMPs by RIG-I (also known as DDX58). RIG-I was
initially found as a PRR for viral RNA by screening of cDNA libraries for factors that
induce the interferon beta (IFN-β) promoter expression in response to the viral dsRNA
mimic polyriboinosinic-polyribocytidylic acid (poly(IC)) (Yoneyama et al., 2004). Type I
IFNs (IFN-α and –β families) are key molecules in antiviral innate immunity and
collectively orchestrate the antiviral response of cells, such as inhibition of viral replication
and signalling to neighboring cells.

A hallmark of RLRs, which belong to superfamily 2 (SF2) helicases/ATPases, is an ATPase
domain (Gorbalenya et al., 1988; Gorbalenya et al., 1989). SF2 enzymes are a large class of
functionally and mechanistically diverse DNA or RNA dependent ATPases, found in
virtually all nucleic acid associated processes. Not all of these enzymes are bona fide
“helicases”, as the common name implies, but some simply grip nucleic acids in an ATP
dependent fashion or act as molecular motors e.g. in the remodeling of DNA:protein
complexes (Hopfner and Michaelis, 2007). Besides the SF2 domain, RIG-I possesses two N-
terminally located CARDs (caspase activation and recruitment domain) and a C-terminal
RD (regulatory/repressor domain) also called C-terminal domain (CTD) (Fig. 1A). The
CARDs are implicated in downstream signalling. The RD turns out to be a major pattern
recognition site and senses preferentially dsRNA blunt ends with 5’ triphosphates. The RLR
family has two additional members - MDA5 (melanoma differentiation-associated protein
5)/helicard/RH116 and LGP2 (laboratory of genetics and physiology 2) (Andrejeva et al.,
2004; Rothenfusser et al., 2005). MDA5 shares the domain architecture with RIG-I (Fig.
1A). RIG-I and MDA5 sense different types of viruses (Kato et al., 2006). RIG-I is a sensor
for e.g. hepatitis C virus, Sendai virus, influenza virus, vesicular stomatitis virus, rabies
virus and Japanese encephalitis virus, while MDA5 appears to detect picornaviruses (Gitlin
et al., 2006; Kato et al., 2006) and noroviruses (McCartney et al., 2008). Overlapping roles
of RIG-I and MDA5 were demonstrated for reovirus and dengue virus (Loo et al., 2008).
LGP2 has not been shown yet to directly sense a particular viral RNA and was initially
characterized as regulatory molecule (Rothenfusser et al., 2005; Yoneyama et al., 2005).
Upon activation by PAMPs, RIG-I or MDA5 associate with the adaptor protein IFN-β
promoter stimulator 1 (IPS1), also known as virus-induced signalling adapter (VISA),
mitochondrial antiviral signalling (MAVS) or CARD adapter inducing IFN-β (CARDIF),
located at the outer mitochondrial as well as peroxisomal membranes (Dixit et al., 2010;
Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005) (Fig. 1B). IPS1
also possesses an N-terminal CARD, followed by a predicted unstructured proline rich
region and a single transmembrane domain. The CARD of IPS1 has been studied by X-ray
crystallography and possesses the classic CARD fold, suggesting homotypic CARD-CARD
mediated interactions, potentially with the CARDs of RIG-I and MDA5 (Potter et al., 2008).
However, a direct interaction of the CARDs between IPS1 and RIG-I or MDA5 has not yet
been demonstrated with purified components in vitro and may require additional
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components or modifications. For instance, activation of RIG-I requires ubiquitylation of
CARD2 (Gack et al., 2007) but can also proceed via noncovalent interaction with K63-
linked polyubiquitin chains (Zeng et al., 2010). The interaction of RIG-I or MDA5 with
IPS1 activates the serine/threonine kinases IKKα/β and IKK-i/TBK-1, involving dimer
formation of IPS1 (Baril et al., 2009; Tang and Wang, 2009). IKKα/β then phosphorylates
NF-κB, which translocates to the nucleus to activate its target genes. In contrast, IKK-i/
TBK-1 phosphorylates IRF3 and IRF7, which then trigger the expression of IFN-α and IFN-
β genes (Johnson and Gale, 2006; Maniatis et al., 1998).

