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Retinoic acid inducible gene I (RIG-I)  
is a pattern recognition recep-

tor (PRR) responsible for detection 
of nucleic acids from pathogens in the 
cytoplasm of infected cells and induc-
tion of type I interferon (IFN). RIG-I-
specific pathogen associated molecular 
patterns (PAMPs) are characterized by 
RNA molecules with a 5'-triphosphate 
(5'-ppp) group and partial double-
stranded composition. Although many 
RNA molecules capable of activating 
RIG-I have been described, the exact 
nature of viral RNAs that are respon-
sible for triggering RIG-I activity dur-
ing the course of an infection has not 
been extensively explored and the speci-
ficity of RIG-I for various viral RNA 
molecules remains largely unknown. 
By examining endogenous RIG-I/
RNA complexes in influenza virus- and 
Sendai virus-infected cells we were able 
to identify viral RNA molecules that 
specifically associated with RIG-I dur-
ing infection. We showed that in Sendai 
virus-infected cells, RIG-I specifically 
and preferentially associated with the 
copy-back defective interfering (DI) 
particle RNA and not with the full-
length Sendai virus genome or Sendai 
virus encoded mRNAs. In influenza 
virus-infected cells RIG-I also preferen-
tially associated with DI RNAs as well 
as with the shorter genomic segments.

RIG-I is a cytoplasmic pattern recogni-
tion receptor that plays an essential role 
in intracellular innate immunity to RNA 
virus infections.1,2 Located at the top of 
the signaling cascade that leads to pro-
duction of IFN and other proinflamatory 
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cytokines, RIG-I is critical for detection 
of replicating viruses and initiation of cel-
lular antiviral responses. The physiologi-
cal importance of this antiviral sensor is 
supported by the increased susceptibility 
of RIG-I knockout mice to infections 
with numerous RNA viruses.3 The molec-
ular mechanism of RIG-I activation has 
been the subject of intense research since 
the discovery of this pivotal sensor. Both 
biochemical and structural studies have 
identified a 5'-triphosphate (5'-ppp) group 
on an RNA molecule as a unique and spe-
cific ligand for RIG-I.4-7 The presence of 
the 5'-ppp appears to be very important 
for RIG-I activation, as dephosphory-
lated viral RNA will no longer induce a 
RIG-I mediated IFN response.5 Indeed 
some viruses have been shown to enzy-
matically remove their 5'-ppp in order 
to avoid recognition by RIG-I.8 Other 
viruses are thought to hide this impor-
tant PAMP by either tight encapsidation 
of viral genomic RNA or replication in 
privileged compartments inaccessible to 
RIG-I. In addition to the 5'-ppp, a blunt-
ended double-stranded RNA compo-
nent directly adjacent to the 5'-ppp also 
appears to be important for RIG-I activa-
tion, as short single-stranded RNAs even 
in the presence of a 5'-ppp are not able to 
induce RIG-I signaling.9,10 Importantly, 
single-stranded viral RNAs such as 
genomes of many viruses, as well as leader 
and trailer RNAs of the Mononegavirales 
family, have not been formally ruled out 
as activators of RIG-I and it is possible 
that some partial base-paired RNA com-
position within these molecules could 
function as a RIG-I PAMP. In addition to 
the 5'-triphosphate group and base-paired 
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RNA composition, RNA sequence has 
also been implicated in having a role in 
RIG-I activation. Specifically 5'-ppp-
containing RNA, rich in U residues, has 
been shown to be an especially potent 
stimulator of RIG-I responses; however, 
this activation seems to be very context-
dependent as some U-rich RNAs do 
not act as a strong RIG-I inducers.11,12 
Double-stranded RNA molecules that do 
not possess a 5'-ppp have also been shown 
to activate RIG-I, although it appears that 
the length of the RNA plays an important 
role in the magnitude of the response, as 
RNAs that are too short or too long fail 
to trigger the sensor.5,6,13,14 Interestingly 
proteolytic cleavage analysis of polyI:C 
(a double-stranded RNA mimic) bound 
RIG-I revealed that RIG-I undergoes a 
different type of conformational change 
when bound to poly I:C in comparison to 
5'-ppp RNA, suggesting that the mecha-
nism of activation by these two types of 
ligands might be fundamentally differ-
ent.4 Despite vast information as to what 
types of synthetic RNAs can activate 

RIG-I in cells and in vitro, the question 
of which viral RNAs are responsible for 
activating this sensor during an infection 
has not been thoroughly explored.

