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REVIEW

Untangling the roles of RNA helicases in
antiviral innate immunity
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CNRS, Strasbourg, France
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Abstract

One of the first layers of protection that metazoans put in place to defend themselves
against viruses rely on the use of proteins containing DExD/H-box helicase domains. These
members of the duplex RNA—activated ATPase (DRA) family act as sensors of double-
stranded RNA (dsRNA) molecules, a universal marker of viral infections. DRAs can be clas-
sified into 2 subgroups based on their mode of action: They can either act directly on the
dsRNA, or they can trigger a signaling cascade. In the first group, the type Il ribonuclease
Dicer plays a key role to activate the antiviral RNA interference (RNAi) pathway by cleaving
the viral dsRNA into small interfering RNAs (siRNAs). This represents the main innate antivi-
ral immune mechanism in arthropods and nematodes. Even though Dicer is present and
functional in mammals, the second group of DRAs, containing the RIG-I-like RNA helicases,
appears to have functionally replaced RNAi and activate type | interferon (IFN) response
upon dsRNA sensing. However, recent findings tend to blur the frontier between these 2
mechanisms, thereby highlighting the crucial and diverse roles played by RNA helicases in
antiviral innate immunity. Here, we will review our current knowledge of the importance of
these key proteins in viral infection, with a special focus on the interplay between the 2 main
types of response that are activated by dsRNA.

Introduction

To ward off viral infections, cells rely on a large variety of mechanisms that have been refined
throughout evolution. During the initial response to an infection, the defense put in place will
mainly consist in detecting the invading pathogen via the sensing of specific molecular pat-
terns, which, in turn, will either trigger a signaling cascade or act directly on the detected mole-
cule to hamper its function and/or degrade it. Different danger signals exist, but the presence
of a foreign nucleic acid in the cell is one of the most prominent. Thus, the accumulation of
DNA in the cytoplasm of eukaryotic cells, or of aberrant RNA molecules that do not possess
the hallmarks of cellular RNAs, will immediately result in the onset of an innate immune
response. Among the molecular features that are commonly associated with these pathogenic
RNAs we can cite the presence of a 5’ triphosphate instead of a 5’ cap or of a double-stranded
structure. In fact, double-stranded RNA (dsRNA) accumulates in cells infected by almost all
viruses. While for RNA viruses, dsRNA is either generated during replication or by base
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pairing of single-stranded RNA regions within the genome, it can originate from convergent
transcription for DNA viruses [1]. Therefore, dsSRNA is a potent pathogen-associated molecu-
lar pattern (PAMP), which is recognized by both cytosolic and membranous receptors named
pattern recognition receptors (PRRs). Upon dsRNA sensing, PRRs act in 2 different ways:
either directly as effector molecules or indirectly as signal transducers. These receptors can be
grouped into 3 different families: the Toll-like receptors (TLRs), the cytosolic NOD-like recep-
tors (NLRs), and the cytosolic RIG-I-like receptors (RLRs) [2], which will be the subject of this
review.

RLRs belong to a class of helicase-containing proteins able to sense nucleic acid to induce
an antiviral response. They use ATP to bind to and/or unwind nucleic acids, thereby altering
ribonucleoprotein complexes. Structural and sequence features that have been observed in
archaea, bacteria, and eukaryotic cells allowed to classify RNA helicases into different super-
families (SFs) [3]. Only SF1 and SF2 include helicases containing 2 bacterial RecA-like fold
domains. The DExD/H-box helicase proteins family we are interested in are found within the
SF2 subgroup [3]. This family is composed of RNA helicases involved in all aspects of RNA
metabolism but also in antiviral defense [4,5]. These proteins can either unwind RNA upon
ATP binding and hydrolysis or clamp around RNA to act as a platform to recruit other pro-
teins [6].

Within the DExD/H-box helicases family, the subgroup of duplex RNA-activated ATPases
(DRAs) is composed of SF2 helicases activated by dsRNA [7]. DRAs share the same activation
mechanism: upon dsRNA binding, they undergo conformational changes to become catalyti-
cally active [8]. However, due to significant differences in their protein domain organization
and their functions [6,8], we can distinguish signaling DRAs (sDRAs) and catalytic DRAs
(cDRAs). These proteins include RLRs and Dicer proteins, which share a similar helicase
domain [7,8] and participate in 2 main antiviral pathways, namely the RNA interference
(RNAI) and the type I interferon (IFN) response. Here, we will focus on metazoan DRAs and
more specifically on the 3 mammalian RLRs (RIG-I, MDA5, and LGP2), the mammalian
Dicer, the 2 Drosophila melanogaster Dicers (dmDicer-1 and dmDicer-2), the Caenorhabditis
elegans Dicer (ceDicer), and the 3 C. elegans Dicer-related helicases (DRH-1 to 3) [7]. We will
discuss the role of DRAs as direct effectors of the antiviral response, before reviewing their
roles as signaling molecules. Finally, we will elaborate on the noncanonical roles played by
DRASs during viral infection in the light of recently published data and will comment on the
possible crosstalk that can exist between pathways.

RNA helicases as direct effectors of the antiviral response

The best example of helicases acting directly on viral dsRNA upon sensing is without any
doubt the case of Dicer proteins, which are the primary effectors of antiviral RNAi. This ances-
tral defense mechanism is the main antiviral system in nematodes and insects [9,10], while in
mammals, this role is fulfilled by type I IFN response [11]. However, as we will see later, RNAi
has been shown to play a role in the fight against viruses in mammalian cells, and an IFN-like
antiviral response in invertebrates has been described [12-15], further blurring the boundaries
between these 2 major innate immunity mechanisms.

With the notable exception of Saccharomyces cerevirisiae [16], Dicer is conserved in most
eukaryotes. This enzyme is involved in the microRNA (miRNA) pathway and in RNAi
through the generation of small interfering RNA (siRNA) [17]. The origin of Dicer functional
diversity can be found in early branching metazoans [18]. Some organisms, such as Drosophila
melanogaster, present a duplication of the dicer gene, thus splitting the proto-function in 2.
One protein (dmDicer-1) is involved in the miRNA pathway, whereas the other one
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(dmDicer-2) is responsible of both exogenous and endogenous long dsRNA processing [9].
Phylogenetically, dmDicer-2 is closer to the common ancestral RNase III than dmDicer-1
[18]. Conversely, the nematode Caenorhabditis elegans genome encodes one single Dicer
(ceDicer), which is very similar to the proto-Dicer as it carries both functions in miRNA and
siRNA pathways [19]. Similarly, only one Dicer (hsDicer), involved in the miRNA pathway, is
present in humans [20]. The capacity of hsDicer to perform efficient antiviral RNAi is still a
matter of debate [14,21].

All these Dicer proteins share a similar organization in different domains, some of which
are conserved with the bacterial RNase III [22] (Fig 1A). From the N-terminal part, there is a
DExD/H-Box helicase split into 3 subdomains HEL1, HEL2i, and HEL2. Then, there is a
domain of unknown function DUF283, which was computationally predicted [23] and
recently structurally defined [22] as a dsSRNA-binding domain (dsRBD). It is followed by an o-
helix connector, Piwi-Argonaute-Zwille (PAZ) and Platform domains involved in the recog-
nition of RNA with 3’-overhanging extremities [24]. Finally, toward the carboxyl-terminal
part, there are a conserved tandem RNase III domain (IIIa and IIIb) that forms an intramolec-
ular dimer to cleave RNA substrates [25] and a dsRBD able to bind the minor groove of
dsRNA [26,27]. One hypothesis is that the helicase domain is involved in auto-inhibiting the
proper function of Dicer. In Drosophila, the 2 Dicers differ by their helicase domain [28]. As
opposed to dmDicer-2, dmDicer-1 contains only a truncated version of the helicase with just a
HELICc motif (Fig 1A). By alignment of metazoans helicases, it can be observed that dmDi-
cer-1 is the least conserved among them with divergences in the ATP-binding and in the intra-
molecular interaction motives [29]. Conversely, the helicase domain of dmDicer-2 is more
conserved and is involved in its processivity as it hydrolyzes the ATP necessary for its translo-
cation along the dsRNA [29]. The ceDicer also hydrolyzes ATP to translocate, whereas the
hsDicer protein does not require ATP hydrolysis and seems to be closer to dmDicer-1 helicase
[19,22]. As such, the helicase domain has an auto-inhibitory effect on hsDicer activity [30]. In
addition, it is involved in the recruitment of regulatory co-factors such as TAR RNA-binding
protein (TRBP), protein activator of the interferon-induced protein kinase (PACT), and ATP-
dependent RNA Helicase A (DHX9) [31-34].

Recently, the determination of the 3D structure of hsDicer allowed novel features of its heli-
case domain to be uncovered. Cryo-electron microscopy revealed that hsDicer adopts an L-
shaped structure where the helicase domain is located in the shorter arm [22,35,36] (Fig 1B).
The 3 subdomains of the DExD/H-box helicase form a C-shaped structure in which HELL1 is at
the junction between the 2 parts of the “L” and interacts with DUF283 and RNasellIb. HEL2 is
at the center of the “C-shaped” structure, while HEL2i is at the arm tip and is involved in medi-
ating the interaction with TRBP [31,32]. Finally, an o-helix connects HEL1 and HEL2 forming
a pincer-like motif with a flexible HELI that can easily move around substrates (Fig 1B). Inter-
estingly, dmDicer-2 cryo-electron microscopy structure resembles the hsDicer “L-shaped”
structure [37].

In both C. elegans and D. melanogaster, Dicer proteins are involved in antiviral RNAi.
Despite several differences in the RNAi pathway of the 2 organisms, the key steps are con-
served (Fig 2). In the worm, Dicer is involved in viral siRNA production that, in turn, causes a
decrease in viral load [10,38]. ceDicer triggers RNAi against vesicular stomatitis virus (VSV)
[10,38]. These results were later confirmed with the Orsay virus (OrV), which is a natural path-
ogen of C. elegans [39-41]. The viral dsRNA is recognized by a complex composed of ceDicer,
the RNA helicase DRH-1, and the Argonaute protein RDE-1 [42-44]. The latter is not efficient
in RNA silencing, even though it can target specific RNAs. However, silencing can be ampli-
fied by secondary siRNAs, or 22G-RNAs, which are generated by an RNA-dependent RNA
polymerase RRF-1 and another RNA helicase, DRH-3 [45-47]. In somatic cells, these
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Fig 1. Domains organization and functions of Dicer proteins in metazoans. (A) Dicer carries a DExD/H-box helicase, which is
divided into 3 subdomains: HEL1, HEL2i, and HEL2. The domain of unknown function (DUF283) is regulating pre-miRNA
binding and the PAZ domain is involved in the recognition of the 3'-overhanged extremities. The catalytic core is composed of 2
RNase III domains that each processes one strand of the duplex. Finally, the terminal dsRBD is involved in the binding of the
dsRNA minor groove. (B) Position of the different domains in the tridimensional structure of human Dicer in complex with TRBP
determined by cryo-EM [22]. The color code used for the domains is the same as in A. TRBP is in orange (adapted from PDB
structure n°5ZAK). cryo-EM, cryo-electron microscopy; dsRBD, dsSRNA-binding domain; miRNA, microRNA; PAZ, Piwi-
Argonaute-Zwille; siRNA, small interfering RNA; TRBP, TAR RNA-binding protein.