Here we review our current knowledge regarding the nature of patterns sensed by RIG-I and
the other RLRs, and the mechanism how pattern recognition translates molecular changes on
the receptor level into an anti-viral signal. Knowledge of the nature of these patterns also
offers exciting therapeutic potential to treat e.g. malignant disease.

PAMPs recognised by RIG-I-like helicases
The RLRs have evolved to recognize the presence of viruses in infected cells. RIG-I and
MDA5 sense the presence of largely different sets of viruses, but do not always act mutually
exclusive (Fredericksen et al., 2008; Kato et al., 2006). The concept of virus recognition by
RLRs, depends on PAMPs that are part of the viral nucleic acid repertoire (Fig. 2).
Understanding the nature of the PAMPs that are recognised will form the basis of
understanding differential virus recognition by RLRs as well as their activation mechanisms.

Early functional studies on RIG-I, MDA5 and LGP2 used poly(IC), a commercially
available double-stranded RNA (dsRNA) analog, as a synthetic ligand to stimulate their
activity. Later experiments in mice have shown that MDA5 is responsible for the
recognition of poly(IC) in mice (Gitlin et al., 2006). A study that has compared poly(IC)
preparations of diffenrent lenghts came to the conclusion that MDA5 preferentially
recognises long poly(IC) chains whereas shorter poly(IC) is recognised by RIG-I (Kato et
al., 2008). Results obtained with poly(IC) as a surrogate for RNA have been taken as valid,
however data on genuine RNA ligands with respect to their recognition by MDA5 are
scarce. A study that aimed to identify immunostimulatory RNAs bound to MDA5 under
physiological conditions came to the conclusion that it is a complex RNA-structure present
in large RNA assemblies that activates MDA5 (Pichlmair et al., 2009). In summary, the
exact PAMP that is recognized by MDA5 remains largely uncharacterised so far.

Information on the nature of the ligands for the third member of the RIG-I like helicase
family LGP2 is similarly scarce. The regulatory domain of LGP2 was shown to bind the
ends of double-stranded RNA independently of a 5’-triphosphate group and with higher
affinity than single-stranded RNA (Li et al., 2009b; Pippig et al., 2009). Natural ligands for
LGP2 during viral infection have not been identified yet. LGP2 was first described in cell
culture experiments to be an (most likely competitive) inhibitor of RIG-I mediated
recognition of viruses (Rothenfusser et al., 2005; Yoneyama et al., 2005). This was first
confirmed by experiments using knock-out mice (Venkataraman et al., 2007). However the
analysis of a different strain of LGP2 knock-out mice unexpectedly revealed, that the
presence (and ATPase activity) of LGP2 can in fact be required to elicit a strong signal via
MDA5 as well as RIG-I during viral infection (Satoh et al., 2010). The mechanism for this
phenomenon is still unclear but as the response to viruses detected via MDA5/RIG-I (but not
the response to poly(IC)) required LGP2, it was proposed that LGP2 works upstream of
RIG-I and MDA5 perhaps by unwinding or stripping nucleoproteins of viral RNA, thereby
making the nucleic acid PAMP accessible for binding.

