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Activation of cytosolic RNA
sensors by endogenous ligands:
roles in disease pathogenesis
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Early detection of infection is a central and critical component of our innate

immune system. Mammalian cells have developed specialized receptors that

detect RNAwith unusual structures or of foreign origin– a hallmark of many virus

infections. Activation of these receptors induces inflammatory responses and an

antiviral state. However, it is increasingly appreciated that these RNA sensors can

also be activated in the absence of infection, and that this ‘self-activation’ can be

pathogenic and promote disease. Here, we review recent discoveries in sterile

activation of the cytosolic innate immune receptors that bind RNA. We focus on

new aspects of endogenous ligand recognition uncovered in these studies, and

their roles in disease pathogenesis.
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Introduction

The ability of the immune system to discern ‘self’ from ‘non-self’ is critical for its

effective function and protection from invading pathogens. The innate immune system

utilizes specialized receptors, termed Pattern Recognition Receptors (PRRs), that detect

ligands associated with pathogens and usually absent in the host, termed Pathogen

Associated Molecular Patterns (PAMPs) (1).

Aberrant RNA species generated during viral infections constitute a group of PAMPs

that is recognized by specific PRRs in the cytosol, which is the location of many replicating

viruses (2). As viruses replicate, they can generate RNA species through non-canonical

pathways (e.g. RNA-dependent RNA polymerases), and these RNAs may lack features that

are present in host RNA, such as 5’ cap structures or specific methylation patterns. They

may also generate double-stranded RNA structures, or other unusual structures normally

absent from cells. Recognition of these RNA species by different receptors will trigger

various immune and antiviral responses, including inflammatory cytokine release, cell

death, and shutdown of cellular processes (3). The nature of the induced response will

depend on the receptor being activated.

The cytosolic RNA receptors of the innate immune system can sense different types of

RNA and induce different types of responses (Figure 1). The receptors known to date and
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discussed in this review are: 1) the family of RIG-I-like receptors

(RLRs); 2) Z-DNA-binding protein 1 (ZBP1); 3) protein kinase

RNA-activated (PKR); and 4) the family of 2’-5’-oligoadenylate

synthetases (OASs). In addition to the cytosolic receptors, RNA can

be sensed by other PRRs such as the transmembrane Toll-like

receptors. These differ from the cytosolic receptors in their

subcellular localization (e.g. in endosomes) and downstream

signaling pathways, and will not be discussed in this review. The

importance of the cytosolic RNA receptors in viral infection is well

established (4). However, their involvement in non-infectious

diseases is being increasingly recognized. How these receptors

become activated in the absence of infection, what the likely

sources of their endogenous ligands are, and what their roles in

disease are will be discussed here.
RNA sensing in non-infectious
disease/sterile inflammation

Although RNA sensing is important in defence against pathogens,

dysregulation or inappropriate activation of RNA sensing can also lead

to disease. Awell-known example is the group of diseases termed “type

I interferonopathies”, which develop as a result of excessive and

chronic production of type I interferons (T1-IFNs) (5). T1-IFNs are

a group of cytokines that act on most cells in the body to induce the

expression of hundreds of interferon stimulated genes (ISGs) and
Frontiers in Immunology 02
promote an antiviral state. Acute expression of T1-IFNs is important in

protection from infection, but chronic production can cause

pathogenic inflammation (6). Aicardi-Goutières Syndrome (AGS)

was the first interferonopathy to be discovered, and can arise from

mutations in different components of nucleic acid metabolism and

sensing pathways, leading to uncontrolled pathogenic T1-IFN

production (7). AGS is a severe neurological disease with variable

features, including intracranial calcification and vasculitic skin lesions.

Gain-of-function mutations in MDA5, for example, can cause AGS

and other interferonopathies (8, 9). In addition to monogenic

interferonopathies, other inflammatory or autoimmune diseases

have also been associated with nucleic acid sensors, such as type 1

diabetes (10, 11) and inflammatory bowel disease (12, 13).

Furthermore, their potential role in cancer is being increasingly

recognized (10, 14). A clear lesson we can gleam from

interferonopathies is that nucleic acid sensors, including RNA

sensors, can be activated in the absence of infection (5). Importantly,

this indicates that endogenous host RNAs can serve as ligands for these

sensors, breaching the expected discrimination of self vs non-self in

innate immune tolerance.
Rig-I-like receptors

The RLR family of cytosolic RNA receptors constitutes retinoic

acid inducible gene I (RIG-I; encoded by DDX58), melanoma
FIGURE 1

Cytosolic RNA receptor activation by dsRNA.(A) The family of RLRs includes RIG-I, MDA5 and LGP2. RIG-I and MDA5 can activate MAVS upon ligand
recognition and oligomerization. Subsequently formed MAVS aggregates can activate TBK1 and IRF3 to induce T1-IFN responses. (B) ZBP1 is
activated by Z-RNA and binds to RIPK3. This interaction allows the activation of different effector proteins and protein complexes, leading to
different forms of cell death. (C) Recognition of endogenous dsRNA by PKR induces its dimerization and cross-phosphorylation. One of the most
prominent targets of the activated kinase is eIF2a, whose phosphorylation leads to global inhibition of translation and the induction of the integrated
stress response. (D) OAS1, OAS2, OAS3 make up the catalytically active part of the OAS family. OASL is a fourth, catalytically inactive member. Ligand
recognition by OASs leads to their activation and synthesis of the second messenger 2-5A. 2-5A is bound by RNase L, inducing its dimerization and
subsequent degradation of RNA. RIG-I, retinoic acid inducible gene I; RLRs, RIG-I-like receptors; MDA5, melanoma differentiation-associated gene 5;
LGP2, laboratory of genetics and physiology 2; MAVS, mitochondrial antiviral-signaling protein; TBK1, TANK-binding kinase 1; IRF3, interferon
regulatory factor 3; T1-IFN, type I interferon; ZBP1, Z-DNA-binding protein 1; RIPK3, receptor-interacting protein kinase 3; MLKL, mixed lineage
kinase domain-like; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; FADD, FAS-associated death domain; CASP8, caspase 8; PKR,
Protein kinase RNA-activated, dsRNA, double-stranded RNA; eIF2a, eukaryotic translation initiation factor 2A; OAS, 2’-5’-oligoadenylate synthetase;
OASL, OAS-like; 2-5A, 2’-5’-oligoadenylate; RNAse L, ribonuclease L.
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differentiation-associated gene 5 (MDA5; encoded by IFIH1) and

