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Abstract

Type I and type III interferons are important anti-viral cytokines that are massively induced during 
viral infection. This dynamic process is regulated by many executors and regulators for efficient 
eradication of invading viruses and protection from harmful, excessive responses. An array of innate 
sensors recognizes virus-derived nucleic acids to activate their downstream signaling to evoke 
cytokine responses including interferons. In particular, a cytoplasmic RNA sensor RIG-I (retinoic acid-
inducible gene I) is involved in the detection of multiple types of not only RNA viruses but also DNA 
viruses. Accumulating findings have revealed that activation of nucleic acid sensors and the related 
signaling mediators is regulated on the basis of post-translational modification such as ubiquitination, 
phosphorylation and ADP-ribosylation. In addition, long non-coding RNAs (lncRNAs) have been 
implicated as a new class of regulators in innate signaling. A comprehensive understanding of the 
regulatory mechanisms of innate sensor activation and its signaling in host–virus interaction will provide 
a better therapeutic strategy to efficiently control viral infection and maintain immune homeostasis.
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Introduction

In 1954, Drs Yasuichi Nagano and Yasuhiko Kojima reported 
the identification of a virus-inhibiting factor during their re-
search to produce a more efficient vaccine for smallpox (1). 
It is thought that this factor must be ‘interferon’, which was 
found as a result of a study about interference against vir-
uses by Drs Alick Isaacs and Jean Lindenmann in 1957 (2). 
Expression of the genes for type I  and type III interferons 
is massively induced in response to viral infection, and the 
produced interferons evoke anti-viral activities through their 
binding to specific receptor complexes to induce multiple 
interferon-stimulated genes. With the remarkable progress 
in the studies of innate immunity, much more attention was 
paid to interferons. Molecular sensor-mediated recognition of 
invading microbes is the first step of host defense against 
infection to activate the innate immune system. During viral 
infection, virus-associated molecular patterns—viral nucleic 
acids (RNA and DNA)—are mainly targeted by pattern-
recognition receptors (PRRs), including transmembrane-type 
sensors, such as Toll-like receptor 3 (TLR3) and TLR9, and 
cytoplasmic sensors, such as RIG-I (retinoic acid-inducible 
gene I; also called DDX58) and cGAS (cyclic GMP–AMP 
synthetase). In most cases, these viral sensors trigger the 

gene expression of type I and III interferons to induce anti-
viral activities.

Accumulating reports revealed that there are multiple 
mechanisms for the regulation of innate sensor-mediated im-
mune signaling (3, 4). On the other hand, virus proteins are 
produced to counteract such innate signaling. The balance 
of power between host and microbe determines the outcome 
of pathogenicity. In this review, we summarize recent findings 
on nucleic acid sensor-mediated innate immune signaling 
and its regulatory mechanisms during virus infection.

Innate sensors for the detection of viral infection

In the innate immune system, viral infection is generally 
recognized through the detection of virus-derived nucleic 
acids as pathogen-associated molecular patterns (PAMPs). 
Recent great progress in studies of innate immunity has re-
vealed a diversity of DNA and RNA sensors involved in host 
detection of viruses, which leads to the activation of innate 
immune responses (Fig. 1). In particular, type I and type III 
interferons are produced to induce anti-viral activities. In 
this section, we focus particularly on the recent advances in 
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our understanding of the regulation of nucleic acid sensor-
mediated innate immune signaling.

RNA sensors inducing type I and type III interferon gene 
expression
RNA sensors, including TLR3, TLR7, TLR8 and RIG-I-like 
receptors (RLRs) such as RIG-I and MDA5 (melanoma 
differentiation-associated gene 5), play a central role as 
viral PRRs to initiate innate immune responses against viral 
infection. TLR3 and TLR7/TLR8 reside on the endosomal or 
lysosomal membrane and sense viral RNAs. TLR3 detects 
double-stranded RNA (dsRNA), whereas TLR7 and TLR8 
recognize degradation products of single-stranded RNA 
(ssRNA) such as mononucleotides [guanine (TLR7) and uri-
dine (TLR8)] and uridine-rich short oligonucleotides (5–7).

TLRs are expressed preferentially in immune cells including 
macrophages and dendritic cells. TLR3 is known to be also 
expressed in neuronal tissues, and in certain fibroblasts 
TLR3 is involved in the detection of DNA virus such as type 1 
herpes simplex virus (HSV-1) to activate anti-viral responses 
(8, 9), although its ligand remains to be defined. TLR7/TLR8 
are expressed in plasmacytoid dendritic cells (pDCs) to 

activate the type I interferon response to RNA virus infection 
[influenza A virus (IAV), vesicular stomatitis virus (VSV) etc.], 
in a manner dependent on MyD88 and interferon regulatory 
factor-7 (IRF-7) (10). Unlike TLR7/TLR8, TLR3 interacts with 
TRIF/TICAM-1, but not MyD88 as its adaptor protein, and ac-
tivates not only IRF-7 but also IRF-3 (11).