Schmidt et al. Page 3

Eur J Cell Biol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



More detailed information is available on the RNA structures and ligands recognised by
RIG-I. The first studies on RIG-I ligand properties have revealed that it is a free 5’-
triphosphate on RNAs in the cytoplasm of infected cells that serves as a recognition signal
for RIG-I (Hornung et al., 2006; Pichlmair et al., 2006). This fits perfectly with the PAMP
concept, because besides very few exceptions free 5’-triphosphate RNA ends are absent
from eukaryotic cytoplasm due to RNA metabolism in the nucleus, for example mRNA
capping. Two recent studies that have revisited the issue of RIG-I ligand properties using
chemically synthesised RNAs however found that 5’-triphosphate is not the whole story
(Schlee et al., 2009; Schmidt et al., 2009). A base-paired region in the range of 10 to 20
nucleotides in proximity of the free 5’-triphosphate end of the RNA ligand is essential for
immunostimulatory activity via RIG-I .The base-paired stretch may result from annealing of
two separate strands or from local hairpin (or panhandle) formation in a single RNA
molecule. Schlee et al. stress the importance of a blunt-end conformation proposing that for
optimal activation the triphosphate-modified base at the 5’-end itself has to be base-paired
and 3’- or 5’-overhangs lead to reduced immunostimulatory activity (Fig. 2).

In addition to 5’- triphosphate dsRNAs other RNA-configurations have been described to be
able to activate RIG-I. These include 5’-monophosphate dsRNAs and 3’-monophosphate
RNase L cleavage products of cellular RNA (Malathi et al., 2007; Takahasi et al., 2008).
However, their ability to directly activate RIG-I was not confirmed in subsequent studies.
There are also reports suggesting that base composition e.g. in the case of hepatitis C virus
plays a pivotal role in RIG-I-mediated sensing requiring AU-rich sequences to be active
(Saito et al., 2008). Apparently, the first base that carries the 5’-triphosphate (C being less
active than A, G or U) (Schlee et al., 2009) has some influence. Other studies however
found no evidence for a sequence motive detected by RIG-I and it is therefore thought that it
is not the primary sequence but the 5’-triphosphate modification and base-paired secondary
structure that defines the molecular pattern detected by RIG-I. Thus, much has been learned
about patterns that serve as recognition motifs for RIG-I, but these results have not yet lead
to a general prediction as to what type of RNA is really recognised in a virus infected cell.
The propositions and speculations varied in different studies from viral genomic RNA,
replication intermediates, non-coding transcription products (leader RNA), defective
interfering (DI)-genomes to endogenous RNA ligands.

An interesting recent approach involves isolating and analysing RIG-I-stimulatory RNAs
from virus infected cells. In an elegant study Rehwinkel et al. did this using an influenza
virus expression system and Sendai virus as infection models (Rehwinkel et al., 2010). Here,
immunostimulatory RNA associated with RIG-I (and the influenza protein NS1 as a
competitive inhibitor) was isolated by pull-down and found by size-fractionation-analysis to
correspond to the influenza virus genomic segments. RIG-I-associated preparations isolated
from Sendai virus infected cells showed that the active RNA component is contained in
genomic fractions with a size > 300 bases as analysed by PCR methods and gel
electrophoresis. From their data they could conclude that the natural ligands for RIG-I in
their model systems are not transcripts or leader RNAs but 5’-triphosphorylated genomic
sequences produced during the replicative cycle. Through complementary sequences at the
5’- and 3’-ends, the genomic-segments of influenza are predicted to form panhandle
conformations leading to the base-paired stretch close to the triphosphorylated 5’-end,
postulated by the studies defining the RIG-I PAMP with synthetic model-RNAs (Fig. 2
right).