https://doi.org/10.1371/journal.ppat.1010072.g001
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Fig 2. Antiviral RNAi pathways in Caenorhabditis elegans and Drosophila melanogaster. Upon viral infection, dsRNA triggers RNAi after its recognition by
Dicer. In C. elegans, Dicer helped by the dsRBP RDE-4 and another DExD/H-box helicase, DRH-1, recognizes the dsSRNA and processes it into primary 22 nt
siRNA duplexes. These duplexes serve as a template for the generation of secondary 22G-siRNA by the polymerase RRF-1 and a third helicase called DRH-3.
They are finally loaded into an Argonaute protein, WAGO. In D. melanogaster, Dicer-2 recognizes and cleaves the viral dsRNA into 21nt-siRNA duplexes.
Strand selection occurs with the help of the dsRBP R2D2, and the passenger strand is sliced by Ago2 before being degraded by the nuclease C3PO. The guide
strand is then 2'-O-methylated at the 3’ end by HENI to be stabilized. For both worms and flies, the loaded Argonaute protein can then cleave viral
complementary sequences, resulting in the antiviral state. dSRNA, double-stranded RNA; RNAi, RNA interference; siRNA, small interfering RNA; vsiRNA,
virus-derived small interfering RNA.

https://doi.org/10.1371/journal.ppat.1010072.9002

secondary siRNAs are then loaded in another Argonaute protein, WAGO [46,48]. This ampli-
fication system is common to all siRNA pathways in C. elegans and allows to increase both the
siRNA pool and targeted sequences on RNAs [44]. A point mutation in ceDicer helicase
domain dramatically decreases virus-derived small interfering RNA (vsiRNA) and endoge-
nous small interfering RNA (endosiRNA) production but has no consequences on exosiRNA
production [49-51]. Moreover, this helicase domain is essential for siRNA production from
internal regions of blunt-ended dsRNA [52].

In the fly D. melanogaster, dmDicer-2 is involved in the recognition and cleavage of endog-
enous dsRNA, exogenous dsRNA, and viral dsRNA [15]. Since dmDicer-2 is not an essential
gene, it could be inactivated to show that RNAi is indeed a defense mechanism against many
(+) ssRNA viruses such as Flock house virus (FHV), Drosophila C virus (DCV), Cricket paraly-
sis virus, and Sindbis virus (SINV) [53-57]. In the viral dsSRNA maturation process, the D iso-
form of the Loquacious protein (Logs-PD) is dispensable, whereas R2D2 is required for
vsiRNA loading into Ago2 [58]. In vitro, dmDicer-2 was shown to act independently from
other factors to process long dsRNA thanks to its helicase domain [59]. The generated siRNA
duplexes are then transferred from dmDicer-2 to another dsRBP, R2D2, to bring the duplexes
to Ago2 and allow the formation of a pre-RISC complex. To be active, Ago2 cleaves the passen-
ger strand, which is then degraded by the C3PO nuclease [60]. The guide strand is 2'-O-
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methylated at its 3’ terminal nucleotide to be stabilized and guides Ago2 to target RN As, which
are sliced and degraded [15]. The helicase domain in dmDicer-2 is multifunctional allowing
substrate recognition, cleavage efficiency, and discrimination of dsRNA extremities. How can
dmDicer-2 discriminate between viral dSRNA and other dsSRNA molecules? One hypothesis is
that viral dSRNA carries specific structures recognized by Dicer, similar to what happens with
mammalian RLRs. Indeed, the helicase domain of dmDicer-2 is necessary for antiviral RNAi
and permits the recognition of noncanonical extremities on dsRNA [51]. This domain can be
found in 2 states, one of them allowing it to widen its range of recognizable dsRNA extremities
following conformational change induced by ATP binding [61].

RNA helicases with signaling antiviral activities

As opposed to the situation in arthropods and nematodes, the main antiviral response in
mammals is based on type I IFN. At the heart of this pathway are 3 cytosolic nucleic acid sen-
sors called RLRs. Retinoic acid-inducible gene I (RIG-I or DDX58) recognizes 5’ di- or tri-
phosphorylated dsRNA or ssSRNA [62,63]. Melanoma differentiation-associated gene 5
(MDAS5 or Helicard or IFIH1) recognizes long dsRNA [62,63]. Laboratory of genetics and
physiology 2 (LGP2 or DHX58) modulates the functions of the 2 other RLRs instead of acting
as a signal transducer (reviewed in [64]). RIG-I and MDA5 are composed of 4 domains (Fig 3)
[65,66]: 2 N-terminal caspase activation and recruitment domains (CARDs), a central DExD/
H-box helicase domain, and a pincer domain that connects the helicase to the regulatory car-
boxyl-terminal domain (CTD). The latter is essential for the recognition of the RNA substrate
and autoinhibition of the protein when not RNA-bound. LGP2 is highly similar to RIG-I and
MDAS except it does not have CARD domains (Fig 3). Phylogenetic studies between all

DExD/H-box helicase ~ Catalytic or signaling  Recognition domain
domain

Duplex RNA — —
activated helicases

Helicase domain DUE

HEL1 HEL2i HEL2 983 PAZ RNase Ill dsRBD
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HEL1 HEL2i HEL2 CTD
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Helicase domain
HEL1 HEL2i HEL2 CTD

Helicase domain
HEL1 HEL2i HEL2 CTD

o TN 8
Fig 3. Domains organization of RLRs. RLRs are directly involved in the IFN-I response upon viral infection. RIG-I
and MDAS can activate the mitochondrial adaptor protein MAVS via their N-terminal CARD domains. Their central
DExD/H-box helicase domain shares the same organization as the Dicer one and, together with the CTD, is involved
in dsRNA recognition. LGP2 lacks the signaling CARD domains but possesses the whole helicase domain and the
CTD. CARD, caspase activation and recruitment domain; CTD, carboxyl-terminal domain; IFN, interferon; MAVS,

mitochondrial antiviral signaling adaptator; MDAS5, melanoma differentiation-associated gene 5; RIG-I, retinoic acid-
inducible gene I; RLR, RIG-I-like receptor; LGP2, laboratory of genetics and physiology 2.

https://doi.org/10.1371/journal.ppat.1010072.9003
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known PRRs show that the helicase domain of Dicer and RLRs are close in terms of sequence
and structure [67]. Both belong to SF2 helicases and share some specificities that put them in
the subclass of DRAs.

Like Dicer, RIG-I has a C-shaped DExD/H-box helicase domain composed of 3 subdo-
mains: HEL1, HEL2i, and HEL2. HEL1 and HEL2 form the core helicase with dsRNA binding
and ATPase functions. A flexible linker (HEL2i) with an autoregulatory role links these 2
domains [68]. The helicase and the CTD are involved in dsRNA and 5" PPP-RNA recognition
required for CARD-mediated signaling [68]. The CTD (also called repressor domain) together
with the helicase domain form a ring around dsRNA adopting a compact conformation that,
in absence of RNA substrates, is flexible and extended [68]. RIG-I can translocate along
dsRNA (like dmDicer-2) but, as all helicases in the DRAs subclass, it cannot unwind the
duplexes [69]. Under physiological conditions, RIG-I persists in the cytosol in an auto-inhibi-
tory closed state where the tandem CARD domains are in head-to-tail conformation and
directly interact with HEL2i to form an inactive structure [70]. dsSRNA binding leads to a con-
formational change and to the stabilization of RIG-I clamp around dsRNA [71,72]. An activa-
tion model was proposed where dsRNA first binds the CTD, which then brings together
several dSRNA molecules near the helicase domain. This increased dsRNA concentration per-
mits the cooperative fixation of dsSRNA and ATP on the helicase, thereby freeing the CARD
domains that mask the dsRBD and the K63 polyubiquitination site [70] (Fig 4). ATP hydrolysis
enhances RIG-I dissociation from dsRNA [66].

Although RIG-I and MDAS5 share structural similarities, MDAS5 is not activated by opening
a closed conformation between its CARD and HEL2i domains. After dsRNA recognition in
the cytosol, several MDA5 molecules gather and form helicoidal filaments along the dsRNA to
coalesce into an active fibrillar form [73] (Fig 4). The formation of this MDAS5 polar helix is
allowed by cooperative assembly of their CTD. The contacts between filaments are supposedly
mediated by HEL2i and CTD. ATP is involved in the disassembly of MDA5 oligomers, regu-
lating dsRNA binding affinities in a concentration-dependent manner [73,74].

LGP2 lacks CARD in the N-terminal part, but it has a CTD and a DEAD/H-box helicase
domain, which is highly conserved, showing a great selection pressure to maintain this domain
[75]. Interestingly, LGP2 is a perfect chimera of the 2 other RLRs, with its helicase domain
closer to the MDAS one, while its CTD is closer to the RIG-I one. It can act both as an activator
of MDAS5 and an inhibitor of RIG-I [76]. Similar to MDAS5, LGP2 can form helicoidal-like fila-
ments in the cytosol [76]. Crystal structure obtained from chicken LGP2 indicates that it can
adopt 2 conformations that are partially or fully closed [76]. These conformations are guided
by ATP binding and hydrolysis and directed by the HEL2 helicase subdomain that is flexible
and can orient its CTD [76]. The LGP2 structure after ATP hydrolysis is similar to the one
adopted by RIG-I after activation [76].

Upon dsRNA recognition, both RIG-I and MDAS5 interact with CARD-like domains of the
mitochondrial antiviral signaling adaptator (MAVS) [77,78] (Fig 4). MAVS then activates a
signal transduction cascade in 2 ways. On one hand, it interacts with TBK1 (TANK-binding
kinase 1) and IKKe (IkB kinase €), which will phosphorylate and induce translocation of a
complex of transcription factors, IRF3 and IRF7 (IFN regulatory factor 3 and 7), which will
activate IFN-I genes expression [77,78]. On the other hand, MAVS activates the NF-kB path-
way leading to nuclear translocation of this transcription factor that induces expression of
antiviral cytokines [77,78]. Through a molecular cascade involving the Janus kinase Signal
transducer and activator of transcription (JAK-STAT) pathway, these cytokines finally activate
hundreds of ISGs to prevent viral spreading [78-80].

