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Summary

Suppression of viral infection by RNA in a nucleotide sequence homology-dependent manner was
first reported in plants in early 1990s. Studies in the past 15 years have established a completely new
RNA-based immune system against viruses that is mechanistically Riverside, CA, USA. related to
RNA silencing or RNA interference (RNAI). This viral immunity begins with recognition of viral
double-stranded or structured RNA by the Dicer nuclease family of host immune receptors. In fungi,
plants and invertebrates, the viral RNA trigger is processed into small interfering RNAs (siRNAS)
to direct specific silencing of the homologous viral genomic and/or messenger RNAs by an RNaseH-
like Argonaute protein. Deep sequencing of virus-derived siRNAs indicates that the immunity against
viruses with a positive-strand RNA genome is induced by Dicer recognition of dSRNA formed during
the initiation of viral progeny (+)RNA synthesis. The RNA-based immune pathway in these
organisms overlaps the canonical dSRNA-siRNA pathway of RNAI and may require amplification
of viral sSiRNAs by host RNA-dependent RNA polymerase in plants and nematodes. Production of
virus-derived small RNAs is undetectable in mammalian cells infected with RNA viruses. However,
infection of mammals with several nucleus-replicating DNA viruses induces production of virus-
derived microRNAS capable of silencing host and viral mMRNAs as found for viral SiRNAs.
Remarkably, recent studies indicate that prokaryotes also produce virus-derived small RNAs known
as CRISPR RNAs to guide antiviral defense in a manner that has yet to be defined. In this article,
we review the recent progress on the identification and mechanism of the key components including
viral sensors, viral triggers, effectors, and amplifiers, of the small RNA-directed viral immunity. We
also highlight some of the many unresolved questions.
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Introduction

Innate immunity represents an ancient defense mechanism conserved in diverse multicellular
organisms that responds immediately upon pathogen attack. The discovery of host innate
immune receptors played a key role in understanding both the importance and mechanism of
innate immunity in the defense against pathogens (1,2). These receptors are collectively
referred to as pattern recognition receptors (PRRS), because they recognize conserved
molecular patterns associated with microbes. The transmembrane Toll-like receptors (TLRS)
and the cytosolic NOD-like receptors (NLRs) and RIG-I-like DExD/H box RNA helicases
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(RLRs) are among the best characterized families of PRRs. PRRs typically contain two key
functional domains. One domain interacts directly with microbial signatures shared by major
classes of microbes, whereas the second protein—protein interaction domain activates the
downstream signaling events, leading to transcription of immunity effector genes with broad-
spectrum anti-microbial activities (2).

The dsRNA-specific Dicer nucleases represent a distinct family of PRRs. Dicer also recognizes
a viral RNA trigger like some PRRs to initiate protective immunity against RNA and DNA
viruses; however, Dicer further processes the viral RNA trigger into virus-derived small RNAs,
which are assembled into effector complexes to guide specific antiviral defense via the RNA
silencing pathway (3). RNA silencing refers to related gene silencing mechanisms guided by
three broadly defined classes of small RNAs (4). Both small interfering RNAs (siRNAs) and
microRNAs (miRNAS) are Dicer products processed from perfect-base paired double-stranded
RNA (dsRNA) and hairpin dsRNA regions of single-stranded RNA precursors, respectively.
By contrast, PIWI-interacting RNAs (piRNAS) are Dicer independent. All three classes of
small RNAs are found in effector complexes, such as RNA-induced silencing complex (RISC),
that contain an Argonaute protein (AGO) as an essential component, and guide AGO-mediated,
specific gene silencing by base pairing between small RNAs and target genes. Upon viral
infection, fungi, plants, and invertebrate animals produce virus-derived siRNAs (VIRNAS) to
direct antiviral immunity (3). By contrast, infection of mammals with certain nucleus-
replicating DNA viruses induces production of virus-derived miRNAs capable of silencing
mRNAs of the cognate viruses (5). In this article, we review the recent progress on
understanding the mechanism of the key components of this Dicer-initiated viral immunity
(DV1) and highlight some of the many unresolved questions.

The Dicer family of type Il nucleases

Dicer proteins are type 111 endoribonucleases, which specifically cleave dsSRNA or hairpin
dsRNA regions of single-stranded RNAs. All RNase 111 enzymes encode a homologous
ribonuclease domain known as the RNase 111 domain, and dsRNA cleavages by RNase I11
produce duplex fragments with a characteristic terminal structure consisting of a 5’-phosphate
group and a two-nucleotide overhang at the 3'-end. Type I1l RNases are divided into three
classes (6) (Fig. 1). Class 1 RNases contain a single RNase 111 domain joined to a dsSRNA-
binding domain (dsRBD). Members of Class 1 RNases are found in bacteria and yeast, and
they play an important role in processing cellular and viral RNA targets. Class 1 RNase Il acts
as a tight homodimer in which the RNase 111 domain from two molecules combines to form a
single processing center, with each domain contributing to the hydrolysis of one RNA strand
of the dsRNA substrate. In vitro cleavage of perfect-base paired dSRNA by bacterial RNase
I11 occurs with little regard for sequence. However, a recent study (7) suggests that the dSRNA
sequence extending 10 bp from the cleavage site can affect RNase 111 activity by influencing
substrate affinity or catalysis.

Class 2 and class 3 RNases from fungi, plants, invertebrates, and vertebrates are essential for
the biogenesis of mMiIRNAs and/ or siRNAs. Known as Drosha and Dicer, respectively, both
classes of RNases contain two tandem RNase 111 domains. In addition, most of the Dicer
RNases from class 3 encode an N-terminal RNA helicase domain closely related to RLRs and
a PAZ (Piwi/Argonaute/Zwille) domain shared between Dicer and AGOs. Drosophila
melanogaster encodes two functionally distinct Dicers: Dicer-2 (DCR2) produces SiRNAs
from dsRNA precursors, whereas DCR1 recognizes stem-loop structures present in single-
stranded miRNA precursors (8,9). Arabidopsis thaliana encodes four Dicer-like proteins
(DCLs), all of which recognize dsRNA, although the primary role of DCLL1 is in the biogenesis
of miRNAs (8,9). However, mammals and the nematode Caenorhabditis elegans encode a
single Dicer required for the biogenesis of both miRNAs and endogenous siRNAs (endo-
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siRNAs). Dicer can cleave any dsSRNA with a simple preference toward the terminus of dsSRNA
and produce small duplex fragments of discrete sizes progressively from the terminus.