RIG-I and MDA5 are ubiquitously expressed and recognize 
viral RNAs in the cytoplasmic space (12, 13). In particular, 
RIG-I is a key cytoplasmic PRR for the detection of RNA viruses 
such as influenza virus, hepatitis C virus (HCV) and measles 
virus (MeV) that are widely known to be pathogenic in humans 
(14). RNA carrying a 5′-triphosphate modification (3pRNA) 
is an essential determinant for RIG-I recognition (15). Ligand 
binding activates the ATPase activity to change the conform-
ation of RIG-I. And then oligomerized RIG-I interacts with the 
mitochondria-associated adaptor protein, MAVS (also known 
as VISA, IPS-1 or Cardif), through its CARD domains, which 
is facilitated by both covalent and non-covalent interactions 
with K63-linked ubiquitin (Ub) chains. This, in turn, culminates 
in activation of transcription factors such as IRF-3 and NF-κB, 
leading to the activation of the downstream gene induction 
programs such as type I interferon induction (16).

Fig. 1.  Nucleic acid sensors inducing type I and type III interferons. During viral infection, virus-derived nucleic acids (RNA and DNA) are mainly 
targeted by host nucleic acid sensors triggering the gene expression of type I and III interferons to induce anti-viral activities. As RNA sensors, 
TLR3 and TLR7/TLR8 sense viral RNAs on the endosomal or lysosomal membrane. RIG-I and MDA5 are ubiquitously expressed and recognize 
viral RNAs in the cytoplasmic space. Other RNA helicases DDX1, DDX21 and DHX36 form an RNA sensor complex in mDCs. The Nod-like 
receptor (NLR) NOD2 also detects the RSV-derived ssRNA genome to activate the MAVS/IPS-1 pathway. In the cases of DNA sensing, TLR9 
detects DNA containing the unmethylated CpG motif. DAI (DLM-1/ZBP1) interacts with dsDNA and activates TBK1 and IRF-3 as a cytoplasmic 
DNA sensor. Cytoplasmic AT-rich dsDNA (B-DNA) is transcribed by host RNA polymerase III (RNA pol III) into 5′-triphosphate RNA (3pRNA), 
which becomes a RIG-I ligand. DHX36 and DHX9 intracellularly sense CpG class A and B, respectively, in mDCs. DNA-stimulated DDX41 and 
the ALR IFI16 interact with their adaptor protein STING. STING itself also serves as a sensor of CDNs such as bacterium-derived c-di-GMP 
as well as host-derived cGAMP generated by cGAS in response to microbe- and host-derived cytosolic DNAs. cGAS is a critical cytoplasmic 
sensor for the detection of both microbial and host DNAs. The cGAS–cGAMP–STING pathway is now recognized as a major intracellular dsDNA 
sensing pathway. DNA-PK, Ku70 and extrachromosomal histone H2B are also reported to function as cytosolic DNA sensors. As for Ku70, only 
type III interferon is induced. LRRFIP1 functions possibly as a cytosolic nucleic acid sensor that dually detects both RNA and DNA. HMGBs 
also bind to both double-stranded and single-stranded immunogenic RNAs and function as  universal sensors for nucleic acid-mediated innate 
immune responses during viral infection.
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RIG-I was also shown to function as an innate sensor to 
induce anti-viral responses against hepatitis B virus (HBV) in-
fection in human hepatocytes (17). The 5′-epsilon region of 
HBV pregenomic RNA (pgRNA), which is known to take a 
unique hairpin structure, is a target for the RIG-I-mediated 
sensing. In this case, type III interferons were predominantly 
induced in vitro and in vivo during infection with HBV geno-
types A, B and C, in a RIG-I-dependent manner. In general, 
RIG-I signaling leads to both type I and type III interferon gene 
induction, but how this predominant induction of type III inter-
ferons during HBV infection occurs remains to be clarified. 
Since such type III interferon dominancy was also observed 
during HCV infection and upon treatment with a RIG-I ligand 
3pRNA, human hepatocytes seem to have their own intrinsic 
mechanism to preferentially produce type III interferons. In 
relation to this, there is an interesting report showing that, in 
human nasal epithelial cells, type III interferons but not type 
I  interferons are predominantly induced in response to sev-
eral RNA viruses such as respiratory syncytial virus (RSV), 
MeV and mumps virus (MuV) (18).

Type III interferon is also reported as the predominant 
interferon induced by IAV infection in human alveolar type II 
epithelial cells and in mouse bronchoalveolar lavage (BAL) 
samples (19–21). In this respect, like these epithelial cells 
in the mucosal barrier, human hepatocytes might also have 
some similar characteristics to dominantly produce type III 
interferons for locally inducing anti-viral defense. The next 
interesting issue is to address the molecular mechanism 
for how the predominant expression of type III interferons is 
regulated.

It was also demonstrated that RIG-I plays a role as an 
anti-viral factor that directly inhibits HBV replication, in an 
interferon-independent manner (17). Mechanistically, RIG-I 
competitively inhibits the binding of HBV P-protein to the 
5′-epsilon region of pgRNA, which is essential for the initiation 
of HBV replication. A similar role of RIG-I as a direct anti-viral 
restriction factor was also shown in the case of IAV infection 
(22). Accordingly, RIG-I dually functions as an innate immune 
sensor inducing interferon expression and as a direct anti-
viral restriction factor during infection with certain viruses.

In relation to this, there is another interesting paper, which 
demonstrated that RIG-I and MDA5 can displace dsRNA-
binding viral proteins such as non-structural protein 1 (NS1) 
of IAV and E3L of vaccinia virus in an ATPase-dependent 
manner (23). In fact, RIG-I/MDA5 are known to displace NS1/
E3L from dsRNA to promote the activity of protein kinase R 
(PKR), which is suppressed by these viral proteins through the 
sequestration of dsRNA. In addition to the conventional role of 
RLRs as an RNA sensor inducing innate anti-viral signaling, 
these findings provide a novel aspect of RLR-mediated anti-
viral activity, whereby RLRs act as direct anti-viral effectors 
against viral infection by counteracting a dsRNA-binding viral 
protein-mediated evasion mechanism (see later).