Despite their similarities, RIG-I and MDAS5 have nonredundant recognition capacities
upon viral infection. Since they are activated by different substrates, they are not necessarily
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Fig 4. Mode of action of RLRs upon viral infection. Both dsRNA replication intermediates and 5’ terminal motifs can be recognized by cytosolic RLRs. RIG-I detects 5
di- or tri-phosphorylated dsRNA via its CTD and helicase domains whereas MDA5 recognizes long dsRNA structures. Upon dsRNA binding, RIG-I opens and
homodimerizes to mediate interactions with MAVS CARD domains at the surface of mitochondria. By contrast, MDAS5 constantly shifts between open and close
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MAVS aggregates and triggers a signaling cascade through the TRAF protein that activates the TBK1 kinase. The latter then phosphorylates the cytosolic transcription
factors, IRF3 and IRF?7, thereby allowing their dimerization and their translocation into the nucleus where they activate the transcription of IFN-I genes. CARD, caspase
activation and recruitment domain; CTD, carboxyl-terminal domain; dsRNA, double-stranded RNA; IFN, interferon; MAVS, mitochondrial antiviral signaling
adaptator; MDAS5, melanoma differentiation-associated gene 5; RIG-I, retinoic acid-inducible gene I; RLR, RIG-I-like receptor.
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induced by the same viruses [63,66,81,82]. Blunt-ended dsRNA, 5'di or tri P, uncapped or
2'0O-unmethylated 5" extremities are RIG-I substrates. It is activated by rhabdoviruses (VSV),
paramyxoviruses, orthomyxoviruses, filoviruses (Ebola), Epstein-Barr virus (EBV), hepatitis C
virus (HCV), Japanese encephalitis virus, Zika virus (ZIKV), and Dengue virus (DENV) [66].
Interestingly, host RNAs can also be recognized as PAMPs by RIG-I [66]. For instance, upon
infection by DNA viruses, such as Herpes simplex virus type I (HSV-1) and Kaposi sarcoma—
associated herpesvirus (KSHV), host-encoded small noncoding RNAs can be recognized by
RIG-I [83,84]. Rather, MDA?5 is involved in the recognition of the dsRNA replication
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intermediate of picornaviruses [85]. MDADS5 is also able to detect dsSRNA from HCV, norovirus,
encephalomyocarditis virus (EMCV), hepatitis B virus (HBV), herpes simplex virus, avian
Influenza virus H5N1, and hepatitis D virus [86-92]. In some cases, such as infection with fla-
viviruses and reoviruses, both RIG-I and MDAS5 seem to be recruited to trigger an IFN-I
response [82].

Noncanonical and interdependent actions of RNA helicases

In addition to performing the abovementioned activities, RNA helicases can also function in
an uncommon manner. Thus, RLRs can have direct antiviral activities and Dicer proteins can
exert signaling functions. In addition, such as in the case of mammalian Dicer, their role in
antiviral RNAi may depend on additional factors as indicated below.

There are at least 2 dmDicer-2-dependent pathways that do not rely on its canonical cata-
Iytic activity. First, both in Drosophila and mosquitoes, studies on persistent viral infection by
RNA viruses led to the discovery of a new viral genomic element in host-infected cells [93,94].
After vsiRNA biogenesis, a transposon-encoded cellular retrotranscriptase can amplify and
convert viral RNA into DNA (vDNA) [93]. In both insects, vDNA was retrieved either in lin-
ear or in circular forms (cvDNA). cvDNA are homologous to defective viral genome (DVG)
and can amplify the RNAi response in insects (Fig 5A, right part). Those cvDNA are sufficient
to trigger biogenesis of new siRNAs targeting the viral genome. Although the molecular mech-
anism has not been elucidated, vDNA synthesis is entirely dependent on dmDicer-2
DEAD-Box helicase domain, which would make it an insect RLR [93]. Indeed, this is reminis-
cent of the situation in mammalian cells, where DVGs are recognized by cytosolic RLRs and
trigger IFN-I responses against arboviruses [95,96]. Second, dmDicer-2 helicase domain is also
involved in another aspect of an IFN-like pathway, namely the capacity to induce cytokine
production after detection of PAMPs. Although there is no equivalent to mammalian IFN o/f3
cytokines in Drosophila, its genome encodes for a cysteine-rich protein named Vago, which
may be considered as a cytokine-like element [67]. Upon DCV infection, Vago expression is
increased and exerts antiviral effects against DCV in a manner depending on dmDicer-2
DEAD-Box helicase integrity (Fig 5A, left part). Vago expression is totally independent of
other RNAi pathway members, but when dmDicer-2 helicase domain is mutated, Vago expres-
sion is dramatically decreased [67]. However, to date, a little is known regarding the pathway
involved upon Vago induction by dmDicer-2 or its role in other viral infections.

The relevance of RNAi as an antiviral defense mechanism in mammals is still a matter of
debate, and many reports have tried to answer the issue pertaining to the evolution of Dicer
antiviral activity in metazoans [9,14,17,97]. VsiRNAs were found to be functional and to
reduce viral load in a sequence-dependent fashion in undifferentiated mouse embryonic stem
cells (ESCs) (Fig 5B) and somatic cells [98-100]. In oocytes, ESCs and generally, undifferenti-
ated cells, IFN-I is not set up yet to avoid inflammatory response and apoptosis during devel-
opment [101-103]. In MAVS- or IFNAR-deficient mouse somatic cells, sequence-specific
hsDicer- and Ago2-dependent siRNAs are detected when cells are transfected with an exoge-
nous long dsRNA [104]. Moreover, AGO4 was recently showed to be involved in antiviral
RNAi against influenza A virus (IAV), VSV, and EMCV in mouse macrophages [105]. It
seems also that viral suppressors of RNAi (VSRs) prevent Dicer from playing an antiviral role.
Indeed, in mammalian cells, a decrease in viral replication was observed with flaviviruses
deleted from their VSR [106].

On the other hand, other experiments on the detection of vsiRNA were not conclusive
enough to validate a functional antiviral RNAi. Indeed, hsDicer is less processive than Dro-
sophila dmDicer-2 to generate siRNAs from long-dsRNA [107,108]. This could explain the
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difficulty to detect vsiRNA in mammalian somatic cells infected with several viruses [109]. In
agreement with this hypothesis, in IFN-I-deficient human cells that express the regular Dicer
protein, no vsiRNA was detected when infected by SINV, Yellow fever virus (YFV), or EMCV
[110]. Besides, when hsDicer is genetically invalidated, no replication increase could be
observed for many RNA viruses [111].

Explanations on this defective RNAi pathway in mammals are now centered on the helicase
domain of Dicer. First, as opposed to dmDicer-2, hsDicer is not processive due to the fact that
it cannot hydrolyze ATP [30,59,108,112,113]. Dicer helicase domain appears to limit its func-
tionality. Indeed, in vitro studies on hsDicer revealed that siRNA production is performed less
efficiently than pre-miRNA to miRNA maturation [30,114]. Accordingly, in human somatic
cells, only the artificial expression of a helicase-truncated form of human Dicer, named Dicer-
N1, could produce functional siRNA from IAV genome with a moderate antiviral effect [115]
(Fig 5B). This helicase deletion was inspired from the specific case of murine oocytes, which
express a truncated version of Dicer, Dicer®, due to an insertion of a retrotransposon in the 5’
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part of the Dicer gene [116]. The part of the helicase domain missing in Dicer® is the same one
that was deleted in Dicer-N1, and indeed the shorter mouse Dicer lacking part of its helicase
domain has enhanced capacities in term of siRNA production from endogenous and exoge-
nous hairpin [116]. However, the role of Dicer® in antiviral defense has not been explored to
date. Interestingly enough, another Dicer isoform has been recently identified in human stem
cells. It also presents a deletion in its helicase domain; more precisely, it lacks the HEL2i sub-
domain. This splicing isoform, which has been coined Avid (for antiviral Dicer) shows
enhanced antiviral RNAi properties against several RNA viruses including ZIKV and the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (Fig 5B) [117].

Another possible and nonmutually exclusive explanation for the inhibition of Dicer-depen-
dent RNAi in mammalian cells could be its interaction with a protein with repressive activity.
Such a protein could be LGP2, which was shown to associate with Dicer to inhibit dSSRNA
cleavage (Fig 5C, right) [118]. One hypothesis to explain this observation is that there is a need
to prevent dsRNA degradation by Dicer and preserve it for sensing by other DRAs, thereby
suggesting a competition for substrate binding. This may be the main reason why there seems
to be a crosstalk between RNAi and IFN-I. As LGP2 is similarly involved in MDA5 oligomeri-
zation enhancement, LGP2 might also bring dsRNA substrate to MDAD5. Interestingly, the
helicase domain of LGP2 interacts with Dicer and several other proteins involved in antiviral
defense pathways including TRBP, PACT, and the dsRNA-activated protein kinase R (PKR)
[118].

Finally, Dicer itself might be involved in modulating the activity of other key antiviral pro-
teins. Dicer is already known to be involved in several interactions with cofactors via its heli-
case domain. Thus, 2 proteins that are known for their interaction with PKR interact with
Dicer during miRNA biogenesis: TRBP and PACT [33,119]. Upon HIV-I infection, TRBP
appears to bind the TAR RNA to inhibit PKR activation, thereby preventing an efficient antivi-
ral response. PACT, another dsRNA-binding protein, is also an activator of PKR upon stress
except when it interacts with TRBP [120-122]. Recently, our laboratory showed that Dicer is
part of a complex involving not only TRBP and PACT but also PKR. The direct interaction of
Dicer with PKR was specifically observed in cells infected with SINV and had a negative effect
on PKR antiviral activity (Fig 5C, left) [123]. Another indication of the crosstalk between
Dicer and PKR was reported in mouse ESCs, where Dicer represses the IFN response as well
as PKR activity upon dsRNA transfection [124]. As mentioned before, Dicer could interact
with ISGs but its role in the IFN-I response is not clear yet. Thus, other ISGs such as the deam-
inase ADARI or the RNA helicase DHX9 are part of the RISC assembly complex [125,126] but
are also found specifically enriched within a Dicer-containing complex upon SINV infection
[123]. This indicates that the helicase domain of Dicer could be involved in modulating the
IFN response by acting as a central interaction platform during viral infection.

RLRs as well can be involved in IFN-independent antiviral functions (Fig 5D). Upon HBV
infection, RIG-I recognizes the 5’ extremities of pre-genomic RNA and interferes with the ret-
rotranscriptase activity [127]. Upon IAV infection, RIG-I competes with capsid molecules for
the genomic RNA. Besides, both RIG-I and MDAD5 can, in an ATP-dependent fashion, dis-
place viral proteins from dsRNA including IAV NS1 [128]. Thus, this helicase-dependent
activity promotes dsRNA recognition by other antiviral proteins including PKR to enhance
the antiviral response [129]. Recently, RIG-I was also shown to be involved in an IFN-I inde-
pendent regulation of SARS-CoV-2 infection. It recognizes the 3’ untranslated region of the
SARS-CoV-2 RNA genome via the helicase domain, but not the CTD, and does not activate
MAVS-dependent pathways. Rather, it seems to prevent the viral RARp from initiating replica-
tion [130].
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Conclusions

DExD/H-box helicases are increasingly being recognized as key components of the innate
antiviral response in eukaryotes. Although they all share as a core component a helicase
domain able to bind dsRNA, they diverge into 2 main families characterized by their structural
organization and their mode of action. Indeed, they can act either in a catalytic mode, or by
triggering an antiviral signaling cascade, ultimately leading to an immune response. Here, we
mainly focused on a subset of these RNA helicases, which either participate in RNAI or in
IFN-I response. However, the boundary between the 2 types of response has become blurred
in the past years, while there is more and more evidence that they are rather interconnected.
Although Dicer is retrieved in almost all metazoans, its exact contribution to antiviral
responses varies from one organism to another. Dicer has a clearly defined catalytic activity
against long dsRNA in Drosophila and C. elegans but appears to be more limited in mamma-
lian cells. In the latter case, this restriction seems to be mediated by the helicase domain, since
its complete or partial deletion results in a more potent antiviral activity. The recent discovery
of a naturally occurring splicing isoform of Dicer in stem cells, lacking the Hel2i helical subdo-
main, is exciting and will likely reignite the interest in the field. In addition, Dicer could have
other roles during viral infection independent on dsRNA processing into siRNAs, such as the
regulation of antiviral proteins like PKR. So, we clearly do not have yet a complete picture of
its importance in different contexts. The tight regulation of mammalian Dicer activity is simi-
lar to what can be observed for RIG-I and MDAS5, which are both regulated by posttransla-
tional modifications or by the binding of proteins that can activate or inhibit their recognition
as well as their catalytic activities [66]. Even when the situation seems to be simple at first
glance, such as antiviral RNAi in C. elegans, other RNA helicases (DRH-1 to 3) were shown to
be essential to maintain a robust response and help Dicer to function properly. It goes without
saying that since helicases are the main immunity receptors, viruses developed counter mecha-
nisms to block dsRNA recognition or their catalytic function [131], an interesting aspect that
would require a review of its own.