The presence of the helicase/adenosine triphosphatase (ATPase) domain is consistent with the
observation that generation of siRNAs from dsRNA in vitro by D. melanogaster DCR2 and C.
elegans DCR1 is stimulated by the addition of adenosine triphosphate (ATP). Genetic studies
also supported a role for the helicase domain of D. melanogaster DCR2 in dsSRNA processing
but not in the subsequent loading of siRNAs into RISC. However, ATP has no effect on the in
vitro dsRNA processing activity of human Dicer. Moreover, a functional helicase domain is
not found in DCR1 of D. melanogaster, either of the two Dicer-related proteins of amoeba
Dictyostelium which supports RNA., or the protozoan Giardia intestinalis Dicer that contains
a PAZ domain and tandem RNase 111 domains and can process dsRNA into 25-27 nucleotide
(nt) small RNAs.

The PAZ domain acts as a novel RNA-binding module that specifically recognizes the 2-nt 3'-
overhang of the siRNA duplex. However, a PAZ domain is not recognized in either DCR2 of
D. melanogaster or the fission yeast Dicer, which is required for the biogenesis of
heterochromatic siRNAs. Complementary biochemical and structural studies have illustrated
that the two RNase 11l domains of Dicer form an intramolecular dimer that resembles the
homodimer of class 1 RNases (10). The crystal structure of Giardia Dicer further revealed
Dicer as an elongated molecule with the RNase I11 dimer and PAZ domain connected by a long
helix run (11) (Fig. 2). Based on these findings, a model has been proposed to explain why
distinct Dicer RNases generates dsSRNA fragments of discrete sizes. For example, DCL4,
DCL2, and DCL3 of A. thaliana produce endo-siRNAs of 21, 22, and 24 nt, respectively
(12-14). Similarly, miRNAs produced by DCR1 in D. melanogaster are predominantly 22 nt
in length in contrast to endo-siRNAs produced by DCR2 which show preference for a length
of 21 nt (15). In this model, the PAZ domain of Dicer is responsible for anchoring the end of
a dsRNA so that the connector helix between the RNase 111 dimer and PAZ domain measures
the distance from the dsRNA end to the cleavage site (16).

Class 2 RNase Drosha is essential for the biogenesis of miRNAs in both invertebrates and
vertebrates. Drosha cleaves the hairpin regions of primary miRNA transcripts to yield pre-
miRNAs in the nucleus which are then processed into mature miRNAs in the cytoplasm by
Dicer. Drosha alone is not active, and specific pri-miRNA processing by Drosha requires its
binding partner Pasha (DGCR8), a protein with tandem dsRBDs. Dicer also has a binding
partner with tandem dsRBDs. Such a dsRBD protein, including Loquacious (Loqg) in D.
melanogaster, hyponastic leaves 1 (HYL1) in A. thaliana, and TAR RNA-binding protein
(TRBP) in humans, is ubiquitously required for the Dicer-dependent processing of pre-
miRNAs into mature miRNAs. By contrast, the dsRBD protein R2D2 of D. melanogaster,
which forms a heterodimer with DCR2, functions in sSiRNA loading but is dispensable for the
biogenesis of sSiRNAs from exogenous dsSRNA. Thus, it appears that a dSSRNA-binding protein
is required for the production of miRNAs from hairpin RNAs but not of siRNAs from perfect
dsRNA substrates by class 2 and class 3 RNase 111 enzymes. However, the dSRNA-binding
protein Rde-4 is essential for the biogenesis of both exo- and endo-siRNAs in C. elegans, and
recent studies (17) also revealed a role of Log in a DCR2 complex for the production of endo-
siRNAs in D. melanogaster.

Viral sensors

Detection of virus-specific small RNAs of both polarities in plant and fruit fly cells upon viral
infection had predicted a role for Dicer in the initiation of the RNA silencing-based antiviral
immunity (18,19). However, for anumber of reasons detailed below, identification of a specific
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Dicer(s) responsible for the production of viral sSiRNAs and the initiation of the small RNA-
directed viral immunity in D. melanogaster and A. thaliana was only reported in 2006.

D. melanogaster

RNA silencing in D. melanogaster includes three well-defined small RNA pathways. DCR2
and DCR1 initiate the canonical SiRNA pathway and the miRNA pathway, respectively,
whereas the piRNA pathway is Dicer independent. Use of a well-characterized Flock house
virus (FHV) (20) facilitated the genetic analysis of the small RNA-directed viral immunity.
FHYV is a natural insect pathogen and contains a bipartite positive-strand RNA [(+)RNA]
genome (Fig. 3) that replicates via dSRNA intermediates on the outer mitochondria membrane.
RNAL of FHV is 3.1 kb long and serves as both a genomic RNA and an mRNA for the
translation of the viral RNA-dependent RNA polymerase (RdRP). FHV RNA2 (1.2 kb)
encodes the coat protein precursor that is required for packaging the genomic RNAs 1 and 2
into virions. Thus, FHV RNAL can self-replicate independent of RNAZ2. Protein B2 is also
encoded by RNAL but is translated from RNA3, a non-packaged subgenomic RNA produced
after the replication of RNAL. B2 can suppress RNA silencing in both plant and fruit fly cells
(19) and contains a novel dsRBD that binds to long dSRNA and siRNA as a homodimer (21,
22). B2 inhibits both the in vitro DCR2-dependent processing of dSRNA into siRNA and RNA
interference (RNAI) induced by synthetic siRNAs in a dsSRNA binding-dependent manner,
suggesting a dual mode of RNAI suppression by the B2 protein (21,23,24).