laboratory of genetics and physiology 2 (LGP2; encoded by

DHX58). RLRs play an important role in protection from viral

infection (4). RLRs detect double-stranded RNA (dsRNA), but with

distinct molecular specificities. These receptors share a DExD/H-

box RNA helicase domain and a C terminal domain (CTD).

Additionally, RIG-I and MDA5 contain two N terminal caspase

activation and recruitment domains (CARDs). Activation of RIG-I

and MDA5 by an RNA ligand leads to homotypic interaction of

their CARD domains with a CARD domain on the adaptor

molecule mitochondrial antiviral-signaling protein (MAVS).

Activated MAVS in turn oligomerizes and triggers a downstream

signaling cascade involving TBK1, to activate interferon regulatory

factors (IRFs) and the NF-kB pathway (4). This culminates in the

expression of T1-IFNs, other cytokines, chemokines and antiviral

factors. Release of T1-IFNs from the cell induces a potent pro-

inflammatory and antiviral gene signature through autocrine and

paracrine activation of their cognate cell surface receptors. LGP2

lacks CARD domains and therefore cannot activate MAVS, but

interacts with MDA5 and RIG-I to promote and regulate

their functions.
MDA5

The RLR that has beenmost strongly implicated in sensing of host-

derived RNAs is MDA5. Gain-of-function mutations inMDA5 cause a

range of interferonopathies, including AGS (8, 9) as well as Singleton-

Merten syndrome (SMS), which can include dental dysplasia, psoriasis,

glaucoma, aortic calcification, and skeletal abnormalities (15). Recently,

an expansive report of patients presenting with gain-of-function

MDA5 mutations has highlighted the variability in disease

expression and penetrance (16).

A requirement of MDA5 signaling is the oligomerisation of

MDA5 monomers on a dsRNA molecule to allow cooperative

signaling through the CARD domains (17). Biochemical studies

of MDA5 bearing mutations found in AGS patients revealed that

mutant MDA5 has a lower threshold for activation (18), and is able

to promote oligomerisation with lower affinity ligands (19). It was

shown using recombinant MDA5 protein in an in vitro approach,

that this mutant MDA5 binds to host repetitive Alu retroelements

that can occur in paired inverted orientation (IR-Alus). These IR-

Alus can form dsRNA structures due to sequence complementarity,

and stimulate MDA5. Indeed, repetitive RNA structures have been

implicated in MDA5 sensing in other scenarios: treatment of cancer

cells with DNA demethylating drugs induced the expression of

endogenous retroviral elements (EREs), which also have the

propensity to form dsRNA structures and thus activate MDA5

(20, 21). Recently, treatment of breast cancer cells using

spliceosome-targeting therapies, which inhibit appropriate RNA

splicing and promote intron retention in mRNA, was found to

induce MAVS-dependent T1-IFN responses and apoptosis (22).

These intron-containing mis-spliced RNAs have a tendency to form

dsRNA structures, which activate dsRNA sensors, including MDA5.

Another recent report demonstrated that genetic ablation of

hnRNPC, a critical splicing regulator, also induced MDA5-
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dependent activation via increased expression of intronic RNA

(23). This stimulatory intron-containing RNA was found to be

enriched in Alu repeats. Together, these biochemical studies using

mutant MDA5 and therapeutic interventions in cancer,

demonstrate that repetitive elements are likely to be an important

source of endogenous dsRNA that can be sensed by MDA5 in

certain contexts.

Mitochondria, being an ancestral structure derived from

symbiotic bacteria, can generate dsRNA species due to

bidirectional transcription of its circular genome. An

accumulation of mitochondrial dsRNA (mt-dsRNA) was found in

the absence of mitochondrial RNA helicase SUV3 and

polynucleotide phosphorylase PNPase, which mediate mt-dsRNA

degradation (24). The mt-dsRNA activated MDA5 to trigger a T1-

IFN response. Indeed, patients harbouring mutations in PNPT1,

which encodes PNPase, have a T1-IFN signature, though it is not

clear if this contributes to disease in these patients (25).

Nevertheless, this work highlighted mt-dsRNA as a novel

endogenous ligand for MDA5.

SAM domain and HD domain-containing protein 1

(SAMHD1) is a phosphohydrolase degrading deoxyribonucleoside

triphosphate (dNTP), and loss of functional SAMHD1 can also

cause AGS (26). Surprisingly, it has now been reported that

SAMHD1 also functions as a single-stranded RNA (ssRNA) 3′
exonuclease that is required to keep homeostatic RNA levels within

the cell (27). Loss of SAMHD1 led to an accumulation of ssRNA

within the cell, which dissolved the formation of RNA-protein

condensates that sequester endogenous dsRNA. Release of dsRNA

from these condensates then activated a T1-IFN response that was

both MDA5 and RIG-I dependent. However, the origin or identity

of the dsRNA causing this activation was not investigated.