In addition to the few helicases we discussed in this review, there is a large variety of other
DExD/H helicases that can be involved in antiviral defense (see [132] for a recent review). In
some cases, these proteins contribute to the RLRs function, but they also have the capacity to
function independently of the IFN response. Some of these helicases can also have a proviral
role in specific cases [133], an aspect that we did not develop here for the sake of brevity. It
would be especially interesting to decipher the full involvement of these RNA helicases in
modulating Dicer activity during viral infection either by modulating its ability to interact
with dsRNA or its processivity. Our recent determination of the Dicer interactome upon
SINV infection provides hints that this might be the case, but we need to expand the field of
investigation by looking into different cell types as well as viruses. Only then will we be able to
fully grasp the importance of RNA helicases in the cellular response to viral infections.

Acknowledgments

We would like to thank members of the laboratory for discussion and Erika Girardi for her
critical reading of the manuscript.

References

1. WeberF, Wagner V, Rasmussen SB, Hartmann R, Paludan SR. Double-Stranded RNA Is Produced
by Positive-Strand RNA Viruses and DNA Viruses but Not in Detectable Amounts by Negative-Strand
RNA Viruses. J Virol. 2006; 80:5059-5064. https://doi.org/10.1128/JV1.80.10.5059-5064.2006 PMID:
16641297

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 12/19


https://doi.org/10.1128/JVI.80.10.5059-5064.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641297
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Pichlmair A, Reis e Sousa C. Innate recognition of viruses. Immunity. 2007; 27:370-383. https://doi.
org/10.1016/j.immuni.2007.08.012 PMID: 17892846

Fairman-Williams ME, Guenther U-P, Jankowsky E. SF1 and SF2 helicases: family matters. Curr
Opin Struct Biol. 2010; 20:313-324. https://doi.org/10.1016/j.sbi.2010.03.011 PMID: 20456941

Ahmad S, Hur S. Helicases in Antiviral Immunity: Dual Properties as Sensors and Effectors. Trends
Biochem Sci. 2015; 40:576-585. https://doi.org/10.1016/j.tibs.2015.08.001 PMID: 26410598

Jarmoskaite |, Russell R. DEAD-box proteins as RNA helicases and chaperones. Wiley Interdiscip
Rev RNA. 2011; 2:135-152. https://doi.org/10.1002/wrna.50 PMID: 21297876

Linder P, Jankowsky E. From unwinding to clamping—the DEAD box RNA helicase family. Nat Rev
Mol Cell Biol. 2011; 12:505-516. https://doi.org/10.1038/nrm3154 PMID: 21779027

Luo D, Kohlway A, Pyle AM. Duplex RNA activated ATPases (DRAs). RNA Biol. 2013; 10:111-120.
https://doi.org/10.4161/rna.22706 PMID: 23228901

Paro S, Imler J-L, Meignin C. Sensing viral RNAs by Dicer/RIG-I like ATPases across species. Curr
Opin Immunol. 2015; 32:106—113. https://doi.org/10.1016/j.c0i.2015.01.009 PMID: 25658360

Kemp C, Imler J-L. Antiviral immunity in drosophila. Curr Opin Immunol. 2009; 21:3-9. https://doi.org/
10.1016/j.c0i.2009.01.007 PMID: 19223163

Schott DH, Cureton DK, Whelan SP, Hunter CP. An antiviral role for the RNA interference machinery
in Caenorhabditis elegans. Proc Natl Acad Sci U S A. 2005; 102:18420-4. Available from: http://www.
ncbi.nim.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=16339901.
https://doi.org/10.1073/pnas.0507123102 PMID: 16339901

Sadler AJ, Williams BRG. Interferon-inducible antiviral effectors. Nat Rev Immunol. 2008; 8:559-568.
https://doi.org/10.1038/nri2314 PMID: 18575461

Berkhout B. RNAi-mediated antiviral immunity in mammals. Curr Opin Virol. 2018; 32:9-14. https://
doi.org/10.1016/j.coviro.2018.07.008 PMID: 30015014

Huang B, Zhang L, DuY, Xu F, Li L, Zhang G. Characterization of the Mollusc RIG-I/MAVS Pathway
Reveals an Archaic Antiviral Signalling Framework in Invertebrates. Sci Rep. 2017; 7:1—13. https://doi.
org/10.1038/s41598-016-0028-x PMID: 28127051

Maillard PV, van der Veen AG, Poirier EZ, e Sousa CR. Slicing and dicing viruses: antiviral RNA inter-
ference in mammals. EMBO J. 2019; 38:e100941. https://doi.org/10.15252/embj.2018100941 PMID:
30872283

Mussabekova A, Daeffler L, Imler J-L. Innate and intrinsic antiviral immunity in Drosophila. Cell Mol
Life Sci. 2017; 74:2039-2054. https://doi.org/10.1007/s00018-017-2453-9 PMID: 28102430

Drinnenberg IA, Weinberg DE, Xie KT, Mower JP, Wolfe KH, Fink GR, et al. RNAi in budding yeast.
Science. 2009; 326: 544-550. https://doi.org/10.1126/science.1176945 PMID: 19745116

tenOever BR. The Evolution of Antiviral Defense Systems. Cell Host Microbe. 2016; 19:142—149.
https://doi.org/10.1016/j.chom.2016.01.006 PMID: 26867173

de Jong D, Eitel M, Jakob W, Osigus H-J, Hadrys H, DeSalle R, et al. Multiple Dicer Genes in the
Early-Diverging Metazoa. Mol Biol Evol. 2009; 26:1333-1340. https://doi.org/10.1093/molbev/msp042
PMID: 19276153

Almeida MV, Andrade-Navarro MA, Ketting RF. Function and Evolution of Nematode RNAi Pathways.
Non-Coding RNA. 2019; 5:8. https://doi.org/10.3390/ncrna5010008 PMID: 30650636

Bartel DP. Metazoan MicroRNAs. Cell. 2018; 173:20-51. https://doi.org/10.1016/j.cell.2018.03.006
PMID: 29570994

MacKay CR, Wang JP, Kurt-Jones EA. Dicer’s role as an antiviral: still an enigma. Curr Opin Immunol.
2014; 26:49-55. https://doi.org/10.1016/j.coi.2013.10.015 PMID: 24556400

Liu Z, Wang J, Cheng H, Ke X, Sun L, Zhang QC, et al. Cryo-EM Structure of Human Dicer and lts
Complexes with a Pre-miRNA Substrate. Cell. 2018; 173:1191-1203.e12. https://doi.org/10.1016/j.
cell.2018.03.080 PMID: 29706542

Dlaki¢ M. DUF283 domain of Dicer proteins has a double-stranded RNA-binding fold. Bioinformatics.
2006; 22:2711-2714. https://doi.org/10.1093/bioinformatics/btl468 PMID: 16954143

Tian Y, Simanshu DK, Ma J-B, Park J-E, Heo |, Kim VN, et al. A Phosphate-Binding Pocket within the
Platform-PAZ-Connector Helix Cassette of Human Dicer. Mol Cell. 2014; 53:606—616. https://doi.org/
10.1016/j.molcel.2014.01.003 PMID: 24486018

Zhang H, Kolb FA, Jaskiewicz L, Westhof E, Filipowicz W. Single Processing Center Models for
Human Dicer and Bacterial RNase Ill. Cell. 2004; 118:57-68. https://doi.org/10.1016/j.cell.2004.06.
017 PMID: 15242644

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 13/19


https://doi.org/10.1016/j.immuni.2007.08.012
https://doi.org/10.1016/j.immuni.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17892846
https://doi.org/10.1016/j.sbi.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20456941
https://doi.org/10.1016/j.tibs.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26410598
https://doi.org/10.1002/wrna.50
http://www.ncbi.nlm.nih.gov/pubmed/21297876
https://doi.org/10.1038/nrm3154
http://www.ncbi.nlm.nih.gov/pubmed/21779027
https://doi.org/10.4161/rna.22706
http://www.ncbi.nlm.nih.gov/pubmed/23228901
https://doi.org/10.1016/j.coi.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25658360
https://doi.org/10.1016/j.coi.2009.01.007
https://doi.org/10.1016/j.coi.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19223163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=16339901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=16339901
https://doi.org/10.1073/pnas.0507123102
http://www.ncbi.nlm.nih.gov/pubmed/16339901
https://doi.org/10.1038/nri2314
http://www.ncbi.nlm.nih.gov/pubmed/18575461
https://doi.org/10.1016/j.coviro.2018.07.008
https://doi.org/10.1016/j.coviro.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30015014
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051
https://doi.org/10.15252/embj.2018100941
http://www.ncbi.nlm.nih.gov/pubmed/30872283
https://doi.org/10.1007/s00018-017-2453-9
http://www.ncbi.nlm.nih.gov/pubmed/28102430
https://doi.org/10.1126/science.1176945
http://www.ncbi.nlm.nih.gov/pubmed/19745116
https://doi.org/10.1016/j.chom.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26867173
https://doi.org/10.1093/molbev/msp042
http://www.ncbi.nlm.nih.gov/pubmed/19276153
https://doi.org/10.3390/ncrna5010008
http://www.ncbi.nlm.nih.gov/pubmed/30650636
https://doi.org/10.1016/j.cell.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29570994
https://doi.org/10.1016/j.coi.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24556400
https://doi.org/10.1016/j.cell.2018.03.080
https://doi.org/10.1016/j.cell.2018.03.080
http://www.ncbi.nlm.nih.gov/pubmed/29706542
https://doi.org/10.1093/bioinformatics/btl468
http://www.ncbi.nlm.nih.gov/pubmed/16954143
https://doi.org/10.1016/j.molcel.2014.01.003
https://doi.org/10.1016/j.molcel.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24486018
https://doi.org/10.1016/j.cell.2004.06.017
https://doi.org/10.1016/j.cell.2004.06.017
http://www.ncbi.nlm.nih.gov/pubmed/15242644
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

Kandasamy SK, Zhu L, Fukunaga R. The C-terminal dsRNA-binding domain of Drosophila Dicer-2 is
crucial for efficient and high-fidelity production of siRNA and loading of siRNA to Argonaute2. RNA.
2017; 23:1139-1153. https://doi.org/10.1261/ra.059915.116 PMID: 28416567

Wostenberg C, Lary JW, Sahu D, Acevedo R, Quarles KA, Cole JL, et al. The role of human Dicer-
dsRBD in processing small regulatory RNAs. PLoS ONE. 2012; 7:€51829. https://doi.org/10.1371/
journal.pone.0051829 PMID: 23272173

Lee YS, Nakahara K, Pham JW, Kim K, He Z, Sontheimer EJ, et al. Distinct Roles for Drosophila
Dicer-1 and Dicer-2 in the siRNA/miRNA Silencing Pathways. Cell. 2004; 117:69-81. https://doi.org/
10.1016/s0092-8674(04)00261-2 PMID: 15066283