An even more comprehensive approach was taken by Adolfo Garcia-Sastre’s lab. In a very
recent set of experiments Baum et al. isolated immunostimulatory RNA associated with
RIG-I from cells also infected with Sendai virus and influenza virus and analysed the bound
RNAs with second generation-sequencing. Their data indicate that in the case of Sendai
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virus infection it is the relatively short genomes of DI particles, that are found associated
with RIG-I (Baum et al., 2010). This is consistent with earlier observations that copy-back
DI particle content determines the immunostimulatory capacity of viral preparations (Strahle
et al., 2006). As the copy-back DI-genomes bound to RIG-I in the study from the Garcia-
Sastre lab have a length of 546-nts and form a long perfect dsRNA portion (92 nt) at the
triphosphorylated 5’-end, their results are consistent with the data from Rehwinkel et al. and
the predicted RIG-I PAMP described above (Fig. 2 left). In cells infected with influenza
virus Baum et al. found both whole genomic-segments and internal deletion DI-genomes
associated with RIG-I thereby at least partly confirming the Rehwinkel study. Further
studies however are needed to analyse whether the RIG-I ligands identified in Sendai virus
infection and influenza virus infection (DI-genomes and whole genome-segments) are also
paradigmatic for infections with other viruses.

Yet another new perspective on RIG-I ligands comes from the recent discovery that in
certain cases immune recognition of intracellular non-CpG DNA is RIG-I-dependent. Two
studies show that DNA-dependent RNA polymerase III (RNAP III) transcribes DNA into
5’-triphosphate RNA that is then recognised by RIG-I (Ablasser et al., 2009; Chiu et al.,
2009). The mechanism seems to be restricted to certain types of DNA and the synthetic
model DNA poly-deoxyadenylic-deoxythymidylic acid (poly(dAdT)) is used as a paradigm
to study it. Where the recognition by RNAP III takes place in unclear because Chiu et al.
show that RNAP III produces the RIG-I ligands in the cytoplasm but Ablasser et al. use
EBV-derived nuclear transcripts as a physiological model. So far this RNAP-III dependent
production of RIG-I ligands was shown in infection models for EBV, HSV and Legionella
pneumophila. More detailed analysis of the RNAP III – RIG-I axis in infection models
might provide us with new information on the nature of RNAs recognised by RIG-I in
infected cells.

Structural mechanism of pattern sensing by RIG-I and RLRs
RIG-I is a complex multidomain molecule and much work has been done over the past years
to address the roles of the individual domains in sensing and signalling. All three domain
families of RIG-I i.e. CARDs, SF2 and RD have been found to be involved in determining
the specificity of RIG-I for 5’-triphosphate containing dsRNA, suggesting a global structural
change in RIG-I from a signal off into signal on states. For instance, although CARDs are
the signalling module of RIG-I, they are also important for the RNA selectivity of RIG-I.
ΔCARD-RIG-I is much more efficiently stimulated in vitro by the non-phosphorylated
dsRNA than wtRIG-I, and looses specificity for 5’-triphosphate-RNA (Cui et al., 2008). The
two main RNA binding sites are located on the SF2 domain and RD. The latter senses the
5’-triphosphate moiety on RNAs. The cysteine rich RDs are a unique hallmark and defining
feature of RLRs, although only the RD of RIG-I has been found to bind specifically 5′-
triphosphate-RNA (Fig. 3). The RD, first described by Michael Gale and coworkers, is
important for the activity of the enzyme in vivo and in vitro (Saito et al., 2007). Structural
studies indicated that RDs from RIG-I, MDA5 and LGP2 are fold-related to each other (Fig.
3A), but bear little sequence homology to other known protein domains (Cui et al., 2008; Li
et al., 2009a; Li et al., 2009b; Lu et al., 2010a; Lu et al., 2010b; Pippig et al., 2009; Takahasi
et al., 2009; Takahasi et al., 2008; Wang et al., 2010). However, some structural relatives of
RD could be identified in the Protein Data Bank. RD is fold-related to the C-terminal
methionine sulfoxide reductase domain of PilB (PDB entry 1L1D) and MSS4, a GDP/GTP
exchange factor for small Rab-like GTPases (PDB entry 2FU5). Interestingly, MSS4
stimulates nucleotide exchange by structurally modulating the nucleotide-binding site of the
Rab8 GTPase (Itzen et al., 2006) and it will be interesting to analyse whether MSS4 and RD
have a related regulatory effect on their functionally associated NTP binding domain (Cui et
al., 2008).
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After it was established that RIG-I RD senses the 5’-triphosphate moiety, further work
established that RDs of RIG-I, LGP2 and MDA5 are in fact RNA binding domains with
specificity for dsRNA ends (Li et al., 2009b; Lu et al., 2010a; Lu et al., 2010b; Wang et al.,
2010). In the case of RIG-I these are dsRNA ends bearing a 5’-triphosphate moiety, while
the RDs of LGP2 and MDA5 bind dsRNA ends with or without 5’-triphosphates. The
binding activity of MDA5’s RD has not been analysed in more detail because it shows
comparatively weak affinity for RNA, but there is circumstantial evidence that MDA5 and
LGP2 might cooperate and also MDA5 binds dsRNA ends (Takahasi et al., 2009). Structural
studies indicate that RDs from all three RLRs possess a three-leafed β-sheet structure with
short connecting helices. The three leaves are held together and stabilised by a metal binding
site, formed by four invariant cysteines that coordinate a zinc ion. The arrangement of the
three leaves creates a shallow groove on the concave side of RDs that carries the main
positive electrostatic potential and forms the binding site for RNA ends. Structures of RNA
complexes are now available for RIG-I’s RD in complex with 5’-tri/diphosphate dsRNA as
well as blunt end dsRNA without phosphate moieties and show how RD’s sense nucleic
acids (Fig. 3B).