Infection of S2 cells by FHV results in the production of 21-nt viral SiRNAs that can be detected
in Northern blots by probes hybridizing to any regions of either the (+) or (-) genomic RNAs
(19). Self-replication of wildtype FHV RNAL in S2 cells led to abundant accumulation of both
RNAL and RNA3. By contrast, self-replication of a B2-deficient FHV RNA1 mutant (FR1-
AB2) resulted in readily detectable accumulation of RNA1 and RNAS3 in S2 cells only after
treatment with dsSRNA targeting AGO2 mRNA (19). Intriguingly, treatment of cultured fruit
fly S2 cells with dsRNA targeting DCR1, DCR2, or both was unable to rescue the accumulation
of FR1-AB2, even though it is known that dsSRNA treatment efficiently depletes DCR1 and
DCR2 proteins and suppresses exo-RNA. as effectively as Ago-2 depletion (19,25,26). As
Ago-2 was known to act in the exo-RNAI pathway at the time (26), these findings implicated
but did not identify DCR2 as the Dicer to initiate the small RNA-directed viral immunity in
D. melanogaster.

Identification of D. melanogaster mutants carrying genetic lesions in DCR2 including a null
allele dcr-21811fsX (27) 'made it possible to re-examine the role of DCR2 in antiviral silencing
(28-31). Containing a premature stop codon before the RNase 111 domains, dcr-2-811fsX fljes
are defective for exo-RNAI but display no obvious developmental defect, because DCR2 is
dispensable for miRNA function. Independent studies from three groups showed that the DCR2
mutant flies exhibit enhanced disease susceptibility to all of the four (+)RNA viruses examined
(28-30). These include FHV, Sindbis virus and two polio-like insect viruses from the
Dicistroviride, Drosophila C virus (DCV) and cricket paralysis virus (CrPV). These viruses
accumulated to much higher levels and caused earlier and more complete lethality in the DCR2
mutant flies than in wildtype flies, indicating that DCR2 provides protection against diverse
(+)RNA viruses in D. melanogaster (28-30).

Fruit fly embryos support robust self-replication of FHV RNAL following microinjection of
FHV RNAL synthesized in transcription reaction in vitro (29). However, self-replication of
FR1-AB2 resulted in readily detectable accumulation of RNA1 and RNA3 in mutant embryos
carrying a homozygous null allele of ago-2 (ago-2414) but not in wildtype embryos. Thus, FHV
RNA replication in fly embryos induces Ago-2-dependent antiviral silencing which effectively
inhibits FHV replication without suppression of RNAi by B2 (29), which is similar to that
found in fly S2 cells (19). Notably, replication of FR1-AB2 was rescued in dcr-2-811fsX
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embryos as effectively as in ago-2414 embryos (19), and replication of FR1-AB2 encoded in a
transgene was also restored in dcr-21811X flies but not in wildtype flies (28). These findings
establish an essential and specific role for DCR2 in the small RNA-directed viral immunity in
D. melanogaster. Furthermore, antiviral silencing induced by FR1-AB2 is inhibited by the null
allele of dcr-2 (28,29) but not by the incomplete depletion of DCR2 in S2 cells treated with
dcr-2 dsRNA (19), suggesting that the viral immunity can be initiated by DCR2 at significantly
reduced expression levels.

Ultimately, identification of a host Dicer protein as the viral sensor of the small RNA-directed
viral immunity requires demonstration of a specific role of the Dicer in the biogenesis of viral
SiRNAs (3). FHV infection in both fruit fly cell culture and adult animals induces production
of viral siRNAs (19,28,29). Whereas significantly enhanced accumulation of FHV was
detected in both dcr-2L-811X and r2d25165X mytant flies, abundant viral siRNAs were
produced by r2d25165fX flies but not by der-2-8111X flies (19). Production of viral sSiRNAs
was also examined in wildtype, der-2L811f5X and ago-2414 embryos following self-replication
of FR1-AB2 in a recent study (32). Removal of B2 is necessary to probe the capacity of the
fly immune system in the recognition of viral triggers and in the production of viral SiRNAs
because B2 expression inhibited the biogenesis of viral sSiRNAs. Under these conditions,
production of viral siRNAs was demonstrated in wildtype embryos following replication of
FR1-AB2, even though the induced small RNA immunity potently inhibits FR1-AB2
replication, thereby restricting the accumulation of viral triggers for dicing. Rescue of FR1-
AB2 replication in ago-2414 embryos resulted in a dramatic increase in the production of viral
SiRNA. However, viral siRNAs were undetectable in dcr-2L8111X embryos in which FR1-
AB2 replication was efficiently rescued as in ago-2414 embryos and the miRNA-producing
dcr-1 was wildtype (32). Taken together, these data indicate that DCR1 may not be involved
in the biogenesis of viral siRNAs and that DCR2 acts as the viral sensor in the initiation of the
small RNA-directed viral immunity in D. melanogaster.

Drosophila X virus (DXV) contains a bi-segmented dsSRNA genome and flies infected with
DXV become sensitive to CO,. Enhanced susceptibility to DXV was observed in several RNAI
mutants, including ago-2 and r2d2 mutants in the sSiRNA pathway and piwi and aubergine (aub)
in the piRNA pathway but, intriguingly, not in either dcr-21-811X flies or a heterozygous der-1
mutant (31). This suggests that the biogenesis and activity of viral siRNAs from dsRNA
viruses, which remains to be experimentally verified, may follow a genetic pathway distinct
from the viral sSiRNAs of (+)RNA viruses.