Other DExD/H box RNA helicases—DDX1, DDX21 and 
DHX36—form a virus sensor complex, together with TRIF/
TICAM-1, leading to type I  interferon production in myeloid 
dendritic cells (mDCs). DDX1 binds to poly I:C, whereas 
DDX21 and DHX36 interact with TRIF/TICAM-1 in the cyto-
plasm (24). Nucleotide-binding oligomerization domain 2 
(NOD2), which was known to respond to bacterial PAMPs, 

can also bind to synthetic GU-rich ssRNA or the RSV ssRNA 
genome to activate IRF-3 for the production of IFN-β (a type 
I interferon), in a MAVS-dependent manner (25).

DNA sensors inducing type I and type III interferon gene 
expression
TLR9 was first identified as a DNA sensor to detect the 
unmethylated CpG motif, which is most selectively found in 
microbial genomes (26). Like other TLR9-subfamily mem-
bers such as TLR7 and TLR8, TLR9 resides in the endosome. 
In humans, TLR9 is selectively expressed on pDCs as well 
as B cells (27). Following TLR9-mediated recognition of the 
unmethylated CpG motif upon DNA virus infection, pDCs effi-
ciently produce type I interferons in a manner dependent on 
the MyD88–TRAF6–IRF-7 axis, which is similar to TLR7 and 
TLR8 signaling (28).

DAI (DLM-1/ZBP1) was the first identified cytoplasmic 
DNA sensor (29). Its interaction with dsDNA activates TANK-
binding kinase 1 (TBK1) and IRF-3 for type I  interferon pro-
duction in mouse fibroblastic L929 cells and an endothelial 
cell line SVEC4-10 (30, 31). This was supported by subse-
quent studies, showing that DAI has a role in type I interferon 
induction in human foreskin fibroblasts upon cytomegalovirus 
(CMV) infection (32, 33), although DAI does not seem to be es-
sentially involved in DNA sensing in vivo (34). Subsequently, 
it was reported that the cytoplasmic RNA sensor RIG-I was in-
volved in the induction of the type I interferon response during 
DNA virus infection. AT-rich dsDNA is transcribed by host 
RNA polymerase III (RNA pol III) into 5′-triphosphate RNA, 
which becomes a RIG-I ligand to initiate the RIG-I pathway 
(35, 36). In this regard, RNA pol III is an intracellular sensor 
of viral DNA.

Similarly, Epstein–Barr virus (EBV)-encoded RNAs (EBERs) 
are also transcribed by RNA pol III (37) and sensed by RIG-I 
(38). RIG-I is also reported to have a role as a viral sensor for 
the suppression of Kaposi’s sarcoma-associated herpesvirus 
(KSHV) replication and production. It is speculated that some 
KSHV-derived non-coding RNAs including viral microRNAs 
might be ligands for RIG-I (39). In addition, RIG-I is known 
to be involved in the recognition of HSV-2 infection to induce 
type I  interferon expression, which is dependent on RNase 
L (40). It is suggested that small self-RNAs generated by 
RNase L possibly trigger RIG-I activation (41).

Other RNA helicases—DHX36 and DHX9—intracellularly 
sense CpG class A and B, respectively, leading to MyD88-
dependent activation of the type I interferon response. They 
were shown to be critical for anti-viral immune responses in 
viral DNA-stimulated human pDCs (42). In addition, DDX41 
was reported as an intracellular DNA sensor in mDCs (43). 
DNA-stimulated DDX41 as well as IFI16, one of the PYHIN 
family members, interacts with their adaptor protein, stimu-
lator of interferon gene (STING, also known as TMEM173, 
MITA or ERIS), to activate TBK1 and IRF-3 for type I interferon 
gene induction (43, 44).

cGAS is now recognized as a critical DNA sensor during viral 
infection. cGAS senses virus-derived dsDNAs in a sequence-
independent manner, which then triggers the catalysis of the 
formation of a di-nucleotide, cyclic GMP–AMP (cGAMP) (45). 
Subsequently, cGAMP functions as an endogenous second 
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messenger, and binds to STING protein to induce innate im-
mune responses such as interferon responses (46). In add-
ition, cGAS senses not only pathogen-derived DNA but also 
aberrantly accumulated self-DNA in the cytosol, and also has 
important roles in the pathogenesis of autoimmune diseases, 
inflammation, cellular senescence and cancer (47–49). On 
the other hand, IFI16 was also identified as an intracellular 
DNA sensor that mediates the induction of IFN-β (44). IFI16 
directly interacts with viral DNAs and activates its downstream 
signaling via STING (44). However, a recent study showed 
AIM2-like receptors (ALRs) including IFI16 are dispensable 
for the DNA-sensing pathway and demonstrated that cGAS is 
the primary DNA sensor that drives the interferon response to 
viral DNAs (50). Currently, cGAS–cGAMP–STING pathway is 
recognized as a major intracellular dsDNA sensing pathway.