These studies indicated that RDs bind dsRNA with a fairly conserved mode of recognition,
although some differences can be observed. The core interaction is formed by recognising
predominantly the backbone of the last two (RIG-I) or three (LGP2) bases from the 5’-end,
while only the very end of the 3’ contributes to binding. Here, a tighter interaction of LGP2
with the 3’ terminus is observed, while RIG-I appears to bind the 5’-terminus more tightly.
The 5’-terminal strand is mainly bound at the core binding site, while the recognition of the
RNA end structures (5′-triphosphates, pi-system of the bases, sugar of the 3’-end) is
mediated to a substantial extent by a specificity loop that is markedly distinct between RIG-I
and LGP2. RIG-I is specifically adapted by having several positively charged residues in
this region that are critical for counteracting the negative charge of the triphosphate moiety
(Li et al., 2009b; Lu et al., 2010a; Lu et al., 2010b; Wang et al., 2010). Binding of RNAs
containing 5’-tri/diphosphates is somewhat different to recognition of unphosphorylated
RNA ends (Lu et al., 2010a; Lu et al., 2010b; Wang et al., 2010). This different recognition
could, in addition to a diminished binding energy, add to the enzymes specificity. This is
consistent with observations that different ligands differentially affect the overall
conformation of RIG-I (Ranjith-Kumar et al., 2009).

In vivo, RIG-I is found in multimeric complexes as it signals downstream but due to the
many proteins involved in such structures, it is unclear whether these multimers present a
defined protein complex or are the result of co-localising to viral RNA (Saito et al., 2007).
In vitro studies found that in the presence of 5’-triphophate-dsRNA as well as
unphosphorylated dsRNA, RIG-I forms a homogenous, stable dimer, while in the absence of
the ligand, RIG-I is monomeric (Cui et al., 2008; Ranjith-Kumar et al., 2009). ΔCARD-
RIG-I also shows pppRNA dependent dimerisation (Cui et al., 2008), suggesting that dimer
formation occurs via a CARD-independent mechanism (Ranjith-Kumar et al., 2009). A low-
resolution structure of the ΔCARD-RIG-I dimer was obtained using negative stain electron
microscopy (Ranjith-Kumar et al., 2009). Thus, a correct dimer with multiple protein RNA
interactions might be a prerequisite for appropriate signal transduction. It is worth noting,
that downstream signalling as well as RNA binding by other members of the RLR-pathway
also involves protein dimerization (Baril et al., 2009; Murali et al., 2008; Tang and Wang,
2009). Thus, ligand induced self-association of pattern receptors, followed by association-
stimulated activation of signal transduction / effector enzymes could be a central activation
mechanism also employed by RLRs.