Tsutsumi A, Kawamata T, Izumi N, Seitz H, Tomari Y. Recognition of the pre-miRNA structure by Dro-
sophila Dicer-1. Nat Struct Mol Biol. 2011; 18:1153—1158. https://doi.org/10.1038/nsmb.2125 PMID:
21926993

Ma E, MacRae IJ, Kirsch JF, Doudna JA. Autoinhibition of Human Dicer by Its Internal Helicase
Domain. J Mol Biol. 2008; 380:237—-243. https://doi.org/10.1016/j.jmb.2008.05.005 PMID: 18508075

Daniels SM, Melendez-Pefia CE, Scarborough RJ, Daher A, Christensen HS, El Far M, et al. Charac-
terization of the TRBP domain required for Dicer interaction and function in RNA interference. BMC
Mol Biol. 2009; 10:38. https://doi.org/10.1186/1471-2199-10-38 PMID: 19422693

Laraki G, Clerzius G, Daher A, Melendez-Pefia C, Daniels S, Gatignol A. Interactions between the
double-stranded RNA-binding proteins TRBP and PACT define the Medipal domain that mediates pro-
tein-protein interactions. RNA Biol. 2008; 5:92—1083. https://doi.org/10.4161/rna.5.2.6069 PMID:
18421256

Lee Y, Hurl, Park SY, Kim YK, Suh MR, Kim VN. The role of PACT in the RNA silencing pathway.
EMBO J. 2006; 25:522—32. https://doi.org/10.1038/sj.emboj.7600942 PMID: 16424907

Robb GB, Rana TM. RNA helicase A interacts with RISC in human cells and functions in RISC loading.
Mol Cell. 2007; 26:523-537. https://doi.org/10.1016/j.molcel.2007.04.016 PMID: 17531811

Lau P-W, Guiley KZ, De N, Potter CS, Carragher B, MacRae IJ. The molecular architecture of human
Dicer. Nat Struct Mol Biol. 2012; 19:436—440. https://doi.org/10.1038/nsmb.2268 PMID: 22426548

Macrae IJ, Li F, Zhou K, Cande WZ, Doudna JA. Structure of Dicer and mechanistic implications for
RNA.. Cold Spring Harb Symp Quant Biol. 2006; 71:73-80. https://doi.org/10.1101/sqb.2006.71.042
PMID: 17381283

Sinha NK, lwasa J, Shen PS, Bass BL. Dicer uses distinct modules for recognizing dsRNA termini. Sci-
ence. 2018; 359:329-334. https://doi.org/10.1126/science.aaq0921 PMID: 29269422

Wilkins C, Dishongh R, Moore SC, Whitt MA, Chow M, Machaca K. RNA interference is an antiviral
defence mechanism in Caenorhabditis elegans. Nature. 2005; 436: 1044—1047. https://doi.org/10.
1038/nature03957 PMID: 16107852

Félix M-A, Ashe A, Piffaretti J, Wu G, Nuez |, Bélicard T, et al. Natural and experimental infection of
Caenorhabditis nematodes by novel viruses related to nodaviruses. PLoS Biol. 2011; 9:e1000586.
https://doi.org/10.1371/journal.pbio.1000586 PMID: 21283608

Gammon DB, Ishidate T, Li L, Gu W, Silverman N, Mello CC. The Antiviral RNA Interference
Response Provides Resistance to Lethal Arbovirus Infection and Vertical Transmission in Caenorhab-
ditis elegans. Curr Biol. 2017; 27:795-806. https://doi.org/10.1016/j.cub.2017.02.004 PMID:
28262484

Sterken MG, Snoek LB, Bosman KJ, Daamen J, Riksen JAG, Bakker J, et al. A heritable antiviral
RNAi response limits Orsay virus infection in Caenorhabditis elegans N2. PLoS ONE. 2014; 9:
e89760. https://doi.org/10.1371/journal.pone.0089760 PMID: 24587016

Parker GS, Eckert DM, Bass BL. RDE-4 preferentially binds long dsRNA and its dimerization is neces-
sary for cleavage of dsRNA to siRNA. RNA N Y N. 2006; 12:807—818. https://doi.org/10.1261/rna.
2338706 PMID: 16603715

Parrish S, Fire A. Distinct roles for RDE-1 and RDE-4 during RNA interference in Caenorhabditis ele-
gans. RNAN Y N. 2001; 7:1397-1402. PMID: 11680844

Zhuang JJ, Hunter CP. RNA interference in Caenorhabditis elegans: uptake, mechanism, and regula-
tion. Parasitology. 2012; 139:560-573. https://doi.org/10.1017/S0031182011001788 PMID:
22075748

Ashe A, Bélicard T, Le Pen J, Sarkies P, Frézal L, Lehrbach NJ, et al. A deletion polymorphism in the
Caenorhabditis elegans RIG-1 homolog disables viral RNA dicing and antiviral immunity. Elife. 2013; 2:
€00994. https://doi.org/10.7554/eLife.00994 PMID: 24137537

Gu W, Shirayama M, Conte D, Vasale J, Batista PJ, Claycomb JM, et al. Distinct Argonaute-Mediated
22G-RNA Pathways Direct Genome Surveillance in the C. elegans Germline. Mol Cell. 2009; 36:231—
244, https://doi.org/10.1016/j.molcel.2009.09.020 PMID: 19800275

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 14/19


https://doi.org/10.1261/rna.059915.116
http://www.ncbi.nlm.nih.gov/pubmed/28416567
https://doi.org/10.1371/journal.pone.0051829
https://doi.org/10.1371/journal.pone.0051829
http://www.ncbi.nlm.nih.gov/pubmed/23272173
https://doi.org/10.1016/s0092-8674%2804%2900261-2
https://doi.org/10.1016/s0092-8674%2804%2900261-2
http://www.ncbi.nlm.nih.gov/pubmed/15066283
https://doi.org/10.1038/nsmb.2125
http://www.ncbi.nlm.nih.gov/pubmed/21926993
https://doi.org/10.1016/j.jmb.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18508075
https://doi.org/10.1186/1471-2199-10-38
http://www.ncbi.nlm.nih.gov/pubmed/19422693
https://doi.org/10.4161/rna.5.2.6069
http://www.ncbi.nlm.nih.gov/pubmed/18421256
https://doi.org/10.1038/sj.emboj.7600942
http://www.ncbi.nlm.nih.gov/pubmed/16424907
https://doi.org/10.1016/j.molcel.2007.04.016
http://www.ncbi.nlm.nih.gov/pubmed/17531811
https://doi.org/10.1038/nsmb.2268
http://www.ncbi.nlm.nih.gov/pubmed/22426548
https://doi.org/10.1101/sqb.2006.71.042
http://www.ncbi.nlm.nih.gov/pubmed/17381283
https://doi.org/10.1126/science.aaq0921
http://www.ncbi.nlm.nih.gov/pubmed/29269422
https://doi.org/10.1038/nature03957
https://doi.org/10.1038/nature03957
http://www.ncbi.nlm.nih.gov/pubmed/16107852
https://doi.org/10.1371/journal.pbio.1000586
http://www.ncbi.nlm.nih.gov/pubmed/21283608
https://doi.org/10.1016/j.cub.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28262484
https://doi.org/10.1371/journal.pone.0089760
http://www.ncbi.nlm.nih.gov/pubmed/24587016
https://doi.org/10.1261/rna.2338706
https://doi.org/10.1261/rna.2338706
http://www.ncbi.nlm.nih.gov/pubmed/16603715
http://www.ncbi.nlm.nih.gov/pubmed/11680844
https://doi.org/10.1017/S0031182011001788
http://www.ncbi.nlm.nih.gov/pubmed/22075748
https://doi.org/10.7554/eLife.00994
http://www.ncbi.nlm.nih.gov/pubmed/24137537
https://doi.org/10.1016/j.molcel.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/19800275
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Pak J, Fire A. Distinct populations of primary and secondary effectors during RNAi in C. elegans. Sci-
ence. 2007; 315:241-244. https://doi.org/10.1126/science.1132839 PMID: 17124291

Yigit E, Batista PJ, Bei Y, Pang KM, Chen C-CG, Tolia NH, et al. Analysis of the C. elegans Argonaute
Family Reveals that Distinct Argonautes Act Sequentially during RNAi. Cell. 2006; 127:747-757.
https://doi.org/10.1016/j.cell.2006.09.033 PMID: 17110334

Pavelec DM, Lachowiec J, Duchaine TF, Smith HE, Kennedy S. Requirement for the ERI/DICER com-
plex in endogenous RNA interference and sperm development in Caenorhabditis elegans. Genetics.
2009; 183:1283—-1295. https://doi.org/10.1534/genetics.109.108134 PMID: 19797044

Welker NC, Pavelec DM, Nix DA, Duchaine TF, Kennedy S, Bass BL. Dicer’s helicase domain is
required for accumulation of some, but not all, C. elegans endogenous siRNAs. RNAN Y N. 2010;
16:893-903. https://doi.org/10.1261/rna.2122010 PMID: 20354150

Welker NC, Maity TS, Ye X, Aruscavage PJ, Krauchuk AA, Liu Q, et al. Dicer’s helicase domain dis-
criminates dsRNA termini to promote an altered reaction mode. Mol Cell. 2011; 41:589-599. https://
doi.org/10.1016/j.molcel.2011.02.005 PMID: 21362554

Sarkies P, Miska EA. RNAI pathways in the recognition of foreign RNA: antiviral responses and host-
parasite interactions in nematodes. Biochem Soc Trans. 2013; 41:876-880. https://doi.org/10.1042/
BST20130021 PMID: 23863148

Aliyari R, Ding S-W. RNA-based viral immunity initiated by the Dicer family of host immune receptors.
Immunol Rev. 2009; 227:176—188. https://doi.org/10.1111/j.1600-065X.2008.00722.x PMID:
19120484

Galiana-Arnoux D, Dostert C, Schneemann A, Hoffmann JA, Imler J-L. Essential function in vivo for
Dicer-2 in host defense against RNA viruses in drosophila. Nat Immunol. 2006; 7:590-597. https://doi.
org/10.1038/ni1335 PMID: 16554838

Li H, Li WX, Ding SW. Induction and suppression of RNA silencing by an animal virus. Science. 2002;
296:1319-1321. https://doi.org/10.1126/science. 1070948 PMID: 12016316

van Rij RP, Saleh M-C, Berry B, Foo C, Houk A, Antoniewski C, et al. The RNA silencing endonucle-
ase Argonaute 2 mediates specific antiviralimmunity in Drosophila melanogaster. Genes Dev. 2006;
20:2985—2995. https://doi.org/10.1101/gad.1482006 PMID: 17079687

Wang X-H, Aliyari R, Li W-X, Li H-W, Kim K, Carthew R, et al. RNA interference directs innate immu-
nity against viruses in adult Drosophila. Science. 2006; 312:452—454. https://doi.org/10.1126/science.
1125694 PMID: 16556799

Marques JT, Wang J-P, Wang X, de Oliveira KPV, Gao C, Aguiar ERGR, et al. Functional specializa-
tion of the small interfering RNA pathway in response to virus infection. PLoS Pathog. 2013; 9:
e1003579. https://doi.org/10.1371/journal.ppat.1003579 PMID: 24009507