In our work we wanted to address this 
important question by analyzing endog-
enous RIG-I/RNA complexes generated 
during a virus infection.15 We chose to 
study Sendai Cantell virus and influenza 
PR8 DNS1 virus based on their very dif-
ferent life cycles and known ability to 
induce high amounts of IFN through the 
RIG-I pathway.3,16-18 Sendai virus is a pro-
totypical member of the Paramyxoviridae 
family: a single-stranded, non-segmented, 
negative sense RNA virus with a cytoplas-
mic replication cycle. The Cantell strain 
of Sendai virus is a very well character-
ized potent inducer of the IFN response 
due to its tendency to accumulate large 
amounts of defective interfering particles 
(DIs).17 DI particles are subgenomic viral 
RNA species generated through mistakes 
in virus replication. DI RNAs have a repli-
cation advantage over full length genomes 
and therefore inhibit virus replication 

through sequesteration of viral polymerase 
complexes.19

In order to identify which RNA mol-
ecules activate RIG-I in the course of a 
Sendai virus infection we infected A549 
human lung carcinoma cells with Sendai 
virus and isolated RIG-I/RNA complexes 
from infected cells by immunoprecipita-
tion. Examination of RIG-I associated 
RNA by deep sequencing analysis revealed 
that only the copy-back DI RNA specifi-
cally associated with RIG-I at both early  
(4 hpi) and late (24 hpi) time-points in 
infection. Interestingly, we could not 
detect specific binding of full-length 
Sendai genome to RIG-I at either time dur-
ing infection. In a recent study Rehwinkel 
et al. reported that RIG-I associates with 
the genome of Sendai virus.20 However 
since the approaches used to identify 
Sendai RNA such as primer extension and 
size fractionation would have picked up 
both full-length virus genome as well as 
DI RNA it is possible that the data from 
this study agrees with our findings. Since 
Sendai genomic RNA and DI RNA share 

Figure 1. Association of rig-i with influenza and Sendai virus rnAs in infected cells. Viral rnAs produced in the course of infection by Sendai and 
influenza viruses are shown. these rnAs include genome (vrnA), antigenome (crnA), mrnAs, di rnAs, small viral rnAs (svrnA) of influenza virus24-26 
as well as leader and trailer rnAs produced by Sendai virus. rnAs that we have found to associate with rig-i during infection are depicted in red, with 
darker color and thicker lines representing greater extent of rig-i association. 
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identical sequence in the 5' end of the 
genome it can be difficult to tell the two 
species apart based on conventional assays 
illustrating the advantage of an unbi-
ased approach such as deep sequencing. 
However it is also possible that differences 
in virus stocks, cells and experimental 
approaches might account for the differing 
observations in the two studies. The ques-
tion of whether a full-length genome of a 
paramyxovirus can and does function as a 
RIG-I PAMP during infection remains to 
be answered. The reason for preferential 
DI binding by RIG-I is not clear, although 
it is possible that the DI RNA (a molecule 
structurally distinct from the full-length 
genome) presents a much better ligand for 
RIG-I and may simply outcompete the 
full-length genome for binding. Unlike 
the Sendai virus genome, the DI genome 
has a 92 nt base-paired region adjacent to 
the 5'-triphosphate group. Since length 
and dsRNA composition directly adja-
cent to the 5'-ppp have both been shown 
to play an important role in activation of 
RIG-I, perhaps it is not surprising that the 
DI molecule presents a better activator of 
this sensor than the full-length genome 
of Sendai virus. It is also possible that the 
full-length genome of a paramyxovirus 
does not function as a RIG-I PAMP even 
in the absence of DIs, based on its length, 
structure, or encapsidation. It will be very 
interesting to see what types of RNA mol-
ecules (if any) will interact with and acti-
vate RIG-I during infection with a virus 
that does not contain or produce high 
amounts of DI RNAs. Our observation 
that Sendai DI RNA functions as a spe-
cific RIG-I ligand might partially explain 
the known association between accumula-
tion of DI molecules and induction of an 
IFN response.17