If PAMPs dimerise RIG-I much like PAMPs dimerise TLRs, why does RIG-I contain a SF2
domain in addition to RDs? There are several possibilities. For instance, the ATPase
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function could provide improved specificity, because RIG-I has a more difficult sensing task
to perform in the RNA rich environment of the cytoplasm than TLRs in the endosome,
which is devoid of self nucleic acids. Another function could be direct competition with
viral proteins, such as a protein displacement activity on RNA or RNA unwinding. Indeed,
some unwinding activity has been demonstrated by RIG-I, but it appears to be less robust
than one would expect it to be for a bona fide helicase (Takahasi et al., 2008). SF2 enzymes
share conserved sequence motifs (somehow often misnamed as “helicase motifs”) that
mediate ATP and nucleic acid binding. In general, ATP-binding and –hydrolysis induced
conformational changes between two subdomains of the SF2-fold repositions two nucleic
acid binding sites on the surface of the SF2 domain that leads to dynamic, differential
nucleic acid interactions. Depending on the precise biochemical mechanism this
conformational power stroke leads to a directional transport of nucleic acids, unwinding of
nucleic acid structures, or grip of nucleic acids. For instance, in NS3 of hepatitis C virus, the
ATP cycle directionally advances the enzyme by single base(pair) steps on product ssRNA,
leading to unwinding of adjacent nucleic acid structures or displacement of proteins bound
to substrate RNA (Dumont et al., 2006; Myong et al., 2007).

While multimerisation is probably a key part of the RIG-I activation mechanism, for
instance by subsequent multimerisation of IPS1 and downstream factors (Baril et al., 2009),
dimer formation in vitro does not depend on ATP (Cui et al., 2008). Based on this, an
additional activation step is required for downstream signalling by RIG-I, because RIG-I
signalling in general requires intact ATP-binding motifs (Bamming and Horvath, 2009;
Yoneyama et al., 2004). What is the functional role of the SF domain and its RNA
stimulated ATPase activity? A first hint came from the observation that the ATPase activity
of the isolated RIG-I SF2 domain is stimulated very efficiently by dsRNA but not by ssRNA
(Cui et al., 2008). Often, “helicases” translocate on the DNA/RNA substrate that activates
their ATPase activity, suggesting that RIG-I is a dsRNA translocase. In fact, a robust
dsRNA translocation activity of RIG-I could be shown using single-molecule studies
(Myong et al., 2009). While double-stranded RNA translocation activity of both wtRIG-I
and ΔCARD-RIG-I are observed, these experiments did not reveal substantial RNA
unwinding activity. Interestingly, RIG-I is much slower on a generic dsRNA substrate than
ΔCARD-RIG-I, which confirms the inhibitory role of the CARDs. In the presence of 5’-
triphosphate, this inhibition is lifted and the enzyme translocates efficiently on dsRNA.
Thus, RIG-I integrates both 5’-triphosphate and dsRNA patterns by a cooperation of RD and
SF2 domain, consistent with its optimal ligands in cellular assays.