Cenik ES, Fukunaga R, Lu G, Dutcher R, Wang Y, Tanaka Hall TM, et al. Phosphate and R2D2 restrict
the substrate specificity of Dicer-2, an ATP-driven ribonuclease. Mol Cell. 2011; 42: 172—-184. https:/
doi.org/10.1016/j.molcel.2011.03.002 PMID: 21419681

Liu Q, Paroo Z. Biochemical principles of small RNA pathways. Annu Rev Biochem. 2010; 79:295—
319. https://doi.org/10.1146/annurev.biochem.052208.151733 PMID: 20205586

Sinha NK, Trettin KD, Aruscavage PJ, Bass BL. Drosophila dicer-2 cleavage is mediated by helicase-
and dsRNA termini-dependent states that are modulated by Loquacious-PD. Mol Cell. 2015; 58:406—
417. https://doi.org/10.1016/j.molcel.2015.03.012 PMID: 25891075

Brisse M, Ly H. Comparative Structure and Function Analysis of the RIG-I-Like Receptors: RIG-I and
MDADS. Front Immunol. 2019; 10:1586. https://doi.org/10.3389/fimmu.2019.01586 PMID: 31379819

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al. Differential roles of MDA5
and RIG-I helicases in the recognition of RNA viruses. Nature. 2006; 441:101-105. https://doi.org/10.
1038/nature04734 PMID: 16625202

Rodriguez KR, Bruns AM, Horvath CM. MDA5 and LGP2: accomplices and antagonists of antiviral sig-
nal transduction. J Virol. 2014; 88:8194-8200. https://doi.org/10.1128/JV1.00640-14 PMID: 24850739

Majzoub K, Wrensch F, Baumert TF. The Innate Antiviral Response in Animals: An Evolutionary Per-
spective from Flagellates to Humans. Viruses. 2019; 11:E758. https://doi.org/10.3390/v11080758
PMID: 31426357

Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in RNA sensing. Nat Rev Immu-
nol. 2020; 20:537-551. https://doi.org/10.1038/s41577-020-0288-3 PMID: 32203325

Deddouche S, Matt N, Budd A, Mueller S, Kemp C, Galiana-Arnoux D, et al. The DExD/H-
box helicase Dicer-2 mediates the induction of antiviral activity in drosophila. Nat Immunol. 2008;
9:1425-32. https://doi.org/10.1038/ni.1664 PMID: 18953338

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 15/19


https://doi.org/10.1126/science.1132839
http://www.ncbi.nlm.nih.gov/pubmed/17124291
https://doi.org/10.1016/j.cell.2006.09.033
http://www.ncbi.nlm.nih.gov/pubmed/17110334
https://doi.org/10.1534/genetics.109.108134
http://www.ncbi.nlm.nih.gov/pubmed/19797044
https://doi.org/10.1261/rna.2122010
http://www.ncbi.nlm.nih.gov/pubmed/20354150
https://doi.org/10.1016/j.molcel.2011.02.005
https://doi.org/10.1016/j.molcel.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21362554
https://doi.org/10.1042/BST20130021
https://doi.org/10.1042/BST20130021
http://www.ncbi.nlm.nih.gov/pubmed/23863148
https://doi.org/10.1111/j.1600-065X.2008.00722.x
http://www.ncbi.nlm.nih.gov/pubmed/19120484
https://doi.org/10.1038/ni1335
https://doi.org/10.1038/ni1335
http://www.ncbi.nlm.nih.gov/pubmed/16554838
https://doi.org/10.1126/science.1070948
http://www.ncbi.nlm.nih.gov/pubmed/12016316
https://doi.org/10.1101/gad.1482006
http://www.ncbi.nlm.nih.gov/pubmed/17079687
https://doi.org/10.1126/science.1125694
https://doi.org/10.1126/science.1125694
http://www.ncbi.nlm.nih.gov/pubmed/16556799
https://doi.org/10.1371/journal.ppat.1003579
http://www.ncbi.nlm.nih.gov/pubmed/24009507
https://doi.org/10.1016/j.molcel.2011.03.002
https://doi.org/10.1016/j.molcel.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21419681
https://doi.org/10.1146/annurev.biochem.052208.151733
http://www.ncbi.nlm.nih.gov/pubmed/20205586
https://doi.org/10.1016/j.molcel.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25891075
https://doi.org/10.3389/fimmu.2019.01586
http://www.ncbi.nlm.nih.gov/pubmed/31379819
https://doi.org/10.1038/nature04734
https://doi.org/10.1038/nature04734
http://www.ncbi.nlm.nih.gov/pubmed/16625202
https://doi.org/10.1128/JVI.00640-14
http://www.ncbi.nlm.nih.gov/pubmed/24850739
https://doi.org/10.3390/v11080758
http://www.ncbi.nlm.nih.gov/pubmed/31426357
https://doi.org/10.1038/s41577-020-0288-3
http://www.ncbi.nlm.nih.gov/pubmed/32203325
https://doi.org/10.1038/ni.1664
http://www.ncbi.nlm.nih.gov/pubmed/18953338
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Jiang F, Ramanathan A, Miller MT, Tang G-Q, Gale M, Patel SS, et al. Structural basis of RNA recog-
nition and activation by innate immune receptor RIG-I. Nature. 2011; 479:423-427. https://doi.org/10.
1038/nature10537 PMID: 21947008

Myong S, Cui S, Cornish PV, Kirchhofer A, Gack MU, Jung JU, et al. Cytosolic viral sensor RIG-I is a
5’-triphosphate-dependent translocase on double-stranded RNA. Science. 2009; 323:1070-1074.
https://doi.org/10.1126/science.1168352 PMID: 19119185

Kowalinski E, Lunardi T, McCarthy AA, Louber J, Brunel J, Grigorov B, et al. Structural basis for the
activation of innate immune pattern-recognition receptor RIG-I by viral RNA. Cell. 2011; 147: 423—
435. https://doi.org/10.1016/j.cell.2011.09.039 PMID: 22000019

Saito T, Hirai R, Loo Y-M, Owen D, Johnson CL, Sinha SC, et al. Regulation of innate antiviral
defenses through a shared repressor domain in RIG-I and LGP2. Proc Natl Acad Sci U S A. 2007;
104:582-587. https://doi.org/10.1073/pnas.0606699104 PMID: 17190814

Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi M, et al. The RNA helicase
RIG-I has an essential function in double-stranded RNA-induced innate antiviral responses. Nat Immu-
nol. 2004; 5:730-737. https://doi.org/10.1038/ni1087 PMID: 15208624

Berke IC, Yu X, Modis Y, Egelman EH. MDA5 assembles into a polar helical filament on dsRNA. Proc
Natl Acad Sci U S A. 2012; 109:18437—18441. https://doi.org/10.1073/pnas.1212186109 PMID:
23090998

Berke IC, Modis Y. MDAS5 cooperatively forms dimers and ATP-sensitive filaments upon binding dou-
ble-stranded RNA. EMBO J. 2012; 31:1714—1726. https://doi.org/10.1038/emboj.2012.19 PMID:
22314235

Cagliani R, Forni D, Tresoldi C, Pozzoli U, Filippi G, Rainone V, et al. RIG-I-like receptors evolved
adaptively in mammals, with parallel evolution at LGP2 and RIG-I. J Mol Biol. 2014; 426:1351-1365.
https://doi.org/10.1016/j.jmb.2013.10.040 PMID: 24211720

Uchikawa E, Lethier M, Malet H, Brunel J, Gerlier D, Cusack S. Structural Analysis of dsRNA Binding
to Anti-viral Pattern Recognition Receptors LGP2 and MDAS. Mol Cell. 2016; 62:586—602. https://doi.
org/10.1016/j.molcel.2016.04.021 PMID: 27203181

Nan 'Y, Nan G, Zhang Y-J. Interferon Induction by RNA Viruses and Antagonism by Viral Pathogens.
Viruses. 2014; 6:4999-5027. https://doi.org/10.3390/v6124999 PMID: 25514371

Schreiber G, Piehler J. The molecular basis for functional plasticity in type | interferon signaling.
Trends Immunol. 2015; 36:139-149. https://doi.org/10.1016/}.it.2015.01.002 PMID: 25687684

Pestka S, Krause CD, Walter MR. Interferons, interferon-like cytokines, and their receptors. Immunol
Rev. 2004; 202:8-32. https://doi.org/10.1111/1.0105-2896.2004.00204.x PMID: 15546383

Stark GR, Darnell JE. The JAK-STAT pathway at twenty. Immunity. 2012; 36:503-514. https://doi.org/
10.1016/j.immuni.2012.03.013 PMID: 22520844

Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, Matsushita K, et al. Length-dependent recog-
nition of double-stranded ribonucleic acids by retinoic acid-inducible gene-1 and melanoma differentia-
tion-associated gene 5. J Exp Med. 2008; 205: 1601-1610. https://doi.org/10.1084/jem.20080091
PMID: 18591409

Loo Y-M, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez-Sobrido L, et al. Distinct RIG-I and
MDADS signaling by RNA viruses in innate immunity. J Virol. 2008; 82:335-345. https://doi.org/10.
1128/JV1.01080-07 PMID: 17942531

Chiang JJ, Sparrer KMJ, van Gent M, Lassig C, Huang T, Osterrieder N, et al. Viral unmasking of cellu-
lar 5S rRNA pseudogene transcripts induces RIG-I-mediated immunity. Nat Immunol. 2018; 19: 53—
62. https://doi.org/10.1038/s41590-017-0005-y PMID: 29180807

ZhaoY, Ye X, Dunker W, Song Y, Karijolich J. RIG-I like receptor sensing of host RNAs facilitates the
cell-intrinsic immune response to KSHV infection. Nat Commun 2018; 9: 4841. https://doi.org/10.
1038/s41467-018-07314-7 PMID: 30451863

Dias Junior AG, Sampaio NG, Rehwinkel J. A Balancing Act: MDA5 in Antiviral Immunity and Autoin-
flammation. Trends Microbiol. 2019; 27:75-85. https://doi.org/10.1016/}.tim.2018.08.007 PMID:
30201512

Cao X, Ding Q, Lu J, Tao W, Huang B, Zhao Y, et al. MDAG5 plays a critical role in interferon response
during hepatitis C virus infection. J Hepatol. 2015; 62:771-778. https://doi.org/10.1016/j.jhep.2014.11.
007 PMID: 25463548

Dang W, XuL, YinY, Chen S, Wang W, Hakim MS, et al. IRF-1, RIG-I and MDAS5 display potent antivi-
ral activities against norovirus coordinately induced by different types of interferons. Antiviral Res.
2018; 155:48-59. https://doi.org/10.1016/j.antiviral.2018.05.004 PMID: 29753657