STING not only functions as an adaptor protein of innate 
signaling downstream of IFI16 and DDX41 as mentioned 
above, but also serves as a sensor of cyclic dinucleotides 
(CDNs) such as cyclic di-GMP (c-di-GMP), which is known as 
a bacterial second messenger molecule (51, 52). Thus, the 
STING- and TBK1-dependent pathway is now known as the 
major signaling pathway for the induction of cytosolic DNA-
induced type I  interferons and other inflammatory cytokines 
and chemokines in microbial infection, inflammation and 
cancer (53).

In the case of human immunodeficiency virus 1 (HIV-1) in-
fection of DCs, PQBP1 directly binds to reverse-transcribed 
HIV-1 DNA and interacts with cGAS to initiate an IRF-3-
dependent innate response, suggesting a role of PQBP1 as 
a co-sensor of a HIV-1 infection (54). In contrast, a very re-
cent paper shows that PQBP1 inhibits IFI16/cGAS-induced 
signaling in response to cytosolic DNA or DNA damage (55).

LRRFIP1, which was originally identified as a binding 
partner of FLI, which is the human homolog of Drosophila 
flightless I (Fli-I), one of the gelsolin superfamily members (56), 
is reported to function possibly as a cytosolic nucleic acid 
sensor that dually detects both RNA and DNA, inducing an-
other coactivator pathway for IRF-3-mediated interferon pro-
duction upon infection with VSV and Listeria monocytogenes 
(57). It is suggested that after binding to dsRNA or dsDNA, 
LRRFIP1 interacts with β-catenin and induces the activation 
of β-catenin, which enhances IFN-β expression via its binding 
to IRF-3. This pathway is MAVS-independent, although its de-
pendency on STING awaits further investigation.

DNA-dependent protein kinase (DNA-PK), which is in-
volved in the DNA repair process upon DNA damage, is 
known to act as an innate DNA sensor, binding cytoplasmic 
DNA to trigger a type I interferon response via the activation 
of the STING–TBK1–IRF-3 pathway (58). Another component 
involved in DNA repair, Ku70, is known to be a possible DNA 
sensor inducing the activation of IFN-λ1 (a type III interferon) 
(59). On the other hand, the extrachromosomal histone H2B 
is reported to function as a cytosolic sensor to detect dsDNA. 
This protein interacts with MAVS/IPS-1 through a unique 
linker, COOH-terminal importin 9-related adaptor organizing 
histone H2B and MAVS/IPS-1 (CIAO) to activate downstream 
type I interferon production (60).

High-mobility-group box (HMGB) proteins are known as 
non-histone chromosomal proteins that participate in many 
biological processes in the nucleus and also were shown to 

be released from cells infected with various types of viruses, 
including dengue virus, HCV and HIV. In addition to their 
DNA binding activity, HMGBs can also bind to both double-
stranded and single-stranded immunogenic RNAs and func-
tion as universal sensors for nucleic acid-mediated innate 
immune responses during viral infection (61). HMGB1 se-
creted from virus-infected cells triggers anti-viral responses 
and blocks HCV infection (62). On the contrary, the effect of 
intracellular HMGB1 in HCV infection seems to be opposite. 
HMGB1 protein is translocated from the nucleus to the cyto-
plasm to interact with HCV positive-strand RNA during HCV 
infection, which then facilitates HCV RNA replication (63). 
This suggests another role of HMGB1 as a proviral factor to 
promote HCV infection.

Regulation of RIG-I activation and its innate signaling

During the last decade, there have been accumulating pa-
pers showing the identification of both positive and negative 
regulators that control innate immune signaling at various 
steps through different mechanisms. These regulatory mech-
anisms are known to be important to prevent excessive 
inflammation in order to maintain the balance of innate im-
mune responses. Breakdown of the regulatory system leads 
to interferogenic and pro-inflammatory syndromes such as 
Aicardi–Goutieres syndrome (AGS) and systemic lupus ery-
thematosus (SLE) (64–67). In this section, we focus on the 
regulation of the RIG-I-mediated pathway (Fig. 2). Because 
of the important role of the RIG-I pathway in anti-viral innate 
responses to various types of viruses, much attention has re-
cently been paid to studies of the regulatory mechanisms of 
RIG-I signaling, which is important for both efficient control of 
viral infection and maintenance of immune homeostasis.

Ubiquitination-based regulatory mechanisms
RIG-I signaling is critically regulated by ubiquitination of 
RIG-I itself (Fig. 2a) and its adaptor MAVS. The RING-finger 
E3 Ub ligase, TRIM25, is an important regulator to positively 
mediate the RIG-I pathway by its K63-linked ubiquitination 
of the N-terminal caspase recruitment domains (CARDs) 
of RIG-I, which is essential for MAVS binding (68). Another 
E3 Ub-protein ligase, Riplet/RNF135, promotes K63-linked 
polyubiquitination of the C-terminal region of RIG-I in a 
TRIM25-independent manner (69). TRIM25 is required for 
RIG-I oligomerization and interaction with the adaptor MAVS, 
whereas Riplet/RNF135 is required for the release of RIG-I 
autorepression of its N-terminal CARDs, which enables RIG-I 
to interact with TRIM25 (70). Another RNA-binding E3 Ub 
ligase, MEX3C/RNF193, colocalizes with RIG-I in the stress 
granules (SGs) of virally infected cells, and mediates K63-
linked polyubiquitination of the CARDs of RIG-I for its activa-
tion (71).