The propensity of MDA5 activation by endogenous RNAs is

best highlighted through the role of adenosine deaminase acting on

RNA 1 (ADAR1). ADAR1 is an enzyme that binds dsRNA and

catalyses the conversion of adenosine base to inosine (A-to-I

editing). Inosine and uridine do not form hydrogen bonds, thus

A-to-I editing reduces base pairing of dsRNA. ADAR1 knockout

mice are embryonically lethal due to chronic production of T1-IFN,

but can be rescued with concomitant knockout of MDA5 (28).

ADAR1 has two isoforms: p110 is constitutively expressed and

found in the nucleus, and the longer p150 is T1-IFN-inducible and

primarily located in the cytoplasm (29). It is the p150 isoform that

seems to protect against MDA5-mediated activation, as ADAR1-

p150 knockout mice, like the full knockout, are embryonic lethal

and rescued by loss of MDA5 (30). This seminal work established

an ADAR1-dsRNA-MDA5 axis where ADAR1 functions to reduce

base-pairing of endogenous dsRNA in order to prevent non-specific

stimulation of MDA5. Furthermore, loss-of-function mutations in

ADAR1 can also induce AGS, reinforcing this ADAR1-dsRNA-

MDA5 axis (31).

Two recent works from the group of Jin Billy Li have shed light

on the identity of endogenous MDA5-stimulating dsRNA in the

context of ADAR1, and their broader role in common

inflammatory and autoimmune diseases. Li et al. employed

quantitative trait locus (QTL) mapping to define RNA-editing

QTLs (edQTLs), thus linking RNA editing levels to disease traits
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(32). They detected colocalization of edQTLs and genetic variants

associated with autoimmune and inflammatory conditions, such as

inflammatory bowel disease, multiple sclerosis, and lupus.

Importantly, linking of edQTLs to genome wide association

studies (GWAS) of autoimmune and immune-related diseases

showed that risk GWAS variants were associated with reduced

dsRNA editing in the risk variant region. This suggests that an

increase in unedited dsRNA can lead to greater risk of disease,

presumably through induction of MDA5-dependent T1-IFN

responses. The authors further characterized cis-natural antisense

transcripts (cis-NATs) as a novel endogenous dsRNA. These are

formed by bidirectional transcription at a genomic locus, which can

lead to perfect base-pairing between the forward and reverse RNA

strands. Cis-NATs were potent MDA5 agonists in vitro, and most

were found to be hyper-edited in sequencing data, indicating their

immunogenic potential and targeting by ADAR1. The authors also

suggest that cis-NATs might be an important and preferred

endogenous ligand for MDA5, in addition to IR-Alus previously

linked to MDA5 mutants in AGS (18).

Additionally, a pre-print by Sun et al. experimentally

investigated ADAR1-editing of endogenous dsRNA on a panel of

genetically manipulated cells that lacked different ADAR1 isoforms

and/or MDA5 (33). Using RNA-seq, they found that only a small

proportion (1-2%) of dsRNA, which were normally A-to-I edited,

were driving an immunogenic T1-IFN phenotype when unedited.

The majority of these termed ‘immunogenic dsRNA’ were IR-Alus,

but in contrast to previous work (18), were mostly in untranslated

regions (UTR) or intergenic regions, rather than introns, consistent

with a cytosolic localization. Immunogenic IR-Alus tended to have

shorter sequences between the inverted Alu repeats, which

presumably increase their base-pairing stability. The authors also

confirmed that cis-NATs were very rare but highly immunogenic

dsRNAs, due to their perfect base-pairing that induces strong

activation of MDA5. Finally, the authors employed different

human cells (HEK293T, neuronal progenitor cells, and

hepatocyte-like cells), and human vs mouse ADAR1p150

overexpression systems, to investigate inter-cell and inter-species

differences in dsRNA expression and editing. They demonstrated

that differences in expression patterns of immunogenic dsRNAs

across cell types and species drove the effects seen in stimulation of

the ADAR1-dsRNA-MDA5 axis. Simply put, an immunogenic

dsRNA will drive MDA5 activation when it is expressed in a

particular cell, and this expression timing and level, in

conjunction with ADAR1 activity and MDA5 presence, will drive

a T1-IFN response. These recent advancements further define

endogenous RNAs that activate MDA5 in the absence of virus

infection, as well as link RNA sensing to specific disease states.

In addition to the dsRNA binding region of ADAR1, present in

both p110 and p150 isoforms, the cytoplasmic p150 isoform also

contains a Z-nucleic acid binding domain. The Z-form is a left-

handed helix conformation of double stranded nucleic acids that is

thermodynamically less stable compared to the more common

right-handed helices in B-DNA and A-RNA structures in most

conditions (34). Backbones of Z-helices form zig-zag structures and

upside-down hydrogen bonding between strands due to changed

base conformations, inspiring the structure’s name (35). Z-RNA
Frontiers in Immunology 04
forming sequences are often found in repetitive regions of the

genome that, if transcribed, can form dsRNA structures that

activate many of the nucleic acid sensors discussed in this article

(36–39). Additionally, Z-nucleic acid formation is favoured by

polymerase, helicase or topoisomerase activity (40) and

interactions with nucleic acid binding proteins, such as FBP, FIR,

BRG1, ADAR1 and potentially MDA5 (37, 41–43).

Three separate reports have demonstrated that the Z-RNA

binding domain of ADAR1 contributes to its role in protecting

cells from non-specific activation of MDA5. Using mouse models,

these groups showed that loss of functional Z-RNA binding by

ADAR1 led to MDA5/MAVS-dependent spontaneous T1-IFN

induction (44–46). Differences in the in vivo models used showed

discrepancies in the phenotypes detected. de Reuver et al. (44) and

Tang et al. (46) used a mouse containing two point mutations

(N175A and N179A) in the Za domain of ADAR1, abrogating its

Z-RNA binding capacity. This mouse was developmentally normal

and born at expected mendelian ratios. In contrast, Nakahama et al.