The four Dicers of A. thaliana have specific roles in the biogenesis of distinct classes of
endogenous small RNAs (33). DCL3 produces 24-nt repeat-associated SiRNAs (rasiRNAS)
that target transposons, retro-element loci, and repetitive DNA. The DCL4-depependent trans-
acting siRNAs are 21 nt long and guide RNA silencing of endogenous targets. miRNAs are
predominantly made by DCL1. DCL1 and DCL2 are also required for the production of natural
anti-sense transcript-derived siRNA induced by biotic and abiotic stresses (34). Unlike DCR1
and DCR2 of D. melanogaster, there is functional redundancy among the DCLs of A. thaliana;
for example, DCL1, DCL2, and DCL4 can produce 21- and 22-nt rasiRNAs in the absence of
DCL3 (33). Functional redundancy was a major reason why early studies using single dcl
mutants of A. thaliana were unable to convincingly link viral susceptibility to Dicer (3). A
number of (+)RNA viruses (Fig. 4) have been used to investigate the immune responses of A.
thaliana, including cucumber mosaic virus (CMV), turnip mosaic virus (TuMV), turnip crinkle
virus (TCV), tobacco rattle virus (TRV), and oilseed rape mosaic virus (ORMV). The titers,
disease symptoms, and viral siRNAs of both TuMV and CMV in single dcl mutants were
indistinguishable from those in their respective wildtype parents (35). A reduction in the
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accumulation of viral sSiRNAs was observed in dcl2 mutant plants 7 days postinfection with
TCV, but this effect was transient and did not result in a predicted increase in the accumulation
of TCV in the infected plants (35).

Recent studies have shown that DCL4 and DCL2 act redundantly and either is sufficient to
initiate the small RNA-directed viral immunity in A. thaliana against diverse (+)RNA viruses
(36-39). DCL4 is the predominant viral sensor as most of the viral sSiRNAs detected in the
infected plants are 21 nt long. An exception was in the TCV-infected plants where 22-nt sSiRNA
species is dominant due to viral suppression of DCL4 (37). Genetic inactivation of DCL4
enhances production of 22-nt viral siRNAs by DCL2, which can initiate effective antiviral
silencing in the absence of DCL4. Thus, inactivation of both DCL4 and DCL2 is required to
eliminate the production of 21- and 22-nt viral sSiRNAs and to dramatically increase both viral
titers and symptom severity in A. thaliana infected with CMV, TCV, and TRV. Lack of 21-
and 22-nt viral siRNAs and enhanced viral titers were also observed in dcl2 dcl4 double mutant
plants infected with ORMV, although, in this case, the infected dcl2 dcl4 plants did not exhibit
more severe disease symptoms than wildtype and other mutant plants (40). By contrast,
abundant production of 24-nt viral sSiRNAs by DCL3 in dcl2 dcl4 plants infected with (+)RNA
viruses failed to either degrade homologous host MRNAs or inhibit infection of (+)RNA
viruses. Thus, DCL3 alone is unable to initiate antiviral silencing in contrast to DCL4 and
DCL2.

Deletion of viral silencing suppressor such as 2b of CMV and P38 of TCV produces mutant
viruses with multiple defects in plant infection (41). However, these defects associated with
TCV-AP38 and CMV-A2b were efficiently rescued in mutant plants in which both DCL4 and
DCL2 were inactivated, but not in single or other double dcl mutants such as dcl2 dcl3 and
dcl3 dcl4 plants (37,38). These findings provided further support that either DCL4 or DCL2,
but not DCL3, can act as the viral sensor to trigger antiviral silencing so that both pathways
must be suppressed to achieve successful infection.

Cauliflower mosaic virus (CaMV) and geminivirus CaLCuV, containing a circular dssDNA and
sSDNA genome, respectively, are also targeted for RNA silencing in A. thaliana (40,42).
However, antiviral silencing against DNA viruses exhibit several distinct features when
compared with antiviral silencing against (+)RNA viruses. First, the 24-nt viral SIRNAs
produced by DCL3 were more abundant than 21- and 22-nt siRNAs in plants infected with
either virus. Second, DCL1 plays a more prominent role in the biogenesis of viral SIRNAs from
DNA viruses. For example, DCL1-dependent production of 21-nt viral SIRNAs was readily
detectable in dcl2 dcl3 dcl4 triple mutant plants infected with either CaMV or CaLCuV, which
may explain why simultaneous inactivation of DCL2, DCL3, and DCL4 does not increase the
severity of symptoms caused by either CaMV or CaLCuV when compared with wildtype plants
(40,42). The titers of CaLCuV were also similar in dcl2 dcl3 dcl4 and wildtype plants. An
increased accumulation of CaMV in dcl2 dcl3 dcl4 plants was observed in one study, which,
however, was not reproduced in an independent study. Thus, DCL1 may be essential for the
small RNA-directed viral immunity against DNA viruses and use of a quadruple dcl mutant
plants (36) will be necessary to determine the specific role of DCL1.

Fungi, C. elegans, and mammals

Although fission yeasts contain a single Dicer that acts in the nucleus (43), many fungi, such
as Neurospora crassa and the chestnut blight fungus Cryphonectria parasitica, encode two
Dicers that differ by the presence of a dsSRBD at the C-terminus in DCR2 but not in DCR1
(44,45). DCR1 and DCR2 of N. crassa act redundantly in transgene-induced RNA silencing
(45). However, DCR2, but not DCR1, of C. parasitica is required for viral sSiRNA production
and antiviral silencing against CHV1-EP713, a (+)RNA virus member of the Hypoviridae
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(44,46). Infection of cultured C. elegans cells by VSV, a (-)RNA virus, induces production of
viral sSiRNAs (47). It is likely that the single C. elegans Dicer acts as the viral sensor. DCR1
of C. elegans is required for the RNAi-based immunity against VSV (48) and several genes
essential for the canonical dSSRNA—siRNA pathway downstream of DCR1 participate in
antiviral silencing against both VSV and FHV (23,47,48). These include RDE1, RDE4, and
RRF1 that are dispensable for the biogenesis of piRNAs that are DCR1 independent (49).