Some caspases have been shown to be important regu-
lators in anti-viral innate immunity through their effects on in-
nate signaling for type I interferon induction (72). Caspase-12, 
which is dominantly induced in the central nervous system 
after West Nile virus (WNV), is physically associated with 
RIG-I and up-regulates TRIM25-mediated ubiquitination of 
RIG-I, leading to the enhancement of type I  interferon re-
sponses (73). Caspase-12-deficient mice were shown to be 
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Fig. 2.  Regulatory mechanisms of RIG-I activation and its signaling. (a) Ubiquitination-based regulatory mechanisms. The RING-finger E3 Ub 
ligase TRIM25 positively mediates the RIG-I pathway by its K63-linked ubiquitination of the N-terminal CARDs of RIG-I. Riplet/RNF135 promotes 
K63-linked polyubiquitination of the C-terminal region of RIG-I. MEX3C/RNF193 mediates K63-linked polyubiquitination of the CARDs of RIG-I 
for its activation. Caspase-12 is physically associated with RIG-I and up-regulates TRIM25-mediated ubiquitination of RIG-I, leading to the en-
hancement of type I interferon responses. Non-covalent binding of K63-Ubn to the RIG-I CARDs induces its tetramer formation for downstream 
signal activation. Ube2D3/Ubc5c and Ube2N/Ubc13 were also identified as essential Ub-conjugating enzymes (E2) for RIG-I activation. The 
Ube2D3/Ubc5c–Riplet pair promotes covalent conjugation of polyubiquitin chains to RIG-I, whereas Ube2N/Ubc13 preferentially facilitates pro-
duction of unanchored polyubiquitin chains. On the contrary, K48-linked ubiquitination of RIG-I by other E3 Ub ligases, such as c-Cbl/RNF55, 
RNF122, RNF125, CHIP and TRIM40, negatively regulates anti-viral innate responses. (b) Phosphorylation-based regulatory mechanisms. 
DAPK1 interacts with RIG-I and directly phosphorylates its threonine (T) 667 to impair its RNA ligand binding and abolishes anti-viral signaling. 
DAPK1 and PKC-α/β phosphorylate the N-terminal serine(S) at position 8 of RIG-I to suppress TRIM25-mediated RIG-I ubiquitination. CK2 is re-
sponsible for this regulation, and constitutively phosphorylates T770 and S854 to S855 residues in the RIG-I CTD, which keeps a closed, inacti-
vated conformation. (c) Other RIG-I-interacting factors and lncRNA-mediated regulatory mechanisms. OASL interacts with RIG-I and mimics 
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highly predisposed to WNV encephalitis with increased levels 
of viral titers and reduced levels of type I interferons.

On the other hand, non-covalent binding of K63-Ubn to the 
RIG-I CARDs was also shown to induce its tetramer forma-
tion, which is critical for downstream signal activation (16, 
74). Ube2D3/Ubc5c and Ube2N/Ubc13 were also identified 
as essential Ub-conjugating enzymes (E2) for RIG-I activa-
tion (75). The Ube2D3/Ubc5c–Riplet pair promotes cova-
lent conjugation of polyubiquitin chains to RIG-I, whereas 
Ube2N/Ubc13 preferentially facilitates production of un-
anchored polyubiquitin chains. Thus, RIG-I activation is regu-
lated by both covalent and non-covalent interactions with 
K63-linked Ub chains. Intriguingly, the role of this K63-linked 
polyubiquitin for RIG-I activation can be substituted with 
interferon-inducible oligoadenylate synthetases-like (OASL) 
protein, which lacks 2′–5′ oligoadenylate synthetase activity 
but contains two tandem Ub-like domains (UBL) in the C ter-
minus. OASL interacts with RIG-I and mimics polyubiquitin 
through the UBL, thus enhancing RIG-I-mediated anti-viral 
signaling (76).

On the contrary, K48-linked ubiquitination of RIG-I by 
other E3 Ub ligases, such as casitas B-lineage lymphoma 
proto-oncogene (c-Cbl/RNF55), RNF122, RNF125, carb-
oxyl terminus of HSC70-interacting protein (CHIP) and 
TRIM40 negatively regulates anti-viral innate responses 
(77–81). In particular, TRIM40 binds to RIG-I and MDA5, 
and promotes their K27- and K48-linked polyubiquitination, 
leading to their proteasomal degradation, whereas TRIM40 
is down-regulated during RNA virus infection (81). In add-
ition, interferon-induced ISG15, a Ub-like protein, was shown 
to be conjugated to RIG-I. The ISGylation of RIG-I reduces 
the cellular level of active RIG-I and suppresses its down-
stream anti-viral innate responses (82). This is a feedback 
mechanism mediated by the induced interferons.

Phosphorylation-based regulatory mechanisms
Phosphorylation is also an important post-translational modi-
fication for the modulation of RIG-I activity (Fig. 2b). Death-
associated protein kinase 1 (DAPK1) is activated by RIG-I 
signaling and it strongly interacts with RIG-I and directly 
phosphorylates specific serine/threonine (S/T) residues on 
RIG-I (83). In particular, phosphorylation of RIG-I threonine 
T667 impairs its RNA ligand binding and abolishes anti-
viral signaling. DAPK1 also phosphorylates the N-terminal 
serine at position 8 (S8) of RIG-I, which is also reported to 
undergo phosphorylation by PKC-α/β to suppress TRIM25-
mediated RIG-I ubiquitination, thereby negatively regulating 
RIG-I activity (84). This serine residue is also known to be 
dephosphorylated by PP1α and PP1γ, which leads to RIG-I 
activation (85).