What is the biological relevance of RIG-I translocation activity? RIG-I preferentially binds
dsRNA that contain 5’-triphosphate. Both PAMPs are features of many replicating RNA
viruses. The dsRNA translocation activity on 5’-triphosphate RNA would serve as a dual
layer read out of viral PAMPs. Initial recognition is governed by the 5’-triphosphate.
Subsequently, RIG-I forms dimers and starts to translocate on a nearby dsRNA stretch. This
translocation might lead to exposed CARDs, thus creating a signalling conformation for
downstream interactions (Fig. 3C). The signal strength may be related to the amount of time
spent in the translocation mode and therefore to the length of RNA. Such a model might
explain how RIG-I and MDA5 may differentially read out very long dsRNA regions.
However, RIG-I efficiently detects also rather short RNA, so only a local translocation step
seems to be required for activity. We currently favor a model where a short translocation by
few base pairs switches CARDs into a conformation that is recognised by factors such as
Trim25 and IPS1 (Fig. 3C). Alternatively, the translocation could be a proofreading activity
to enable repeated binging to the 5’-triphosphate moiety. This would explain why mutations
in some helicase motifs induces constitutive signalling, however, it does not explain why
mutations in other ATPase motifs disrupt signalling (Bamming and Horvath, 2009). Finally,
ATP driven protein translocation on viral dsRNA might effectively interfere with viral
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proteins by preventing them from binding, blocking their progression, or displacing them,
thus actively interfering with viral replication. Such a function might be important for LGP2,
because it appears to act upstream of RIG-I and MDA5 for viruses with a tightly packaged
genomic RNA and less for viruses with a more loosely packaged genomic RNA. Further
studies that correlate the features of the SF2 and its translocation activity with RIG-I
dependent interferon stimulation are required.

Signalling by RIG-I also depends on ubiquitylation of CARDs and RD by TRIM25 and
RFN135, respectively, presumably manifesting a signalling conformation or providing an
additional recognition platform for downstream factors (Gack et al., 2007; Oshiumi et al.,
2009). Using a reconstituted system with partially purified components, it was also found
that K63-linked ubiquitin chains can also stimulate RIG-I mediated signalling and that RIG-
I interacts with these chains (Zeng et al., 2010). A three-layered read out (5′-triphosphate,
dsRNA, ubiquitylation/ubiquitin chain association) is presumably necessary to sense virus
replication robustly and to avoid premature innate immune responses due to sporadic
dsRNA or sporadic 5’-triphosphates on normal cellular RNA. Alternatively, a replicating
virus may only be detectable in a very short time window and a variety of viral
countermeasures interfere with RIG-I sensing. Thus, it is possible that this short time
window needs manifestation i.e. through an ubiquitylation reaction.

Several key questions, however, need to be addressed to fully understand the mechanism of
RIG-I signalling. For instance, what are the two signal-off and signal-on conformations of
RIG-I, what is the molecular basis for the RIG-I:IPS1 interaction, how does this interaction
activate IPS1 or recruit downstream factors. Furthermore, what is the exact molecular role of
ubiquitin chains or ubiquitylation? What is the function of the RIG-I translocase activity and
how does the translocation reaction lead to IPS1 activation?

Translational implications of viral pattern recognition
Further structure-function analyses of RLRs will also be important to facilitate the use of
RLR ligands for clinical applications like immunotherapy. The basic idea of immunotherapy
is harnessing the power of the immune system to fight diseases. In malignant disease the
major goal of therapy is to destroy cancerous cells. Here, the link to viral defense
mechanisms (including those initiated by RLRs) is obvious, because also in viral infections
the immune system’s strategy is to kill the virus-infected cells. This has lead to the concept
of using targeted application of PAMPs to mimic a situation of viral infection in the tumor
tissue and trigger cell autonomous responses in tumor cells along with cytotoxic T-cell
responses that target tumor cells.