Infection of mammalian cells with nucleus-replicating DNA viruses induces production of
virus-derived miRNAs. The first viral miRNAs were identified from the y-herpersvirus Epstein
—Barr virus (EBV) and subsequent studies showed that 10 viruses from the herpesvirus family,
two simian polyomaviruses and human adenovirus produce miRNAs ranging from 1 in SV40
to 23 in EBV (5,50). These findings predict that viral nuclear transcripts are recognized by the
biogenesis pathway in mammals, which includes processing of primary miRNAs into pre-
miRNAs by Drosha/DGCRS in the nucleus and final maturation of miRNAs by Dicer/TRBP
in the cytoplasm. A comprehensive understanding of the function of these mammalian viral
miRNAs is currently lacking. Viral miRNAs may function to target and regulate the expression
of host genes in mammals (5), as has been shown for siRNAs derived from CaMV, a plant
dsDNA virus (42). However, several viral miRNAs, such as miR-S1 of SV40, miR-BART2
of EBV, and miR-H2-3p of herpes simplex virus 1, are transcribed anti-sense to and shown to
guide either cleavages or translational repression of, key mRNAs of the respective viruses
(5,50-52). Thus, at least some of the known mammalian viral miRNAs exhibit features of viral
siRNAs produced by plant and invertebrate hosts, suggesting that they may act to silence viral
sequences as part of mammalian immune responses to infection. This hypothesis is supported
by the observation that most of the herpesviral miRNAs are not conserved among related
viruses (5). Thus, it is unlikely that viral miRNAs have evolved to inhibit conserved functions
of hosts.

Viral triggers

What is recognized by the host as the substrate of Dicer to trigger the small RNA-directed viral
immunity had been under debate. In principle, three different forms of viral RNA may serve
as the precursor of viral small RNAs. Either the double-stranded viral replicative intermediate
RNAs (VRI-dsRNA) of viruses with an RNA genome or highly structured hairpin regions in
single-stranded viral genomic RNA and mRNA of RNA and DNA viruses may directly be
processed into viral small RNAs. In addition, any single-stranded viral RNA may be targeted
and converted first to dSRNA by a cellular RARP before recognition by Dicer. Detection of
small RNAs corresponding to both the positive and negative strands of (+)RNA viruses in the
infected plant and insect cells implicated vRI-dsSRNA as the viral trigger (18,19,53). However,
cloning and sequencing of small RNAs in plants infected with Cymbidium ringspot
tombusvirus (CymRSV), a (+)RNA virus, revealed that 80% of the sequenced viral small RNAs
were derived from the positive-strand viral RNA and 85% of them were mapped to several
clusters (54). Far more abundant (+) viral small RNAs were also demonstrated in the TCV-
infected plants by small RNA sequencing and in plants infected with potato virus X (PVX)
and tobacco mosaic virus (TMV) by Northern blot hybridizations (54,55), both of which
contain a (+)RNA genome. These findings led to a hypothesis that imperfect duplexes
originating from highly base paired structures from the single-stranded (+) and (-) genomic
RNAs act as the substrates of a virus-specific Dicer, similar to the recognition of pre-miRNAs
by miRNA-producing Dicers (54,55).

This hypothesis is not supported by the genetic characterization of the host antiviral silencing
pathway. The viral sensors identified in both D. melanogaster and A. thaliana for diverse (+)
RNA viruses are the known siRNA-producing Dicers and the miRNA-producing DCR1 and

DCL1 play no detectable role in the biogenesis of (+)RNA virus-derived small RNAs. In
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addition, antiviral silencing requires host proteins from the canonical dSSRNA—siRNA
pathway(s) that are dispensable for miRNA function, which include SGS2, SDE-3, SDES5, and
RDR6 of A. thaliana (56-58), Ago-2 and R2D2 of D. melanogaster (19,30), and RDE-1,
RDE-4, and RRF-1 of C. elegans (23,47,48). Moreover, approximately equal ratios of (+) and
(-) strand viral small RNAs were found in plant, fungal, and fruit fly cells infected with diverse
(+)RNA viruses (32,46,55,59). These findings therefore support vRI-dsRNA of (+)RNA
viruses as the viral trigger of DV, although they do not rule out a prior recognition of viral
sSRNA targets by RDR in organisms that encode RDR.

The replication cycle of an RNA genome is predicted to yield dsRNA, which is at least 40 bp
long, because it was detectable by a dSRNA-specific monoclonal antibody during infection of
anumber of plant and animal (+)RNA viruses (60,61). vRI-dsRNA has been proposed to trigger
recognition by Dicer in plants and invertebrates and by PRRs in mammals including TLRs and
RLHs (2). However, RNA replication occurs inside the intracellular membrane structures for
(+)RNA viruses or the virions for (-)RNA and dsRNA viruses, so that vRI-dsRNA may be
embedded and protected from immune recognition. In addition, (+)RNA viruses may produce
dsRNA during the synthesis of (i) the (-)RNA template from the incoming (+)RNA genome,
(ii) the viral progeny (+)RNA from the (-)RNA template, or (iii) subgenomic RNAs from the
(-)RNA template of some (+)RNA viruses. Thus, it is unknown if vRI-dsRNA synthesized
from a particular step of viral RNA replication is involved in the induction of any of these
dsRNA-specific innate immune responses.

The population of viral small RNAs in Drosophila cells infected abortively by a B2-deficient
mutant of FHV (FHV-B2) was recently examined by pyrosequencing and gel blot
hybridizations. The results showed that 57% and 43% of the sequenced viral small RNAs were
mapped, respectively, to the (+) and (-) strands of the FHV genome, most (89%) were 20-22
nt long with a major peak at 21 nt (60.3%), and more than 60% of FHV RNA1-specific small
RNAs were clustered in the 5'-terminal region of about 400 nt long (32). These findings indicate
that replication of the FHV (+)RNA genome produces an approximately 400-bp dsRNA at the
5'-terminal region that is recognized by Dicer-2 as the major precursor of viral SiRNAs.
Notably, B2 interacts with both viral dSRNA and RNA replicase and potently inhibits
production of the 5'-terminal viral siRNAs (32). These observations therefore provide a cell
biology model in which DV1 is induced during the initiation of viral progeny (+)RNA synthesis
but is suppressed by B2 inside the viral RNA replication complex (Fig. 5).

All types of small RNAs guide specific gene silencing in an effector complex such as RISC,
of which AGO is an essential component. Initially described as developmental regulators in
plants and first identified as an RNAi component in C. elegans (RDE-1), AGO proteins are
conserved in eukaryotes and are divided into three subfamilies based on their sequence and
functional similarities (62,63). Members of the Argonaute and PIWI subfamilies interact,
respectively, with sSiRNAs/miRNAs and piRNAs, whereas the third subfamily contains an
expanded group of C. elegans proteins. In addition to the PAZ domain found also in Dicer,
Ago/Piwi proteins contain the MID domain responsible for binding the 5’-phosphate of the
loaded small RNA and the C-terminal RNase H-like PIWI domain (64). In RNAI, asymmetry
of siRNAs and the heterodimer of DCR2 and R2D2 play a key role in siRNA loading and the
selection of the guide strand siRNA in RISC (65). Recent studies further revealed the
importance of the 5’-terminal nucleotide of the small RNA in the sorting process in A. thaliana
(66-68).