(45) introduced a single point mutation (W179A), which also

abrogated Z-RNA binding, but in this case caused abnormal

development and an AGS-like phenotype in the mice. Despite

these differences, all groups reported that loss of Z-RNA binding

affected A-to-I editing in some form, though this was in a minor

proportion of sequences and they were challenging to categorize. In

particular, de Reuver et al. reported that loss of editing was more

pronounced in 3’ UTR regions as opposed to intronic regions. This

supports the hypothesis put forward by Sun et al. (33) that the

critical immunogenic dsRNAs edited by ADAR1 are those located

in the cytoplasm. Collectively, these works indicate that Z-RNA

binding by ADAR1 contributes to its ability to protect cells from

deleterious MDA5-mediated T1-IFN production. However, it

remains unclear whether Z-RNAs form a distinct subset of

dsRNA species detected by ADAR1, or if Z-RNA binding

supports full function of ADAR1 in detecting dsRNA in general.
RIG-I

As the prototypic receptor of the RLR family, activation of RIG-

I by viral infection has been widely investigated, and its RNA ligand

is well defined, unlike that of MDA5 (4, 47). RNAs forming intra-

molecular base-pairs, containing an uncapped triphosphate or

diphosphate group at the 5’ end, and lacking 2’-O methylation at

this site, are potent ligands of RIG-I. These RNA features are absent

in host RNA, which is 5’ capped and/or 2’-O cap methylated.

However, during some virus infection, with influenza A virus (IAV)

being the best studied example, production of viral RNA by the viral

RNA polymerase generates RNA species with these distinct

features. These RNAs become potent RIG-I ligands.

Interestingly, it has been shown that DNA viruses, which are

not expected to generate RIG-I stimulatory RNA due to lack of

RNA-dependent RNA polymerase activity, could still stimulate

RIG-I. Recent work has shed light on how this might occur.

Infection of cells with herpes simplex virus 1 (HSV-1) or Epstein-

Barr virus (EBV), both DNA viruses of the Herpesviridae family,

activated RIG-I. It was found that this depended on cytoplasmic re-
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localization and release of nuclear host 5S ribosomal RNA

pseudogene transcripts, induced via viral infection (48). Host 5S

ribosomal RNA, transcribed by RNA polymerase III, contains 5’-

triphosphates but is normally shieled from RIG-I by containment in

the nucleus and by binding to specific proteins. This shielding was

lost during infection, leading to RIG-I activation. It was also shown

that infection with Kaposi’s sarcoma-associated herpesvirus

(KSHV), another Herpesviridae family member, stimulated RIG-I.

This occurred through virus-induced concurrent downregulation of

the cellular triphosphatase DUSP11 and upregulation of noncoding

vault RNAs (49). Vault RNAs are part of a cytoplasmic

ribonucleoprotein complex called “vault”, who’s function remains

enigmatic (50). In the absence of DUSP11, which removes 5’

triphosphate moieties, these vault RNAs retain the 5 ’-

triphosphates that activate RIG-I. Similarly, host small non-

coding Y RNAs were found to stimulate RIG-I during infection

with the RNA viruses measles and dengue and the retrovirus human

immunodeficiency virus 1 (HIV-1) (51). Y RNAs form stem loop

structures, and are involved in DNA replication, RNA stability and

cellular stress responses (52). This was also mediated by virus-

induced downregulation of DUSP11, leading to an increase in 5’-

triphosphate-containing host RNAs. Finally, it was shown that IAV

infection decreased SUMOylation of TRIM28, a transcriptional

regulator, which led to expression of EREs that induced a RIG-I-

MAVS-mediated T1-IFN response (53). However, this activation

only occurred in the absence of the IAV protein NS1, a major viral

IFN antagonist known to inhibit RIG-I activation and signalling

pathway (54). Combined, these studies demonstrate certain

endogenous host RNAs are capable of stimulating RIG-I, albeit in

the context of viral infection.

Although the interferonopathy SMS is more commonly

associated with gain-of-function mutations in MDA5, activating

mutations in RIG-I have also been found to cause SMS (55–57).

These cases demonstrate that, like MDA5, RIG-I may be capable of

sensing endogenous host RNA in the absence of infection. However,

the requirement for specific molecular moieties on RNA, like the

presence of 5’-triphosphates or absence of 2’-O methylated caps,

makes it difficult to envision how RIG-I is activated in SMS. Recent

biochemical approaches have revealed that SMS-causing mutations

impair the ability of RIG-I to discern 2’-O methylated caps, lifting

some of the checkpoints required for RIG-I activation (58, 59). This

likely decreases the threshold for RIG-I activation, rendering it

more susceptible to stimulation by endogenous RNAs.

Nevertheless, the precise origin and nature of these endogenous

RNA ligands remains unknown.
LGP2

The least understood and studied receptor of the RLR family is

LGP2. It can bind with different affinities to dsRNA of various

lengths and structural features (60), but since it lacks an N-terminal

CARD domain, it is unable to activate MAVS signaling and directly
Frontiers in Immunology 05
induce antiviral and inflammatory responses. Instead, it can interact

with and alter the functions of RIG-I and MDA5 in opposing ways,

suppressing the former while potentiating the latter (4, 61).

Interestingly, binding of dsRNA is not required for LGP2s

suppressive effect on RIG-I (60) and it could instead be

determined through interactions with other RNA binding

proteins. Further biochemical studies indicate that LPG2 can

facilitate MDA5 filament formation on dsRNA, suggesting it plays

a role in MDA5 ligand detection (62).

Similar to RIG-I, LGP2 has mostly been studied in the context

of viral infection. However, recently it was revealed that LGP2 also

plays a role in response to endogenous ligands in the context of

ADAR1 loss and cancer therapy. Using in vitro cell models, Stok

et al. (63) demonstrated that T1-IFN induction consequent of

ADAR1 loss was equally dependent on LGP2 as it was on MDA5.