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 16/19


https://doi.org/10.1038/nature10537
https://doi.org/10.1038/nature10537
http://www.ncbi.nlm.nih.gov/pubmed/21947008
https://doi.org/10.1126/science.1168352
http://www.ncbi.nlm.nih.gov/pubmed/19119185
https://doi.org/10.1016/j.cell.2011.09.039
http://www.ncbi.nlm.nih.gov/pubmed/22000019
https://doi.org/10.1073/pnas.0606699104
http://www.ncbi.nlm.nih.gov/pubmed/17190814
https://doi.org/10.1038/ni1087
http://www.ncbi.nlm.nih.gov/pubmed/15208624
https://doi.org/10.1073/pnas.1212186109
http://www.ncbi.nlm.nih.gov/pubmed/23090998
https://doi.org/10.1038/emboj.2012.19
http://www.ncbi.nlm.nih.gov/pubmed/22314235
https://doi.org/10.1016/j.jmb.2013.10.040
http://www.ncbi.nlm.nih.gov/pubmed/24211720
https://doi.org/10.1016/j.molcel.2016.04.021
https://doi.org/10.1016/j.molcel.2016.04.021
http://www.ncbi.nlm.nih.gov/pubmed/27203181
https://doi.org/10.3390/v6124999
http://www.ncbi.nlm.nih.gov/pubmed/25514371
https://doi.org/10.1016/j.it.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25687684
https://doi.org/10.1111/j.0105-2896.2004.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/15546383
https://doi.org/10.1016/j.immuni.2012.03.013
https://doi.org/10.1016/j.immuni.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22520844
https://doi.org/10.1084/jem.20080091
http://www.ncbi.nlm.nih.gov/pubmed/18591409
https://doi.org/10.1128/JVI.01080-07
https://doi.org/10.1128/JVI.01080-07
http://www.ncbi.nlm.nih.gov/pubmed/17942531
https://doi.org/10.1038/s41590-017-0005-y
http://www.ncbi.nlm.nih.gov/pubmed/29180807
https://doi.org/10.1038/s41467-018-07314-7
https://doi.org/10.1038/s41467-018-07314-7
http://www.ncbi.nlm.nih.gov/pubmed/30451863
https://doi.org/10.1016/j.tim.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30201512
https://doi.org/10.1016/j.jhep.2014.11.007
https://doi.org/10.1016/j.jhep.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25463548
https://doi.org/10.1016/j.antiviral.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29753657
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

LiL, Fan H, Song Z, Liu X, Bai J, Jiang P. Encephalomyocarditis virus 2C protein antagonizes inter-
feron-@ signaling pathway through interaction with MDA5. Antiviral Res. 2019; 161:70-84. https://doi.
org/10.1016/j.antiviral.2018.10.010 PMID: 30312637

Lu H-L, Liao F. Melanoma differentiation-associated gene 5 senses hepatitis B virus and activates
innate immune signaling to suppress virus replication. J Immunol. 2013; 191:3264—-3276. https://doi.
org/10.4049/jimmunol. 1300512 PMID: 23926323

Melchjorsen J, Rintahaka J, Sgby S, Horan KA, Poltajainen A, Ostergaard L, et al. Early innate recog-
nition of herpes simplex virus in human primary macrophages is mediated via the MDA5/MAVS-
dependent and MDA5/MAVS/RNA polymerase lll-independent pathways. J Virol. 2010; 84:11350—
11358. https://doi.org/10.1128/JVI.01106-10 PMID: 20739519

WeilL, CuiJ, Song Y, Zhang S, Han F, Yuan R, et al. Duck MDAG5 functions in innate immunity against
H5N1 highly pathogenic avian influenza virus infections. Vet Res. 2014; 45:66. https://doi.org/10.
1186/1297-9716-45-66 PMID: 24939427

Zhang Z, Filzmayer C, Ni Y, Siltmann H, Mutz P, Hiet M-S, et al. Hepatitis D virus replication is sensed
by MDAS and induces IFN-3/A responses in hepatocytes. J Hepatol. 2018; 69:25-35. https://doi.org/
10.1016/j.jhep.2018.02.021 PMID: 29524530

Poirier EZ, Goic B, Tomé-Poderti L, Frangeul L, Boussier J, Gausson V, et al. Dicer-2-Dependent
Generation of Viral DNA from Defective Genomes of RNA Viruses Modulates Antiviral Immunity in
Insects. Cell Host Microbe. 2018; 23:353-365.e8. https://doi.org/10.1016/j.chom.2018.02.001 PMID:
29503180

Tassetto M, Kunitomi M, Whitfield ZJ, Dolan PT, Sanchez-Vargas |, Garcia-Knight M, et al. Control of
RNA viruses in mosquito cells through the acquisition of vDNA and endogenous viral elements. Elife.
2019;8. https://doi.org/10.7554/eLife.41244 PMID: 31621580

Marriott AC, Dimmock NJ. Defective interfering viruses and their potential as antiviral agents. Rev
Med Virol. 2010; 20:51-62. https://doi.org/10.1002/rmv.641 PMID: 20041441

Sanchez David RY, Combredet C, Sismeiro O, Dillies M-A, Jagla B, Coppée J-Y, et al. Comparative
analysis of viral RNA signatures on different RIG-I-like receptors. Elife. 2016; 5:e11275. https://doi.
org/10.7554/eLife.11275 PMID: 27011352

Ding S-W. RNA-based antiviral immunity. Nat Rev Immunol. 2010; 10:632—644. https://doi.org/10.
1038/nri2824 PMID: 20706278

Li Y, Basavappa M, Lu J, Dong S, Cronkite DA, Prior JT, et al. Induction and suppression of antiviral
RNA interference by influenza A virus in mammalian cells. Nat Microbiol. 2016; 2:16250. https://doi.
org/10.1038/nmicrobiol.2016.250 PMID: 27918527

Maillard PV, Ciaudo C, Marchais A, Li Y, Jay F, Ding SW, et al. Antiviral RNA Interference in Mamma-
lian Cells. Science. 2013; 342:235-238. https://doi.org/10.1126/science.1241930 PMID: 24115438

QiuY, XuY, Zhang Y, Zhou H, Deng Y-Q, Li X-F, et al. Human Virus-Derived Small RNAs Can Confer
Antiviral Immunity in Mammals. Immunity. 2017; 46:992—1004.e5. https://doi.org/10.1016/j.immuni.
2017.05.006 PMID: 28636969

Burke DC, Graham CF, Lehman JM. Appearance of interferon inducibility and sensitivity during differ-
entiation of murine teratocarcinoma cells in vitro. Cell. 1978; 13:243-248. https://doi.org/10.1016/
0092-8674(78)90193-9 PMID: 627035

D’Angelo W, Acharya D, Wang R, Wang J, Gurung C, Chen B, et al. Development of Antiviral Innate
Immunity During In Vitro Differentiation of Mouse Embryonic Stem Cells. Stem Cells Dev. 2016;
25:648-659. https://doi.org/10.1089/scd.2015.0377 PMID: 26906411

Stein P, Zeng F, Pan H, Schultz RM. Absence of non-specific effects of RNA interference triggered by
long double-stranded RNA in mouse oocytes. Dev Biol. 2005; 286:464—471. https://doi.org/10.1016/j.
ydbio.2005.08.015 PMID: 16154556

Maillard PV, der Veen AGV, Deddouche-Grass S, Rogers NC, Merits A, e Sousa CR. Inactivation of
the type | interferon pathway reveals long double-stranded RNA-mediated RNA interference in mam-
malian cells. EMBO J. 2016; 35: 2505-2518. https://doi.org/10.15252/embj.201695086 PMID:
27815315

Adiliaghdam F, Basavappa M, Saunders TL, Harjanto D, Prior JT, Cronkite DA, et al. A Requirement
for Argonaute 4 in Mammalian Antiviral Defense. Cell Rep. 2020; 30:1690—-1701.e4. https://doi.org/10.
1016/j.celrep.2020.01.021 PMID: 32049003

Qiu Y, Xu Y-P, Wang M, Miao M, Zhou H, Xu J, et al. Flavivirus induces and antagonizes antiviral RNA
interference in both mammals and mosquitoes. Sci Adv. 2020; 6:eaax7989. https://doi.org/10.1126/
sciadv.aax7989 PMID: 32076641

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 17/19


https://doi.org/10.1016/j.antiviral.2018.10.010
https://doi.org/10.1016/j.antiviral.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30312637
https://doi.org/10.4049/jimmunol.1300512
https://doi.org/10.4049/jimmunol.1300512
http://www.ncbi.nlm.nih.gov/pubmed/23926323
https://doi.org/10.1128/JVI.01106-10
http://www.ncbi.nlm.nih.gov/pubmed/20739519
https://doi.org/10.1186/1297-9716-45-66
https://doi.org/10.1186/1297-9716-45-66
http://www.ncbi.nlm.nih.gov/pubmed/24939427
https://doi.org/10.1016/j.jhep.2018.02.021
https://doi.org/10.1016/j.jhep.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29524530
https://doi.org/10.1016/j.chom.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29503180
https://doi.org/10.7554/eLife.41244
http://www.ncbi.nlm.nih.gov/pubmed/31621580
https://doi.org/10.1002/rmv.641
http://www.ncbi.nlm.nih.gov/pubmed/20041441
https://doi.org/10.7554/eLife.11275
https://doi.org/10.7554/eLife.11275
http://www.ncbi.nlm.nih.gov/pubmed/27011352
https://doi.org/10.1038/nri2824
https://doi.org/10.1038/nri2824
http://www.ncbi.nlm.nih.gov/pubmed/20706278
https://doi.org/10.1038/nmicrobiol.2016.250
https://doi.org/10.1038/nmicrobiol.2016.250
http://www.ncbi.nlm.nih.gov/pubmed/27918527
https://doi.org/10.1126/science.1241930
http://www.ncbi.nlm.nih.gov/pubmed/24115438
https://doi.org/10.1016/j.immuni.2017.05.006
https://doi.org/10.1016/j.immuni.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28636969
https://doi.org/10.1016/0092-8674%2878%2990193-9
https://doi.org/10.1016/0092-8674%2878%2990193-9
http://www.ncbi.nlm.nih.gov/pubmed/627035
https://doi.org/10.1089/scd.2015.0377
http://www.ncbi.nlm.nih.gov/pubmed/26906411
https://doi.org/10.1016/j.ydbio.2005.08.015
https://doi.org/10.1016/j.ydbio.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16154556
https://doi.org/10.15252/embj.201695086
http://www.ncbi.nlm.nih.gov/pubmed/27815315
https://doi.org/10.1016/j.celrep.2020.01.021
https://doi.org/10.1016/j.celrep.2020.01.021
http://www.ncbi.nlm.nih.gov/pubmed/32049003
https://doi.org/10.1126/sciadv.aax7989
https://doi.org/10.1126/sciadv.aax7989
http://www.ncbi.nlm.nih.gov/pubmed/32076641
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

Girardi E, Lefévre M, Chane-Woon-Ming B, Paro S, Claydon B, Imler J-L, et al. Cross-species compar-
ative analysis of Dicer proteins during Sindbis virus infection. Sci Rep. 2015; 5:10693. https://doi.org/
10.1038/srep10693 PMID: 26024431

Kennedy EM, Kornepati AVR, Bogerd HP, Cullen BR. Partial reconstitution of the RNAi response in
human cells using Drosophila gene products. RNA. 2017; 23:153—160. https://doi.org/10.1261/rna.
059345.116 PMID: 27837013

Parameswaran P, Sklan E, Wilkins C, Burgon T, Samuel MA, Lu R, et al. Six RNA Viruses and Forty-
One Hosts: Viral Small RNAs and Modulation of Small RNA Repertoires in Vertebrate and Invertebrate
Systems. PLoS Pathog. 2010; 6:e1000764. https://doi.org/10.1371/journal.ppat. 1000764 PMID:
20169186

Schuster S, Overheul GJ, Bauer L, van Kuppeveld FJM, van Rij RP. No evidence for viral small RNA
production and antiviral function of Argonaute 2 in human cells. Sci Rep. 2019; 9:1—11. https://doi.org/
10.1038/s41598-018-37186-2 PMID: 30626917