Small RNA-loaded AGOs find their specific targets by base pairing between the small RNA
and its target sSRNA, and the subsequent gene silencing may be achieved by three distinct
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mechanisms. When there is extensive base pairing between small RNA and its target RNA
with minimal mismatches, the target sSRNA may be cleaved or sliced at the central position
opposite guide RNA by the RNase H-like activity of the AGO in the effector complex (17).
D. melanogaster encodes two (AGO1 and AGO2) and three members in the Argonaute and
PIWI subfamily, respectively, all of which exhibit slicer activity, although AGOL1 is a weak
slicer when compared with AGO2 (17). A. thaliana encodes 10 AGOs, all of which belong to
Argonaute subfamily, and the slicer activity has been established for AGO1, AGO4, and AGO7
(63). However, many AGOs including three of the four human AGO subfamily members do
not exhibit slicer activity. Animal miRNAs are partially complementary in the 5'-seed region
to their target MRNAs and inhibit translation without slicing by sequestering mRNA away
from the translational machinery into cytoplasmic foci termed P-bodies. The third effector
mechanism is transcriptional gene silencing (TGS) in which the AGO complex may be directed
to the nascent transcripts to induce modification of either DNA or histone.

An antiviral role of AGOs was first reported in 2002 for AGOL1 of A. thaliana and AGO2 of
D. melanogaster (19,69). In C. elegans, at least two members from the third AGO subfamily,
RDE1 and C04F12.1, participate in antiviral RNAi against RNA viruses (23,47,48). A. thaliana
AGOL1 has an essential role in the miRNA pathway; however, hypomorphic agol mutants of
A. thaliana are viable and exhibit hypersensitivity to CMV infection (69). Genetic inactivation
of AGO2 in either cultured cells or embryos of D. melanogaster or of RDE1 in C. elegans is
sufficient to rescue the accumulation of the B2-deficient mutant of FHV, which is defective in
the suppression of antiviral silencing (19,23,29). In D. melanogaster cells infected with FHV,
viral siRNAs are loaded in AGO2 (Fig. 6), and AGO2-loaded viral siRNAs are methylated at
their 3'-ends (32), similar to the endogenous siRNAs of D. melanogaster (17). Viral sSiRNAs
in the input prior to co-immunoprecipitation by a monoclonal antibody to AGO2 was partially
sensitive to periodate oxidation and B elimination treatments. Thus, a portion of viral SIRNAs
in the infected cells contain unmethylated 3'-ends, possibly because of saturation of AGO2
loading by the highly abundant viral siRNA. However, viral siRNAs accumulated to high levels
in ago-2414 embryos in which antiviral silencing is defective. Thus, AGO?2 is essential for the
antiviral activity but dispensable for the biogenesis, of viral SiRNAs and unloaded free-floating
viral siRNAs may be stable (17). Interestingly, although the B2-deficient mutant of FHV
replicated to high levels in both ago-2414 and DCR2L811fX embryos (29), efficient rescue of
the FHV mutant occurred in D. melanogaster cells after dSSRNA-mediated depletion of AGO2
but not of DCR2 (19). These findings indicate that the role of AGO2 in DVI is dosage sensitive,
in contrast to DCR2.

Enhanced dicing of viral RNA into 24-nt siRNAs by DCL3 in dcl2 dcl4 mutant A. thaliana
plants is unable to silence either TCV-AP38 or CMV-A2b, both of which are defective in
silencing suppression. As the 24-nt siRNAs guide TGS in the nucleus and do not guide RNA
degradation in the cytoplasm, these findings suggest a key role for slicing in antiviral silencing
in plants and that dicing alone is insufficient (37,38). Infection of Nicotiana benthamiana with
p19-deficient tombusviral mutants induced assembly of a discrete, high molecular weight
RISC-like complex, which contains siRNAs derived from the infecting viruses and exhibits
specific slicer activity (70,71). Sensor mRNAS containing either a sense or anti-sense viral
insert are sliced in the infected plants, and those sensor mMRNAs complementary to (+)viRNAS
are cleaved more efficiently than (-)ViRNA targets (70), which appears to be consistent with
the earlier observation that (+)viRNAs are more abundant than (-)viRNAs in tombusvirus-
infected plants (54). There are slicing hotspots within the 190-nt viral insert of both sense and
anti-sense RNA sensors, but these hotspots or lack of them do not correlate with the relative
abundance of ViRNASs generated in the infected plants (70). Mapping of cleavage sites suggest
that the positive-strand genomic RNA was indeed cleaved in infected plants and the cleavage
hotspots were mapped to the same region revealed by the non-replicating sensor RNAs.
However, no cleavage of the viral negative-strand RNA at any position was detected in spite
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of abundant effector complexes loaded with (+)viRNAs. Thus, viral templates for replication
may be inaccessible to slicing (70), similar to the targeting of RNA viruses by designed siRNAs
in mammalian cells (72—74). The non-overlapping nature of the hot spots for dicing and slicing
also suggests that the biogenesis of viral sSiRNA by dicing may be independent of slicing, which
has been proposed for the production of secondary siRNAs in C. elegans, transacting-siRNAS
in plants and nuclear siRNAs of fission yeasts.