Examination of RIG-I associated RNA 
from influenza virus-infected cells using 
the same approach revealed that all influ-
enza virus RNA segments specifically 
interacted with RIG-I. This is consis-
tent with experiments using exogenously 
expressed RIG-I.20 However in our study 
we observed differences between the rela-
tive extent of this association among the 
different influenza segments. The NS seg-
ment and M segments, as well as subge-
nomic DI RNAs generated from the PB1 
and PA segments bound RIG-I to a greater 

extent than other influenza RNAs. It is 
interesting that again, in the context of 
a very different virus we found DI RNA 
species to preferentially interact with RIG-
I. Unlike the Sendai DI RNAs, influenza 
virus DI genomes are generated by inter-
nal deletions of genomic RNA. Therefore 
influenza DI RNAs have identical ends 
to the full-length genome, but are simply 
shorter in length. Since the terminal end 
structure of all influenza segments should 
be fairly similar, we concluded that one 
common factor to all RNAs that preferen-
tially interacted with RIG-I was their rela-
tively short length (between 500 and 1000 
nt). It is likely that other factors present 
during an infection are important deter-
minants of which molecules will interact 
with RIG-I; these factors might include 
localization and accessibility of RNA to 
RIG-I. Since influenza virus replicates in 
the nucleus and RIG-I recognition takes 
place in the cytoplasm, the localization of 
various influenza RNAs at different time 
points in the replication cycle could  play 
an important role in which viral RNA spe-
cies will act as PAMPs for RIG-I.

The results of our experiments clearly 
illustrate that there is a large differ-
ence in RIG-I binding between virally 
encoded RNAs present during an infec-
tion cycle (Fig. 1). It is very intriguing 
that subgenomic DI RNAs were found 
to specifically and preferentially associ-
ate with RIG-I in the context of infec-
tions with two different RNA viruses. 
Although DI molecules, especially those 
of the Mononegavirales species have 
long been known to be associated with 
a strong IFN response, this was assumed 
to be due to a shift in balance between 
viral PAMPs and virally encoded IFN 
antagonist proteins. The conclusions of 
our work indicate that viral DI RNAs 
might function as more potent PAMPs 
than other viral RNA species such as the 
full-length genomes of Mononegavirales. 
Interestingly both the NS1 segment of 
influenza virus and the 5' end of Sendai 
virus genome (sequence corresponding to 
DI molecule) were predicted to be potent 
activators of RIG-I based on their rich U 
composition.11 Although we did not find 
specific U enrichment in other RNAs that 
preferentially associated with RIG-I it is 
still possible that sequence composition 

might play a role in RIG-I induction. Our 
work also raises a possibility that mutant 
viruses known to induce high amounts of 
IFN do so partially because of generation 
of aberrant PAMPs not present in wild-
type virus infections. The identification 
of viral DI RNAs as preferential ligands 
for RIG-I leads to an interesting ques-
tion of what role the generation of these 
molecules plays in IFN induction in vivo 
during a natural virus infection.

Since the discovery of 5'-ppp RNA as a 
RIG-I specific PAMP, the potential use of 
this RNA as a vaccine adjuvant has begun 
to be explored.21,22 In a recent report 
Easton et al. showed that DI containing 
influenza virus is able to provide heter-
ologous protection against pneumovirus 
infection in mice in an IFN-dependent 
manner further supporting the possible 
clinical use of influenza DIs as an IFN 
inducing agent.23 Triphosphate-modified 
siRNAs were also shown to be potent 
RIG-I inducers in tumor cells leading to 
apoptosis of these cells in vivo, highlight-
ing a potential role of these molecules as 
anti-cancer therapeutics.24 The identi-
fication of natural viral DI molecules as 
preferential RIG-I ligands now allows for 
more rational design of RIG-I-specific 
agonists for use as vaccine adjuvants or 
modulators of innate immune responses. 
Further characterization of which struc-
tural components of DI molecules are 
responsible for preferential RIG-I bind-
ing and stimulation will lead to a bet-
ter understanding of how this sensor is 
induced in vivo and allow for more effec-
tive therapeutic design of RIG-I specific 
activators and inhibitors. 
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