RIG-I activity is also regulated by of both phosphorylation 
and dephosphorylation in the C-terminal domain (CTD). 
Casein kinase II (CK2) is responsible for this regulation, 

and constitutively phosphorylates T770 and S854 to S855 
residues in the RIG-I CTD, which keeps the interaction be-
tween the CTD and the CARDs to form a closed, inactivated 
conformation (86). On the other hand, these residues are 
dephosphorylated by an unidentified phosphatase upon RNA 
virus infection to enable the oligomerization of RIG-I (86). 
Thus, RIG-I activity is tightly modulated through these modes 
of protein modification, including ubiquitination, ISGylation 
and phosphorylation, which may also be reversibly regu-
lated to allow the initiation or termination of RIG-I-mediated 
signaling in a timely manner. Other post-translational modi-
fications such as methylation, acetylation, SUMOylation and 
succinylation have also been shown to be implicated in the 
regulation of innate immune responses (87).

ADP-ribosylation-based regulatory mechanisms
Mono- and poly-ADP-ribosylation is another mode of 
post-translational protein modification, which is medi-
ated by the poly(ADP-ribose) polymerase (PARP) super-
family (88, 89). Among them, PARP-7, also known as TCDD 
(2,3,7,8-tetrachlorodibenzo-p-dioxin)-inducible poly(ADP-
ribose) polymerase (TIPARP), was shown to be an important 
mediator to negatively regulate type I  interferon production 
activated by RIG-I and other nucleic acid sensors in the in-
nate immune system (90). Tiparp-deficient cells showed 
significantly increased levels of IFN-β production following 
IAV infection, which was accompanied with a marked sup-
pression of viral replication. Further investigation revealed 
that TIPARP could ADP-ribosylate the TBK1 protein, a pivotal 
kinase for the interferon pathway, thereby suppressing the 
TBK1 kinase activity.

As its name suggests, TIPARP is one of the inducible genes 
that is expressed following exposure to dioxins, through the 
aryl hydrocarbon receptor (AHR), which was known to be a 
receptor for dioxins. Whereas AHR has been mostly studied 
in terms of its toxic effects on development, cell proliferation 
and immune responses, but a variety of endogenous metab-
olites have also been shown to interact with the receptor and 
are involved in the regulation of multiple biological events 
(91–93). In this respect, treatment with an AHR antagonist 
CH-223191 enhanced the interferon response upon viral in-
fection and 3pRNA stimulation, suggesting that constitutive 
AHR signaling activated by endogenous ligand(s), such as 
kynurenine, negatively modulates the type I  interferon anti-
viral response to prevent excessive responses. These find-
ings indicate that this negative regulation is based upon the 
post-translational ADP-ribosylation of the TBK1 protein me-
diated by AHR-induced TIPARP (90). An endogenous AHR 
ligand, kynurenine, is synthesized via oxidation of tryptophan, 
which is catalyzed by tryptophan 2,3-dioxygenase (TDO) and 
indoleamine 2,3-dioxygenase 1/2 (IDO1/2). Liver is one of the 
major places where this enzymatic process takes place by 
using TDO, which is known to be exclusively expressed at 

polyubiquitin through the UBL domains to enhance RIG-I-mediated anti-viral signaling. ISG15-mediated ISGylation of RIG-I reduces the cellular 
level of active RIG-I and suppresses its downstream anti-viral innate responses. ZAPS, which is a shorter form of PARP-13, functions as a potent 
stimulator of RIG-I-mediated anti-viral signaling through its interaction with RIG-I to facilitate RIG-I oligomerization and its ATPase activity for the 
activation of both IRF-3 and NF-κB. PACT directly interacts with the CTD of RIG-I to potentiate the activation of RIG-I. DDX6 interacts with RIG-I 
and augments type I interferon gene induction.
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high levels in human liver (94). On the other hand, the liver 
has large populations of specialized tissue macrophages 
(namely Kupffer cells) and DCs (95, 96), which have pivotal 
roles in pathogen recognition and activation of innate immune 
responses and its subsequent adaptive immune responses. 
Therefore, it is important to regulate such innate signaling-
based responses to maintain immune homeostasis in liver.

In this regard, the AHR–TIPARP axis may contribute to the 
suppressive regulation of the interferon response, particularly 
in human hepatocytes. It would be a possible therapeutic 
intervention to manipulate the activity of the AHR–TIPARP axis 
to control viral infection and inflammation in liver.

On the other hand, dietary tryptophan is also exploited by 
the intestinal microbiota. In the gut, some tryptophan metab-
olites such as kynurenine and indole-3-aldehyde (IAld) are 
generated by the bacterial catabolism of tryptophan and act 
as AHR ligands to induce regulatory responses for the main-
tenance and function of group 3 innate lymphoid cells (ILC3) 
(97, 98) and the control of Treg and Th17 differentiation (99). 
Alteration of microbiota may reduce tryptophan metabolites, 
which leads to higher susceptibility of mice to colitis, as ex-
emplified in the case of Card9 knockout mice (100).