These studies in N. benthamiana suggested but did not identify an AGO (or AGOs) in the
slicing or the assembly of an RISC-like effector complex in the tombusvirus-infected cells
(70,71). Whether or not A. thaliana AGOs bind to viral sSiRNAs in the infected cells have been
investigated by co-immunoprecipitation of epitope-tagged AGOs expressed from stably
integrated transgenes. Both AGO2 and AGO5 bind to viral sSiRNAs in CMV-infected A.
thaliana plants (68) (Fig. 6). Binding of AGOL1 to siRNAs derived from three (+)RNA viruses
was undetectable in one study (75), but physical association of AGO1 with viral siRNAs was
demonstrated in a subsequent study using the same AGO1 transgenic plants infected with CMV
(76). However, CMV-A2b infection was as defective in any of the three agol mutants (ago1-11,
-12, and -27) tested as in wildtype plants (X. Wang and S.W. Ding, unpublished data),
suggesting that AGOL1 is either not required or redundantly required for antiviral silencing.
Future work is necessary to resolve this discrepancy and to determine if viRNA-loaded AGOs
have antiviral activities and if genetic inactivation of specific AGO genes is able to inhibit
silencing of virus mutants defective in silencing suppression.

The canonical dSRNA—siRNA pathway of RNA silencing is amplified in fungi, C. elegans,
and plants by an RDR-dependent pathway (77). Eukaryotic RDRs share little sequence
homology with the RARPs encoded by RNA viruses and only a few studies on their biochemical
activities have been reported (77,78). However, genetic studies have clearly established an
essential role for RDR in RNA silencing and the production of secondary siRNAs and various
types of endo-siRNAs in fungi, C. elegans, and plants. For example, A. thaliana encodes six
RDRs grouped into four clusters, RDR1, RDR2, RDR3/4/5, and RDR6. RDR2 is required for
the biogenesis of the 24-nt siRNAs that mediate DNA and histone modifications in the nucleus,
whereas ta-siRNAs and nat-siRNAs are RDR6 dependent. Notably, RDR6-dependent
production of transgene secondary siRNAs plays a key role in mediating the cell-to-cell spread
of RNA silencing in A. thaliana (79).

A role for the RDR activity in an RNA silencing-based antiviral response was first proposed
in 1993, before its molecular cloning in tomato and its identification as an RNAi component
in N. crassa (77,80-82). A. thaliana rdr6 mutant plants contain increased virus titers and
develop more severe symptoms than wildtype plants infected with CMV (56). Degradation of
viral mMRNAs of the DNA virus CaLCuV was also inhibited in rdr6 plants, which, however,
was not accompanied with an increase in virus titers or symptom severity (83). In addition, the
loss-of-function mutations in RDR6 had no effect on the infection by many (+)RNA viruses
including TRV and TuMV (57,84). Similarly, tobacco plants with reduced expression of RDR1
or N. benthamiana plants with reduced expression of RDR6 exhibit enhanced susceptibility to
some (+)RNA viruses but not to others including CMV (85,86). N. benthamiana plants
contained a defective RDR1, and over-expression of a functional RDR1 increased resistance
to several tobamoviruses but not to PVX or CMV (87). The somatically active RDR of C.
elegans, rrf-1, also contributes to antiviral RNAI against VSV (48). These studies support an
antiviral role for cellular RDRs (Fig. 6).

It is unclear if and how host RDRs mediate antiviral response via an RNA silencing pathway.
None of the above studies has convincingly established a link between antiviral silencing and

Immunol Rev. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aliyari and Ding

Page 11

RDR-dependent amplification of viral siRNAs. Use of CMV-A2b for infection revealed a
dramatic reduction in the biogenesis of viral SIRNAs in A. thaliana rdrl mutant plants when
compared with wildtype plants (38). A similar reduction in the accumulation of viral SIRNAs
was recently observed in rdrl rdr2 rdr6 triple mutant plants infected with TRV (88). Thus,
these studies provided the first evidence for RDR-dependent production of secondary viral
siRNAs in plants. However, both studies failed to detect any effect of secondary viral SIRNAs
on either viral accumulation or symptom severity in the infected plants. It remains to be
determined if this is due to either functional redundancy of the uncharacterized RDR3/4/5 or
masking of RDR’s effect by the encoded viral suppressor of RNA silencing.

Conclusions and future directions

In addition to producing distinct classes of endogenous small RNAs, the Dicer nuclease acts
as a PRR in diverse eukaryotes to initiate the small RNA-directed viral immunity. Available
data show that recognition of (+)RNA viruses is mediated by a specific Dicer(s) in organisms
that encode more than one Dicer protein. For example, detection of four (+)RNA viruses in D.
melanogaster is mediated specifically by DCR2, and similarly, only one of the two fungal
Dicers appears to participate in antiviral silencing. In A. thaliana, two of the four Dicers, DCL4
and DCLZ2, act redundantly to mediate antiviral silencing against diverse (+)RNA viruses,
whereas neither DCL1 nor DCL3 is essential or sufficient. By contrast, all four DCLs of A.
thaliana participate in the defense against DNA viruses. Many questions on the detection of
viruses by the Dicer family of host immune receptors remain unresolved. How is the observed
specificity in virus sensing by Dicer determined? All of the Dicer proteins that have been
implicated in antiviral silencing contain a dsRBD at the C-terminus, although whether or not
the C-terminal dsRBD is involved in a direct binding of Dicer to the viral RNA trigger remains
to be investigated. Is any of the antiviral Dicers induced transcriptionally upon virus challenge?
Is the single Dicer of C. elegans and human indeed involved in the production of siRNAs from
RNA viruses and miRNAs from DNA viruses, respectively? In contrast to robust Dicer-
dependent immune responses to (+)RNA viruses in plants and invertebrates, available data
suggest that these viruses are not detected at all by the human Dicer, for which the molecular
basis is unknown.