Interestingly, the dependence on LGP2 for T1-IFN responses was

limited to self-RNA ligands, as stimulation with the dsRNA mimic

high molecular weight (HMW) poly(I:C) or with RNA isolated

from EMCV-infected cells partially bypassed the requirement of

LGP2 for MDA5 activation. The authors hypothesize that LGP2

may be required for T1-IFN responses to the ‘weaker’ self-RNA

ligands, but dispensable in the sensing of ‘stronger’ ligands, such as

those generated by viral infection. They further demonstrated that

LGP2 was essential for the T1-IFN response in cancer cells induced

by concomitant ADAR1 loss and treatment with DNA

methyltransferase inhibitors, the latter previously shown to

induce MDA5 activation through sensing of de-repressed EREs

(20, 21). Thus, through its cooperative role in MDA5 activation,

LGP2 may indeed be involved in sensing of self-RNA ligands. These

endogenous ligands are likely to be the same as those sensed by

MDA5, though this has yet to be formally demonstrated.
ZBP1

ZBP1 is a specialized nucleic acid sensor that recognizes and

binds double-stranded nucleic acids in Z-conformation via two N-

terminal Za-domains (64, 65). Initial research investigated the

DNA-binding activity of ZBP1, but its more prevalent role as an

RNA sensor has been the main focus of recent studies (66).

Activation of ZBP1 during infection induces innate immune or

inflammatory responses as well as different forms of cell death.

ZBP1 activation facilitates interactions with receptor-interacting

protein kinase (RIPK) 1 and RIPK3 via two RHIM domains. This

can lead to mixed lineage kinase domain-like (MLKL) activation

and necroptosis, FAS-associated death domain (FADD)-caspase 8-

mediated apoptosis and NOD-, LRR- and pyrin domain-containing

protein 3 (NLRP3) inflammasome-mediated pyroptosis (67–71).

More recently it has been shown that ZBP1 can be activated by

endogenous dsRNA in the context of infection, but also in sterile

settings (12, 68, 72, 73). Using immortalized MEFs, Jiao and

colleagues (72) showed that the Za domains of ZBP1 bind

dsRNA, most likely derived from EREs. The Za domains also
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induced necroptosis and contributed to the inflammatory

phenotype of FADDIEC-KO colitis mice and Ripk1E-KO skin

inflammation mice. They further showed that caspase-8 can be

recruited to the to the ZBP1-RIPK3 complex via FADD and RIPK1.

Caspase-8 can then prevent activation of ZBP1-RIPK3 and inhibit

necroptosis (72). Another study confirmed the contribution of

ZBP1-induced necroptosis in response to sensing of endogenous

dsRNA in the Ripk1E-KO mouse skin inflammation model, and also

discovered a role for type 1 and type 2 IFNs (73). High levels of

ISGs, including ZBP1, were detected in skin lesions, and

phosphorylation of RIPK3 and MLKL was induced by IFNs. A

similar observation was made in a study investigating the role of the

methyltransferase SETDB1, a repressor or EREs, in IBD (12). A

reduction of SETDB1 levels in intestinal stem cells in mice led to

increased expression and accumulation of EREs. EREs can form

double-stranded Z-RNA segments that activate ZBP1 and

subsequent RIPK3-dependent necroptosis, which promoted bowel

inflammation by damaging the epithelial barrier (12).

The accumulation of EREs in the cytoplasm is also observed in

response to loss of ADAR1 in mice, such as Adar1mZa/- mice (74).

Adar1mZa/- mice carry only one ADAR1 allele with a mutated Za
domain, and ZBP1 and MAVS have been shown to contribute to its

postnatal lethality. Loss of ADAR1 led to an increased expression of

ISGs and an accumulation of EREs, which activated RLRs and

ZBP1, leading to excessive inflammation (74). A similar increase in

ISG expression in different organs has been observed in Adar1mZa/

mZa mice and was shown to be dependent on MAVS (46). The

additional deletion of ZBP1 in Adar1mZa/- mice prevented ISG

expression and ERE accumulation, an effect that could interestingly

only be partially mimicked through deletion of RIPK3 and partial

deletion of FADD, suggesting the involvement of a different

downstream mechanism than the ones described previously (74).

Different ADAR1 mutations result in a similar phenotype, such

as the ones seen in Adar1P159A/p150null mice. Perinatal lethality of

this genotype is dependent on activation of both MDA5 and ZBP1,

resulting in RIPK3-dependent and independent cell death (75).

Another study confirmed the involvement of both MAVS and ZBP1

in the development of the severe ADAR1 knockout

autoinflammatory phenotype in mice, as well as the inhibitory

role of the ADAR1 Za domain on ZBP1 activation (44). In bone

marrow derived macrophages, ADAR1 further regulated ZBP1-

activation by endogenous ligands by competing with RIPK3 for

ZBP1 binding, which limits PANoptosis (76). A direct interaction of

ADAR1 with ectopically expressed ZBP1 has subsequently also

been shown in HEK293T cells and was dependent on intact ZBP1

Za-domains (75).

In addition to its role in auto-inflammatory conditions, ZBP1

also plays a role in the suppression of tumorigenesis through

treatment with IFNg and nuclear export inhibitors in mice, or in

the absence of ADAR1 (76). This activity is dependent on ZBP1’s

dsRNA-binding domain Za2 and is therefore likely dependent on

the recognition of endogenous ligands. Furthermore, ZBP1 activity

has recently been found to be a crucial component in immune
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checkpoint blockade-based (ICB) therapy (77). The discovery was

linked to ADAR1 deficiency, which led to the accumulation of 3’-

UTR-derived EREs. These EREs can fold into double-stranded Z-

RNA forming dumbbell-like structures and activate ZBP1, leading

to RIPK3-dependent necroptosis. Since current ADAR1 inhibitors

are not clinically useable, the authors investigated CBL0137, a small

molecule activator of ZBP1. They showed that treatment with the

activator induced ZBP1-activating Z-DNA formation and reversed

resistance to ICB therapy in ADAR1 deficient cells (77). Similarly, a

study investigating the natural flavonoid fisetin showed that its

growth inhibitory effect on ovarian cancer cells, and expression of

RIPK2 and MLKL, were mediated by ZBP1 (78).