With respect to RLR ligands first steps in this direction have been taken. Two reports
describe a pathway in which transcriptional activation of the proapoptotic gene NOXA after
ligation of MDA5 with poly(IC) directly drives melanoma cells into apoptosis and
autophagic cell death, respectively (Besch et al., 2009; Tormo et al., 2009). Besch et al.
show that this is also true for RIG-I ligation with 5’-triphosphate dsRNA. It is important to
note that they observe that tumor cells are much more sensitive to cytotoxic effects after
RLR ligation than are untransformed cells, which allows for tumor-specific effects despite
systemic application of the ligands in the mouse models they use. A very recent study by
Kübler et al. makes the interesting observation that the cell death that is triggered in ovarian
cancer cells by RIG-I ligation is immunogenic in the sense that it facilitates phagocytic
uptake of the dying cells (Kubler et al., 2010). If this is a general phenomenon it will
certainly add to the immunotherapeutic potential of RLR ligation.
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A whole new twist to using RIG-I ligands as immunotherapeutics against cancer came from
the interesting idea of combining the immunostimulatory potential of 5’-triphosphate
dsRNA with its ability to function as an siRNA. The strategy is to target expression of an
oncogenic gene in addition to inducing immune stimulation by 5’-triphosphate dsRNA. In
an elegant proof-of-principle study Poeck et al. demonstrated that this works in several
mouse models of cancer targeting the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2)
(Poeck et al., 2008). Importantly, the study showed that immunostimulation by 5’-
triphosphate dsRNA and knock-down of Bcl-2 in the tumor both contributed to the anti-
tumoral effect.

In addition to being interesting targets for the immunotherapy of cancer RLRs have been
found to play a role in other disease conditions. For example, several genetic studies
recently identified IFIH1, the gene coding for MDA5, as a locus involved in type I diabetes
and other autoimmune diseases (Psoriasis, selective IgA-deficiency) (Ferreira et al., 2010;
Nejentsev et al., 2009; Smyth et al., 2006; Strange et al., 2010). Rare functionally inactive
variants of MDA5 are protective, while other (presumably overactive) variants increase the
risk for diabetes type I. The mechanistic details are not worked out so far, however these
findings make the MDA5 pathway a highly interesting research target also in autoimmunity.
In summary, knowledge on RLR ligands and the way they activate the innate immune
system begins to be exploited for the immunotherapy of cancer and certainly will in the
future be important for other translational research fields like autoimmunity or vaccine
development.
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Figure 1. Domain structure of and signalling by the RLR family members
(A) RIG-I, MDA5 and LGP2 share a C-terminal RD domain and an SF2-type ATPase
domain. In addition RIG-I and MDA5 have two N-termial CARD domains required for
signalling via IPS1 that are absent in LGP2.
(B) Signalling in the RLR pathway is initiated by binding of RNA to the respective receptor
(RIG-I or MDA5). LGP2 may assist ligand recognition or inhibit signalling under certain
circumstances. Binding of one of the receptor proteins to the mitochondrial adapter IPS1
leads to the activation of transcription factors of the IRF and NF-kB families. This
ultimately leads to the production of interferons and inflammatory cytokines.
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Figure 2. PAMPs recognised by RIG-I are found in viral genomic RNAs
Recent studies suggest that DI-genomic RNA may serve as a principal ligand for RIG-I in
the situation of viral infection of a cell. In the case of Sendai Virus DI-genomes arise by
copy back mechanisms forming a self-complementary structure (left). Influenza virus
genome segments are inherently self-complementary at the ends (panhandle) but may also
give rise to internally deleted DI-genomic segments (right).
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Figure 3. Structures and mechanisms of RLR activation
(A) Regulatory/Repressor domains (ribbon models with highlighted secondary structure) of
RIG-I, MDA5 and LGP2 possess the same fold, including a zinc (magenta sphere) binding
site. Nucleic acids bind to a central core RNA binding site, while specificity for different
types of RNA ends is provided by a specificity loop.
(B) RDs emerge as dsRNA end binding domains. RIG-I RD preferentially binds to dsRNA
ends containing a triphosphate moiety (color coded spheres) while LGP2 appears to
recognise unphosphorylated ends.
(C) Possible model for PAMP integration and signalling by RIG-I. Binding of pppRNA to
RD and the SF2 domain could switch the enzyme into an active dimer. Translocation of the
SF2 domain on dsRNA may induce a conformational change in RIG-I with exposed
CARDs, leading to ubiquitylation and interaction with the IPS1 adaptor.
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