Viral dsRNA has been proposed as the molecular signature of RNA viruses to trigger
recognition of TLR3 in the endosome and of RIG-1 and MDAG5 in the cytosol, in addition to
Dicer. The replication cycle of RNA viruses predicts production of dsSRNA during the synthesis
of either (+)RNA or (-)RNA as well as during transcription of subgenomic mRNAs. However,
RNA replication occurs in intracellular membrane structures and viral dsSRNA produced may
be transient in time, short in length, and inaccessible to host immune receptors because of
containment within membrane structures. Thus, it remains to be verified in vivo if viral RNA
replication produces a viral dsSRNA of sufficient length and accessible to binding by TLR3,
RIG-I, and MDAGS to trigger innate immune responses and if the triggering viral dsRNA is
synthesized from a particular step of viral RNA replication. Unlike TLR3, RIG-I, and MDAS,
recognition of aviral RNA trigger by Dicer is accompanied with the processing of the triggering
molecule into small RNAs, which can be sequenced and mapped to specific positions along
the genomic RNA. This strategy led to the demonstration that a ~400-bp dsRNA from the 5'-
terminus of the genomic RNA, which is produced during the initiation of the progeny (+)RNA
synthesis from the 3'-end of the (-)RNA template, serves as the viral RNA trigger in Drosophila.
This finding therefore identifies the step of the progeny (+)RNA synthesis as critical in the
induction of DVI. It will be necessary to determine if this represents a shared mechanism for
responding to infection of (+)RNA viruses in insects and other organisms. Interpretation of the
distribution patterns of viral siRNAs along the viral genomic RNA in plants and C. elegans
may not be as straightforward as in D. melanogaster. In plants and C. elegans, production of
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secondary viral SiRNAs must be considered unless the cellular RDR (or RDRs) that amplifies
viral siRNAs is genetically inactivated.

The innate immunity mediated by TLRs and RLHs has broad spectrum antiviral activity, almost
inevitably leads to destruction of the infected cell, and may involve multiple effectors. By
contrast, DV has awell-defined effector molecule, Argonaute, with a specific antiviral activity
determined by the small guide RNAs derived from the challenge virus. In this regard, the RNA-
based immunity has strong parallels in adaptive immunity in which short peptide epitopes are
processed from a viral protein and used as specificity determinants of the immunity. In both
plants and fruit flies, the viral SIRNAs are methylated at their 3’-ends. AGOs exhibit structural
similarity to RNase H and mediate cleavage of the target viral RNAs as the major effector
mechanism. However, many AGOs are not active RNase and instead repress translation
without cleaving the target RNA. Argonaute loaded with a guide small RNA acts as a multiple
turnover enzyme and targets predominantly viral RNAs without major negative impact on host
gene expression or host cell viability, because of overwhelming abundance of viral SiRNAs
over cellular small RNAs in an infected cell. Both plants and animals encode multiple members
in the AGO/PIWI family. In D. melanogaster cells infected with FHV, viral siRNAs are loaded
in AGO2, and an essential role of AGO2 in antiviral silencing has been established in both cell
culture and living fruit flies. Loading of viral siRNAs in A. thaliana AGO1, AGO2, and AGO5
has also been reported, although a specific role for any of these AGOs in antiviral silencing
remains to be established. C. elegans encodes 27 members in the AGO/PIWI family, at least
two of which have been implicated in antiviral silencing. Thus, although a natural virus for C.
elegans is not known, it is possible that the largest expansion of the AGO/-PIWI family in C.
elegans may represent in part an evolutionary adaptation to virus infection.

Recent studies have shown that bacteria and archaea also encode an RNA-based immune
system against viruses (89-92). In this system, bacteria and archaea hosts acquire short viral
sequences (26-72 bp) and integrate them as spacers within clusters of regularly interspaced
short palindromic repeats (CRISPRs). CRISPRs are flanked by a characteristic set of CRISPR-
associated (cas) genes and transcripts of CRISPRs are processed into small RNAs to guide
specific antiviral defense. However, the eukaryotic RNAi machinery is not found in
prokaryotes and many questions on the mechanism of the RNA-based immunity in prokaryotes
remain to be addressed. How do prokaryotes acquire the virus-specific spacer sequences? What
are the specific functional roles of these Cas proteins? Which nuclease is involved in the
biogenesis of CRISPR small RNAs? Do CRISPR small RNAs direct specific antiviral defense
by guiding cleavages of viral RNAs or modification of viral DNA? Do bacteriophages encode
suppressors to interfere with either the biogenesis or activity of CRISPR small RNAs?
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Fig. 1.
Domain structures of representatives from the three classes of RNase I11.
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Fig. 2. Crystal structure of Giardia Dicer
Depicted are the PAZ (Piwi/Argonaute/Zwille) domain (orange), the connector helix (red), the
RNase Illa domain (yellow), and the RNase I1lb domain (green). Reprinted from (11).
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Fig. 3.
Structures of the bipartite (+)RNA genome and virions of Flock house virus.
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Fig. 4.
Structures of the (+)RNA genomes of cucumber mosaic virus (CMV) and turnip crinkle virus
(TCV).
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Fig. 5. Model for the induction and suppression of the Dicer-initiated viral immunity in Drosophila
against Flock house virus

Asymmetric RNA synthesis in the replication of (+)RNA viruses involves multiple initiation
of the progeny (+)RNA synthesis on the low abundant (-)RNA template complexed with the
viral RARP and other host factors. The resulting dsSRNA of approximate 400 nt in length formed
between the 5’-terminal nascent progeny (+)RNA1 and the (-)RNA1 template in FHV-infected
cells, termed the initiating vRI-dsRNA, serves as substrates of DCR2. This results in the
predominant production of 5'-terminal viRNAs, thereby triggering the RNAi-mediated viral
immunity and abortive infection by FHV-AB2. In addition to binding to ViRNAs, B2 is part
of the viral RNA replication complex by direct interactions with viral RARP (protein A) and
VRI-dsRNA and inhibits DCR2-dependent production of vViRNAs, thus ensuring successful
infection by FHV. We propose that sequestering the initiating vRI-dsRNA and inhibiting their
processing into the 5'-terminal viRNAs by B2 play a particularly important role in the
suppression of the viral immunity. Reprinted from (32). RARP, RNA-dependent RNA
polymerase; FHV, Flock house virus; DCR, Dicer.
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Fig. 6. A framework of the Dicer-initiated viral immunity

The immunity begins with the recognition of the viral triggering RNA molecules by the viral
sensor (Dicer) of the host. The products of Dicer, the virus-derived small RNAs, are loaded in
Argonaute protein-containing effector complexes to guide cleavage or translational arrest of
viral RNAs. In plants and Caenorhabditis elegans, virus-derived siRNAs may be further
amplified by a host RNA-dependent RNA polymerase (RdRP).
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