Taken together, these recent findings on recognition of

endogenous ligands by ZBP1 jumpstarted investigations on its

contribution in sterile settings, such as tumorigenesis, as well as

an array of inflammatory conditions. Understanding in more detail

the role of ZBP1 in these disease settings will enable future clinical

studies, and the development or improvement of treatments (77,

78). It is particularly interesting to consider how self-RNA ligands

such as EREs might be activating ZBP1 in different tissue and

disease contexts instead of, or in addition to, other PRRs like

MDA5, given that activation of these receptors induces different

downstream signaling events.
PKR

PKR (encoded by EIF2AK) is an IFN-inducible, antiviral

dsRNA-sensing kinase that is constitutively expressed at a low

level (79). PKR generally binds to dsRNA longer than 30 base

pairs (bp) and subsequently undergoes conformational changes that

allow dimerization. PKR dimers are activated through auto-

phosphorylation or phosphorylation by a neighbouring PKR

dimer bound to the same dsRNA molecule; the dimer

conformation does not allow trans-phosphorylation (80). PKR

can be activated in response to viral infection, but also in

uninfected cells undergoing mitosis when it comes into contact

with IR-Alus upon disruption of the nuclear structure (81).

Activated PKR phosphorylates eIF2a to suppresses global

translation and induce the integrated stress response (ISR)

through the activation of transcription factors, like activating

transcription factor 4 (ATF4), which enable return to cellular

homeostasis or, under sustained stress, induce cell death (82, 83).

PKR can also phosphorylate different mitotic factors, Histone H3

and c-Jun N-terminal kinase, which are crucial factors for cell cycle

progression (81).

Endogenous nuclear-derived dsRNA can accumulate and

activate PKR and its downstream targets in response to different

stressors and conditions. Two recently published examples are

ADAR1 dysfunction and exposure to phosphorothioate-modified

antisense oligos (ASOs), which induce PKR-dependent eIF2a
phosphorylation (84–86). The postnatally lethal phenotype and

ISR and ISG expression signature of Adar1P195A/p150- mice, which
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lack the catalytically active, IFN-inducible Adar1 isoform p150, has

previously been described as MDA5-dependent (30). A recent

publication by Maurano et al. (86) showed that LGP2, IFNAR1

and PKR are also essential factors mediating postnatal lethality and

induction of ISR genes in Adar1P195A/p150- mice, while PKR was

dispensable for ISG expression. Postnatal mortality in these mutant

mice could be prevented by feeding an ISR inhibitor that prevented

translational arrest via eIF2a. Similar PKR-dependent ISR

transcript upregulation in response to IFNb was seen in an

analogous, CRISPR/Cas9-based A549 cell model and overall

suggests PKR is a downstream effector of the MDA5 and LGP2-

induced IFN response (86). This hypothesis is further supported by

a separate study investigating key mediators of anti-tumour

immunity in ADAR1-null B16 cells, which naturally secrete IFNb
and undergo growth arrest (85). A CRISPR/Cas9-based knock out

screen revealed suppression of this phenotype by a few different

IFN-signaling components and PKR. This was confirmed using

double knockout ADAR1 and PKR null B16 cells, which rescued the

growth arrest phenotype, but did not prevent IFNb secretion.

Depletion of MDA5, RIG-I and MAVS on the other hand did not

reverse growth arrest but prevented IFNb secretion (85). These

findings highlight the potential crosstalk between PKR and

MDA5 activation.

PKR can also be activated by mt-dsRNA, as previously

described for MDA5. Cellular stress or mitochondrial damage can

lead to the release of mt-dsRNA into the cytoplasm, which has been

shown to activate MDA5 in some cases (24). In contrast, PKR is

partially localized to the mitochondrial matrix and can be activated

there upon binding of mt-dsRNA under normal conditions (87).

The degree of PKR activation in this context is regulated by the cell

cycle: it increases in M-phase compared to S-phase, which coincides

with an increase in mitochondrial RNA (mtRNA). Interestingly, the

majority of PKR-bound mt-dsRNA in this study is derived from

intramolecular duplex structures, not complementary strands

expressed from bidirectional transcription of mitochondrial DNA.

The study further showed that retention of activated PKR in the

mitochondria prevented downstream effector phosphorylation (87).

This work thus suggested a role for PKR in sensing cellular

homeostasis through binding of specific endogenous mtRNA that

may be released in conditions of cellular stress.

In a subsequent study, it was reported that disruption of

mitochondrial membrane potential and structure by small

molecule inhibitors led to PKR-dependent ISG induction, eIF2a
phosphorylation and cell death (88). Further investigation showed

that the induction of ISGs was dependent on MAVS and STING as

well as PKR expression, but only PKR mediated eIF2a
phosphorylation and cell death. The authors also showed that

disruption of the mitochondrial membrane potential and PKR-

binding to mt-dsRNA was dependent on mitochondrial RNA-

polymerase activity and the expression of the mitochondrial pore-

forming protein BAK1. Senescent, cultured chondrocytes and

osteoarthritis patient-derived chondrocytes responded similarly to

disruption of membrane potential. They showed an increased

release of mt-dsRNA, PKR and eIF2a phosphorylation, and PKR-
Frontiers in Immunology 07
dependent induction of IL8 and MMP13, two catabolic factors

associated with the development and progression of primary

osteoarthritis. These responses could be alleviated by pre-

treatment with autophagy-inducing inhibitors to temporarily

remove stimulatory mtRNA (88). These studies showed that

activation of different PRRs can have different downstream effects,

and that their activation by similar ligands is dependent on

subcellular localization and trafficking of the receptor and ligands.