Antibiotic-mediated killing of intestinal microbiota leads 
to suppression of the synthesis of the AHR ligand indoxyl-3-
sulfate (I3S), resulting in the modulation of astrocytes in terms 
of the pathogenesis of experimental autoimmune encephalo-
myelitis (EAE), a model for multiple sclerosis (101). Therefore, 
it could be reasonably speculated that the AHR–TIPARP 
pathway, activated by microbiota-mediated tryptophan me-
tabolites, may have a role in the regulation of anti-viral innate 
responses and immune homeostasis not only in the gut but 
also in other organs (Fig. 3).

Other interacting factors that control RIG-I signaling
RIG-I-interacting positive regulators have been identified (Fig. 
2c). ZAPS, which is a shorter form of PARP-13, a member 
of the PARP superfamily, functions as a potent stimulator of 
RIG-I-mediated anti-viral signaling through its interaction with 
RIG-I to facilitate RIG-I oligomerization and its ATPase activity 
for the activation of both IRF-3 and NF-κB upon 3pRNA stimu-
lation and RNA virus infection in human cells (102). On the 
other hand, mouse embryonic fibroblasts (MEFs), ZAP is not 
essential for the RIG-I-dependent production of type I  inter-
ferons (103).

The dsRNA-binding protein PACT, which was known to 
function as a partner of Dicer in RNA silencing and to regu-
late PKR activity, directly interacts with the CTD of RIG-I in 
a Dicer- or PKR-independent manner. PACT potentiates the 
activation of the RIG-I-mediated IRF-3 pathway (not NF-κB) 
by a poly(I:C) molecule of 0.2–1 kb in length, but not 3pRNA 
(104).

On the other hand, DDX6, which is known to be a member 
of the DExD/H-box RNA helicases family and a SG and 
P-body component, interacts with RIG-I and augments type 
I interferon gene induction (105). Mechanistically, it is specu-
lated that DDX6 can collect viral RNAs and present them in 
suitable topology to RIG-I to induce its activation.

On the contrary to the above-mentioned negative role of 
DAPK1 in RIG-I activation, DAPK1 can also function as a 

positive regulator of RIG-I signaling. DAPK1 interacts with 
IRF-7 and IRF-3 upon Sendai virus infection, resulting in an 
increased IFN-β response, which is independent of its kinase 
activity (106).

DDX25, a DEAD-box RNA helicase, which is up-regulated 
upon viral infection such as by Dengue virus, negatively 
modulates the RIG-I signaling pathway and blocks IFN-β pro-
duction, by interrupting IRF-3 and NF-κB activation (107).

lncRNA-mediated regulation of RIG-I signaling
High-throughput studies have shown that a large number 
of long non-coding RNAs (lncRNAs) are expressed fol-
lowing viral infection and interferon stimulation. Some of 
the lncRNAs have been implicated as a new class of regu-
lators in innate signaling (Fig. 2c) (108). Very recently, lnc-
Lsm3b, a non-coding alternatively processed isoform of the 
protein-coding gene Lsm3, was shown to be induced by type 
I  interferons and to inactivate RIG-I function at a late stage 
of the innate response (109). This study provides a novel 
lncRNA-mediated negative feedback regulation of innate 
signaling to prevent detrimental, excessive inflammatory re-
sponses, wherein the self-lncRNA lnc-Lsm3b functions as a 
molecular decoy to occupy the RIG-I-binding sites and se-
quester RIG-I molecules to restrict the access of ‘non-self’ 
RNA. Interestingly, lnc-Lsm3b uses GA-rich motifs located at 
the incomplete pairing strand of the long stem structure to ef-
ficiently compete with non-self-viral RNA. lnc-Lsm3b contains 
a multitude of GA-rich motifs, compared to RIG-I-favored for-
eign ligands that contain specific sequences, such as polyU/
UC motifs or elements in viral genomes. Further structural 
analyses would reveal its detailed mechanism for the com-
petition and how such RIG-I recognition of self-RNA stops the 
generation of the downstream signaling. A  5′-triphosphate 
modification does not seem to be needed for lnc-Lsm3b to 
bind RIG-I.

Since the critical structural elements for its binding to RIG-I 
include ‘short’ segments of the RNA duplex structure, it might 
be speculated that MDA5, another RLR, fails to recognize 
lnc-Lsm3b. In relation to this, there is a recent paper showing 
a closely related mechanism for MDA5 to bind a different self-
lncRNA, lnc-ITPRIP-1 (110). In this case, its binding confers 
a conformational change to promote MDA5 oligomerization 
and its downstream signaling. This lncRNA was studied par-
ticularly in terms of its role in anti-viral responses against HCV 
infection. It is suggested that lnc-ITPRIP-1 may function as a 
cofactor of MDA5 to mediate the association between MDA5 
and HCV RNA.

Another lncRNA, NEAT1, which forms a key structural 
component of paraspeckles, is robustly up-regulated after 
Hantaan virus (HTNV) infection to serve as positive feed-
back for RIG-I signaling (111). Mechanistically, it is likely that 
the induced NEAT1 attenuated a transcriptional inhibitory 
regulator, splicing factor proline- and glutamine-rich protein 
(SFPQ), to enhance the expression of RIG-I and DDX60, thus 
modulating the innate immune response through a positive 
feedback mechanism.

lncRHOXF1, which is abundantly expressed in trophecto-
derm and primitive endoderm cells of human blastocyst-stage 
embryos, has also been shown to be up-regulated in response 
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to viral infection. Knockdown of this gene leads to up-regulation 
of IFN-β and interferon-stimulated genes such as IFIH1 (MDA5), 
DDX58 (RIG-I), MX1 and OAS1. Although it is still unknown 
whether lncRHOXF1 directly regulates the expression of IFN-β 
and/or ISGs, it seems to function as a repressor of the viral re-
sponse during development of human trophoblast cells (112).