Bogerd HP, Skalsky RL, Kennedy EM, Furuse Y, Whisnant AW, Flores O, et al. Replication of Many
Human Viruses Is Refractory to Inhibition by Endogenous Cellular MicroRNAs. J Virol. 2014;
88:8065—-8076. https://doi.org/10.1128/JVI1.00985-14 PMID: 24807715

Provost P, Dishart D, Doucet J, Frendewey D, Samuelsson B, Radmark O. Ribonuclease activity and
RNA binding of recombinant human Dicer. EMBO J. 2002; 21:5864—5874. https://doi.org/10.1093/
emboj/cdf578 PMID: 12411504

Zhang H, Kolb FA, Brondani V, Billy E, Filipowicz W. Human Dicer preferentially cleaves dsRNAs at
their termini without a requirement for ATP. EMBO J. 2002; 21:5875-5885. Available from: http://
www.ncbi.nlm.nih.gov/htbin-post/Entrez/query?db=m&form=6&dopt=r&uid=12411505. https://doi.
org/10.1093/emboj/cdf582 PMID: 12411505

Chakravarthy S, Sternberg SH, Kellenberger CA, Doudna JA. Substrate-specific kinetics of Dicer-cat-
alyzed RNA processing. J Mol Biol. 2010; 404:392—402. https://doi.org/10.1016/j.jmb.2010.09.030
PMID: 20932845

Kennedy EM, Whisnant AW, Kornepati AVR, Marshall JB, Bogerd HP, Cullen BR. Production of func-
tional small interfering RNAs by an amino-terminal deletion mutant of human Dicer. Proc Natl Acad
Sci. 2015; 112:E6945-E6954. https://doi.org/10.1073/pnas.1513421112 PMID: 26621737

Flemr M, Malik R, Franke V, Nejepinska J, Sedlacek R, Vlahovicek K, et al. A retrotransposon-driven
dicer isoform directs endogenous small interfering RNA production in mouse oocytes. Cell. 2013;
155:807-816. https://doi.org/10.1016/j.cell.2013.10.001 PMID: 24209619

Poirier EZ, Buck MD, Chakravarty P, Carvalho J, Frederico B, Cardoso A, et al. An isoform of Dicer
protects mammalian stem cells against multiple RNA viruses. Science. 2021; 373:231-236. https://
doi.org/10.1126/science.abg2264 PMID: 34244417

van der Veen AG, Maillard PV, Schmidt JM, Lee SA, Deddouche-Grass S, Borg A, et al. The RIG-I-
like receptor LGP2 inhibits Dicer-dependent processing of long double-stranded RNA and blocks RNA
interference in mammalian cells. EMBO J. 2018; 37:€97479. https://doi.org/10.15252/emb)j.
201797479 PMID: 29351913

Haase AD, Jaskiewicz L, Zhang H, Laine S, Sack R, Gatignol A, et al. TRBP, a regulator of cellular
PKR and HIV-1 virus expression, interacts with Dicer and functions in RNA silencing. EMBO Rep.
2005; 6:961-7. https://doi.org/10.1038/sj.embor.7400509 PMID: 16142218

Farabaugh KT, Krokowski D, Guan B-J, Gao Z, Gao X-H, Wu J, et al. PACT-mediated PKR activation
acts as a hyperosmotic stress intensity sensor weakening osmoadaptation and enhancing inflamma-
tion. O’Riordan MX, Taniguchi T, editors. Elife. 2020; 9:€52241. https://doi.org/10.7554/eLife.52241
PMID: 32175843

Li S, Peters GA, Ding K, Zhang X, Qin J, Sen GC. Molecular basis for PKR activation by PACT or
dsRNA. Proc Natl Acad Sci. 2006; 103:10005—-10010. https://doi.org/10.1073/pnas.0602317103
PMID: 16785445

Clerzius G, Shaw E, Daher A, Burugu S, Gélinas J-F, Ear T, et al. The PKR activator, PACT, becomes
a PKR inhibitor during HIV-1 replication. Retrovirology. 2013; 10:96. https://doi.org/10.1186/1742-
4690-10-96 PMID: 24020926

Montavon TC, Baldaccini M, Lefevre M, Girardi E, Chane-Woon-Ming B, Messmer M, et al. Human
DICER helicase domain recruits PKR and modulates its antiviral activity. PLoS Pathog. 2021; 17:
€1009549. https://doi.org/10.1371/journal.ppat.1009549 PMID: 33984068

Gurung C, Fendereski M, Sapkota K, Guo J, Huang F, Guo Y-L. Dicer represses the interferon
response and the double-stranded RNA-activated protein kinase pathway in mouse embryonic stem
cells. J Biol Chem. 2021; 296:100264. https://doi.org/10.1016/j.jbc.2021.100264 PMID: 33837743

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 18/19


https://doi.org/10.1038/srep10693
https://doi.org/10.1038/srep10693
http://www.ncbi.nlm.nih.gov/pubmed/26024431
https://doi.org/10.1261/rna.059345.116
https://doi.org/10.1261/rna.059345.116
http://www.ncbi.nlm.nih.gov/pubmed/27837013
https://doi.org/10.1371/journal.ppat.1000764
http://www.ncbi.nlm.nih.gov/pubmed/20169186
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.1128/JVI.00985-14
http://www.ncbi.nlm.nih.gov/pubmed/24807715
https://doi.org/10.1093/emboj/cdf578
https://doi.org/10.1093/emboj/cdf578
http://www.ncbi.nlm.nih.gov/pubmed/12411504
http://www.ncbi.nlm.nih.gov/htbin-post/Entrez/query?db=m&form=6&dopt=r&uid=12411505
http://www.ncbi.nlm.nih.gov/htbin-post/Entrez/query?db=m&form=6&dopt=r&uid=12411505
https://doi.org/10.1093/emboj/cdf582
https://doi.org/10.1093/emboj/cdf582
http://www.ncbi.nlm.nih.gov/pubmed/12411505
https://doi.org/10.1016/j.jmb.2010.09.030
http://www.ncbi.nlm.nih.gov/pubmed/20932845
https://doi.org/10.1073/pnas.1513421112
http://www.ncbi.nlm.nih.gov/pubmed/26621737
https://doi.org/10.1016/j.cell.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24209619
https://doi.org/10.1126/science.abg2264
https://doi.org/10.1126/science.abg2264
http://www.ncbi.nlm.nih.gov/pubmed/34244417
https://doi.org/10.15252/embj.201797479
https://doi.org/10.15252/embj.201797479
http://www.ncbi.nlm.nih.gov/pubmed/29351913
https://doi.org/10.1038/sj.embor.7400509
http://www.ncbi.nlm.nih.gov/pubmed/16142218
https://doi.org/10.7554/eLife.52241
http://www.ncbi.nlm.nih.gov/pubmed/32175843
https://doi.org/10.1073/pnas.0602317103
http://www.ncbi.nlm.nih.gov/pubmed/16785445
https://doi.org/10.1186/1742-4690-10-96
https://doi.org/10.1186/1742-4690-10-96
http://www.ncbi.nlm.nih.gov/pubmed/24020926
https://doi.org/10.1371/journal.ppat.1009549
http://www.ncbi.nlm.nih.gov/pubmed/33984068
https://doi.org/10.1016/j.jbc.2021.100264
http://www.ncbi.nlm.nih.gov/pubmed/33837743
https://doi.org/10.1371/journal.ppat.1010072

PLOS PATHOGENS

125.

126.

127.

128.

129.

130.

131.

132.

133.

Ota H, Sakurai M, Gupta R, Valente L, Wulff B-E, Ariyoshi K, et al. ADAR1 forms a complex with Dicer
to promote microRNA processing and RNA-induced gene silencing. Cell. 2013; 153:575-589. https://
doi.org/10.1016/j.cell.2013.03.024 PMID: 23622242

Fu Q, Yuan YA. Structural insights into RISC assembly facilitated by dsRNA-binding domains of
human RNA helicase A (DHX9). Nucleic Acids Res. 2013; 41:3457-3470. https://doi.org/10.1093/nar/
gkt042 PMID: 23361462

Sato S, Li K, Kameyama T, Hayashi T, Ishida Y, Murakami S, et al. The RNA sensor RIG-I dually func-
tions as an innate sensor and direct antiviral factor for hepatitis B virus. Immunity. 2015; 42:123-132.
https://doi.org/10.1016/j.immuni.2014.12.016 PMID: 25557055

Weber M, Sediri H, Felgenhauer U, Binzen |, Banfer S, Jacob R, et al. Influenza virus adaptation PB2-
627K modulates nucleocapsid inhibition by the pathogen sensor RIG-I. Cell Host Microbe. 2015;
17:309-319. https://doi.org/10.1016/j.chom.2015.01.005 PMID: 25704008

Yao H, Dittmann M, Peisley A, Hoffmann H-H, Gilmore RH, Schmidt T, et al. ATP-dependent effector-
like functions of RIG-I-like receptors. Mol Cell. 2015; 58:541-548. https://doi.org/10.1016/j.molcel.
2015.03.014 PMID: 25891073

Yamada T, Sato S, Sotoyama Y, Orba Y, Sawa H, Yamauchi H, et al. RIG-I triggers a signaling-abor-
tive anti-SARS-CoV-2 defense in human lung cells. Nat Immunol. 2021; 22:820-828. https://doi.org/
10.1038/s41590-021-00942-0 PMID: 33976430

Onomoto K, Onoguchi K, Yoneyama M. Regulation of RIG-I-like receptor-mediated signaling: interac-

tion between host and viral factors. Cell Mol Immunol. 2021; 18:539-555. https://doi.org/10.1038/
s41423-020-00602-7 PMID: 33462384

Taschuk F, Cherry S. DEAD-Box Helicases: Sensors, Regulators, and Effectors for Antiviral Defense.
Viruses. 2020; 12:E181. https://doi.org/10.3390/v12020181 PMID: 32033386

Raniji A, Boris-Lawrie K. RNA helicases: emerging roles in viral replication and the host innate
response. RNA Biol. 2010; 7:775-787. https://doi.org/10.4161/rna.7.6.14249 PMID: 21173576

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010072 December 9, 2021 19/19


https://doi.org/10.1016/j.cell.2013.03.024
https://doi.org/10.1016/j.cell.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/23622242
https://doi.org/10.1093/nar/gkt042
https://doi.org/10.1093/nar/gkt042
http://www.ncbi.nlm.nih.gov/pubmed/23361462
https://doi.org/10.1016/j.immuni.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25557055
https://doi.org/10.1016/j.chom.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25704008
https://doi.org/10.1016/j.molcel.2015.03.014
https://doi.org/10.1016/j.molcel.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25891073
https://doi.org/10.1038/s41590-021-00942-0
https://doi.org/10.1038/s41590-021-00942-0
http://www.ncbi.nlm.nih.gov/pubmed/33976430
https://doi.org/10.1038/s41423-020-00602-7
https://doi.org/10.1038/s41423-020-00602-7
http://www.ncbi.nlm.nih.gov/pubmed/33462384
https://doi.org/10.3390/v12020181
http://www.ncbi.nlm.nih.gov/pubmed/32033386
https://doi.org/10.4161/rna.7.6.14249
http://www.ncbi.nlm.nih.gov/pubmed/21173576
https://doi.org/10.1371/journal.ppat.1010072