In a recent study, another class of duplex structure-forming

RNAs, the circular RNA (circRNA) was described in context of PKR

(89). circRNAs are products of mRNA splicing and are very stable

compared to linear RNA that is targeted by most cellular RNases.

PKR was found to recognize very short and imperfect 16-26

nucleotide dsRNA regions formed by circRNAs, which led to its

inhibition. The authors show that circRNAs in HeLa cells could be

degraded by RNase L in response to EMCV infection or transfection

of poly(I:C). This led to a rapid decline in global circRNA levels,

because their biogenesis rate is very slow. A decreased level of

circRNAs led to spontaneous PKR activation and inflammation in

SLE-patient derived cells, which could be prevented by circRNA

overexpression, highlighting their potential role in the development

of future SLE treatments (89).

Different dsRNA structures are not the only endogenous,

activating ligands for PKR. PKR can be activated by direct

interaction with other ligands in the absence of dsRNA, such as

the protein activator of PKR (PACT). Cellular stress can induce

phosphorylation of PACT which leads to increased interaction with

and activation of PKR. This can result in osmotic stress induced

expression of pro-inflammatory genes (90–92). A more recent

discovery is PKR activation through sensing of misfolded IL-24,

which accumulates in the cytoplasm in response to proteotoxic

stress (93). The authors generated a model for proteasome-

associated autoinflammatory syndromes (PRAAS) through knock

out of the immunoproteasome subunits ib1 and ib5 in THP-1 cells.

They noted a PKR-dependent, but MAVS and STING independent

inflammatory profile and increased IFNb secretion in their model.

The investigation of IL24 knock out cells with proteasome

inhibitors showed an IL24 dependency of eIF2a phosphorylation,

which led to an inflammatory response (93). Further to this,

misfolded IL24 escaped the ER and accumulated in the cytoplasm

in response to proteasome inhibition. The mechanism behind

misfolding has not yet been identified, but analyses of PRAAS

patient samples revealed increased levels of IL24 that was associated

with PKR following immunoprecipitation. This study shows that

proteasome dysfunction is a key driver of inflammatory responses

in PRAAS patients and that inhibition of PKR using small

molecules could alleviate that response (93).

The recent findings on sterile PKR activation described here

clearly show the large number and variety of endogenous ligands

recognized by PKR. Many of these interactions are cell-type and

context dependent and require further investigation and

characterization to understand them in detail. However, the

studies have already shown their future potential in treating PKR-

mediated autoimmune and autoinflammatory diseases.
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OASs

The OASs are a family of IFN-inducible cytosolic dsRNA

sensors consisting of the catalytically inactive OASL and the

catalytically active OAS1, OAS2 and OAS3 proteins. OASL has

antiviral functions, despite being catalytically inactive, which are

mediated by interaction with and activation of RIG-I through

mimicking polyubiquitin (94). OAS1, OAS2 and OAS3, however,

undergo conformational changes and dimerization upon

recognition of dsRNA and synthesize 2’5’-linked oligoadenylates

(2-5A) in an ATP-dependent manner (95–97). 2-5A acts as a

second messenger molecule that activate RNase L, a ribonuclease

that dimerizes and indiscriminately degrades both viral and cellular

single-stranded RNA, and induces apoptosis (98). Cleavage and

decay of viral RNA limits virus replication, while degradation of

cellular RNA limits translation and promotes expression of innate

immune response genes (84, 99–101).

Research to date suggests the OAS isoforms have different

affinities for different dsRNA, which is predominantly based on

structure and length. OAS1 has been reported to have a binding

preference for shorter dsRNA (≥17 bp), while OAS2 appears to

require a minimum of 35 bp duplex structures and its target affinity

increases with increasing dsRNA length (102). OAS3 on the other

hand has a high affinity for RNA duplex structures longer than 50

bp, but its affinity for larger dsRNA sequences decreases, such as for

a recently published 112 bp structure generated by in vitro

transcription that resembles viral dsRNA (84, 97, 103, 104). These

studies were largely conducted with recombinant proteins in vitro,

thus precise delineation of OAS ligands in cells is still lacking.

Similar to the previously discussed dsRNA sensors, OAS

overactivation or dysfunction is associated with autoinflammatory

diseases, such as Alzheimer’s disease and AGS, as well as a higher risk

of development of severe disease outcomes like COVID-19 (105,

106). Recent findings show activation of OAS family members by

endogenous dsRNA in response to different stressors in the absence

of viral infection (84, 105). Small molecule inhibitors of DNA

methyltransferases induced hypomethylation of DNA and

increased expression of EREs in both directions. Subsequently

formed dsRNA accumulated in the cytoplasm, led to activation of

caspase-3/7, PARP cleavage, and induced cell death within 48h (105).

This phenotype was also shown in response to knock out of ADAR1

and the RLR signaling mediator MAVS in A549 cells. In both cases,

induction of cell death was dependent on the catalytic activity of

RNase L and the expression of at least one of the catalytically active

OAS isoforms. Knocking out AKP7 or PDE12, 2-5A-targeting

phosphodiesterases, or transfecting cells with 2-5A further

promoted RNase L-dependent cell death, while inhibition of JNK

prevented it (105). JNK can be activated by the pro-apoptotic kinase

DRAK1, whose expression was induced by RNase L activation in

response to transfection of A549 cells with poly(I:C) or 2-5A (107).