Taken together, lncRNAs are also important modules for the 
regulation of multiple steps of RIG-I-mediated anti-viral innate 
responses.

Viral evasion from nucleic acid sensor-mediated innate 
signaling

Viruses have evolved a variety of mechanisms to counteract 
or escape from host anti-viral systems (Fig. 4). Nucleic acid 
sensors and downstream signaling molecules are often tar-
geted by these viral proteins (113). Both RIG-I and MDA5 are 
targets of viral evasion. As shown above, it is reported that 
IAV NS1 protein interacts with RIG-I in a viral RNA-dependent 
manner, and inhibits its downstream signaling pathways such 
as type I interferon induction (114–117). Further analyses dem-
onstrated that NS1 interacts with TRIM25 and leads to inhib-
ition of TRIM25 multimerization and RIG-I CARD ubiquitination, 
thereby suppressing RIG-I signal transduction (118). A similar 
observation was made for the effect of NS1 on Riplet, which is 
also known as another Ub E3 ligase to ubiquitinate RIG-I (119).

On the other hand, TRIM25 is also reported to bind to influ-
enza virus ribonucleoproteins (vRNPs) to block the onset of 
RNA chain elongation in an E3 ligase-independent manner 
(120). NS1 protein is also known to antagonize its binding 
through a direct interaction with TRIM25. Some viruses dir-
ectly remove the K63-linked ubiquitination of RIG-I and sup-
press its pathway by expressing viral proteins that have a 
deubiquitinase activity, including a papain-like protease (PLP) 
from severe acute respiratory syndrome (SARS)-associated 
coronavirus (SARS-CoV) (121), FMDV Lbpro, a shorter form of 
the leader proteinase (Lpro) of foot-and-mouth disease virus 
(FMDV) (122) and a KSHV-derived tegument protein, ORF64 
(123).

Another RLR, MDA5, is targeted by the paramyxovirus V 
protein, leading to abrogation of its downstream IFN-β induc-
tion (124). It is well documented that HCV-derived NS3/4A 
protease cleaves MAVS/IPS-1, resulting in a blockade of 
RLR-signaling (125–127). IRF-3 is a transcriptional factor 
that is activated downstream of most of the nucleic acid 
sensors, and is critical for the induction of type I  and type 
III interferon genes. HSV-1 inhibits the nuclear accumulation 
of IRF-3 and enhances the degradation of activated IRF-3, 
thus interfering with the pathway leading to IFN-β production. 
Mechanistically, at least ICP0, which is known as an essential 
component of interferon resistance, was found to be neces-
sary for preventing IRF-3 nuclear accumulation (128).

Fig. 3.  Proposed model of dietary tryptophan-mediated regulation of anti-viral innate responses and immune homeostasis. An endogenous 
AHR ligand, kynurenine, is synthesized via oxidation of tryptophan, which is catalyzed by TDO and IDO1/2 in human liver and other organs. 
Constitutive AHR signaling activated by endogenous ligand(s), such as kynurenine, negatively modulates the type I  interferon anti-viral re-
sponse to prevent excessive responses. On the other hand, in the gut, some tryptophan metabolites such as kynurenine, IAld and I3S are 
generated by the bacterial catabolism of tryptophan, and act as AHR ligands to induce regulatory responses for the maintenance and function 
of ILC3 cells and the control of Treg and Th17 differentiation.
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HIV-1 also targets IRF-3 for protein depletion, in which HIV 
accessory proteins Vif and Vpr mediate the ubiquitination and 
proteasome-dependent degradation of IRF-3 (129, 130). In 
addition, HIV-1 protease (PR) targets RIG-I through the deg-
radation of RIG-I, which is dependent on lysosomes but not 
proteasomes (131). PR does not directly cleave RIG-I, but 
redirects RIG-I to the lysosomal compartment for its degrad-
ation. Blockade of sensor activation and/or innate signaling 
modulates the innate responses and attenuates anti-viral de-
fense, which may allow viral persistence. Therefore, it is an 
important therapeutic strategy to target the host–virus inter-
action involved in innate immune evasion for the efficient acti-
vation of anti-viral innate signaling against viral infection.

Conclusions and future prospects

Innate nucleic acid sensors have been shown to play an im-
portant role for the recognition of invading viruses and the 
subsequent activation of efficient innate and adaptive im-
mune responses, and the regulatory mechanisms for these 
innate signaling pathways have been extensively studied. In 
addition, much attention has been paid to the role of these 

nucleic acid sensors in the detection of self-derived nucleic 
acids to evoke inflammatory responses. In this respect, sev-
eral future issues remain to be addressed about what type of 
self nucleic acids are recognized as ligands for these sensors 
and which type of cells are key players to evoke inflammatory 
immune responses.

These innate nucleic acid sensor-derived signaling sys-
tems are thus clearly important in host defense against not 
only viral infection, but also autoimmune inflammatory dis-
eases as well as tumors. In this respect, detailed analyses and 
understanding of the regulation of these signaling pathways 
will provide a therapeutic insight and would pave innovative 
paths towards the development of their clinical application.
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