This shows that OASs and RNase L can be activated by endogenous

ligands of similar origin as those activating other PRRs discussed

previously. Therefore, OAS activation may also contribute to the
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development of some autoinflammatory diseases, and could be a

potential target for development of future treatments, though the link

is not as well established as for other cytosolic RNA receptors.

A separate study described a potential role for OAS3 and RNase

L in RNA homeostasis (84). The authors discovered PKR and

OAS3-dependent RNase L activation in A549, HeLa and human

lung epithelial cells after exposure to phosphorothioate (PS)-

modified ASOs. This activation was driven by increased

expression of intronic and intergenic endogenous RNA, termed

endo-RNA. In particular, treatment of cells with PS-modified ASOs

induced accumulation of promoter upstream region RNAs

(PROMPTs) and RNA polymerase read-through transcripts. The

authors were not able to demonstrate how PS-modified ASOs

induced endo-RNA accumulation, but speculate that this could be

through inhibition of RNA decay, nuclear retention and/or intron

sorting, leading to their escape to the cytosol. RIG-I and MDA5

were not activated in this context, despite release of some of the

dsRNA into the cytoplasm, suggesting that the accumulated endo-

RNAs were specific OAS3/PKR ligands. A large proportion of the

investigated sequences contained repeats that were predicted to

form RNA duplex structures larger than 50bp, the preferred target

of OAS3. In line with this prediction, RNase L was activated after

transfection of a chemically synthesized RNAmolecule containing a

65 bp inverted intronic repeat sequence. The accumulated RNA was

also predicted to contain RNase L cleavage site in proximity to RNA

duplex forming structures, making it both the predicted activator

and target of the OAS3/RNase L axis (84). Importantly, the authors

speculate that current FDA-approved ASOs might be inadvertently

activating the PKR and OAS3-RNaseL pathway, as they

demonstrated with the Vitravene, an antiviral ASO drug for

patients with AIDS. Interestingly, changes to the expression of

OAS1 and OAS2 did not contribute to RNase L activation in this

study. This opens up the possibility of OAS isoform-specific sensing

of endogenous dsRNA, an area that is also heavily investigated in

the context of antiviral effects of OAS isoforms against different

viruses (108–110). Defining the functional distinctions and overlaps

of the OAS isoforms is an ongoing area of research, as is the nature

and source of the dsRNA they recognize.
Conclusions and open questions

The recent wave of new discoveries on the activation of

cytosolic RNA receptors in non-infectious disease has started to

uncover the identity and structure of endogenous ligands of these

receptors (Figure 2). It is noteworthy that many of these receptors

overlap in both the source of endogenous ligands and in the sterile

diseases they are implicated in. For example, rare monogenic

interferonopathies (e.g. AGS) as well as some more common

conditions (e.g. inflammatory bowel disease) have been linked to

the activation of multiple receptors in. It is also interesting that

endogenous RNAs such as EREs, IR-Alus, and mt-dsRNA have

been reported as ligands for several receptors. Similarly, cancer
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treatments that generate endogenous RNA ligands have also

revealed roles for different receptors. Since most of these

phenomena have been investigated in isolation, it remains unclear

whether these same ligands activate multiple receptors

simultaneously, and how potential cooperative signaling from

these receptors might affect disease outcome.

Structural and in vitro studies have been imperative to our

understanding of how the cytosolic RNA receptors work. However,

it is evident that receptor activation in sterile disease is context-

dependent and requires in situ studies. Importantly, experiments

using endogenous proteins and in disease-relevant tissues will be

necessary to fully delineate the endogenous ligands of these

receptors. The many technical and methodological advancements
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of the last few years should facilitate such investigations, such as

SHAPE-MaP, a tool developed to determine sequence and structure

of RNA ligands, or iCLIP, a method to investigate the precise

interaction of RNA ligands with their receptors. Combining these

different methods and applying them in disease-specific human

tissues, for example iPSC-derived models or organoids, could reveal

the exact ligands of each of these receptors in appropriate

physiological contexts, which remains unknown in many cases.

Furthermore, several receptors are expressed in the same cell

type and tissue and appear to share activating ligands, suggesting a

potential for combined activation. Evaluating the contribution of

the different receptors in these settings will be an important aspect

of future studies. Such investigations will broaden our
FIGURE 2

Biogenesis of endogenous RNA ligands. Nuclear transcription of Y RNA, vault RNA and the release of 5S rRNA into the cytoplasm in response to viral
infection can activate RIG-I. Processing of pre-mRNA leads to the production of circRNA, potent ligands of PKR. Mature RNAs can accumulate in the
cytoplasm and form RNA-protein condensates if their homeostasis is dysregulated. This can lead to the sequestration of MDA5- and RIG-I-activating
dsRNA. Dysregulation of RNA processing is sometimes characterized by an increase in mis-spliced RNAs that retain introns. These RNAs can form
intramolecular dsRNA structures and activate multiple receptors in different physiological contexts and models.The accumulation of dsRNA is also observed
in response to increased transcription of EREs, which is often mediated by IR-Alu sequences. Increased ERE expression also leads to the formation dsRNA in
Z-conformation, a ligand of ZBP1. The last reported nuclear derived species of MDA5-activating dsRNAs are cis-NATs, formed through bidirectional
transcription and hybridization of complementary RNA strands. Further to these, MDA5 and PKR have also been reported to be activated by mt-dsRNA.
Bidirectional expression of mitochondrial DNA leads to the formation of mt-dsRNA. mt-dsRNA can activate mitochondrial PKR, which is subsequently
exported. It can also escape to the cytosol upon mitochondrial damage or oxidative stress, where it can activate cytosolic PKR and MDA5.
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understanding of innate immunity in non-infectious contexts, and

open opportunities for novel treatment strategies.
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