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Mammalian viral suppressors of RNA interference

Wan-Xiang Li1, Shou-Wei Ding1,*

1Department of Microbiology and Plant Pathology, University of California, Riverside, Riverside, 
CA, USA

Abstract

The antiviral defense directed by the RNAi pathway employs distinct specificity and effector 

mechanisms compared with other immune responses. The specificity of antiviral RNAi 

is programmed by siRNAs processed from virus-derived double-stranded RNA by Dicer 

endonuclease. Argonaute-containing RNA-induced silencing complex loaded with the viral 

siRNAs acts as the effector to mediate specific virus clearance by RNAi. Recent studies have 

provided evidence for the production and antiviral function of virus-derived siRNAs in both 

undifferentiated and differentiated mammalian cells infected with a range of RNA viruses when 

the cognate virus-encoded suppressor of RNAi (VSR) is rendered nonfunctional. In this review, we 

discuss the function, mechanism, and evolutionary origin of the validated mammalian VSRs and 

cell culture assays for their identification.

Antiviral RNAi response in mammals

Many emerging and re-emerging human infectious diseases, including the current 

coronavirus disease (COVID-19) pandemic, are caused by viruses with an RNA genome. 

RNA viruses are best known for their extraordinary abilities to evolve adaptive mutations 

that promote infection, dissemination, and/or evasion of protein-based host immune 

mechanisms. Recent studies have revealed a new mammalian defense mechanism against 

RNA viruses directed by the RNAi pathway [1]. Available data indicate that the mechanism 

of antiviral RNAi in mammals is most similar to that in fruit flies characterized extensively 

since 2002 [1,2]: replication of RNA genomes by viral RNA-dependent RNA polymerases 

(RdRPs) produces double-stranded RNA viral replicative intermediates (vRI-dsRNA; 

see Glossary), which are processed by Dicer nuclease into siRNAs, thereby triggering 

Argonaute protein-dependent RNAi to specifically target the invading viral RNAs (Figure 1). 

Thus, antiviral RNAi is an RNA-based immune mechanism with the specificity programmed 

by virus-derived siRNAs (vsiRNAs).

As reviewed recently [3–10], Dicer-mediated production of abundant vsiRNAs has been 

documented in differentiated and/or undifferentiated mammalian cells after infection with 

eight positive- and negative-strand RNA viruses from five families [11–19]. These include 

Nodamura virus (NoV), encephalomyocarditis virus (EMCV), influenza A virus (IAV), 
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human enterovirus-A71 (EV-A71), Zika virus (ZIKV), dengue virus-2 (DENV2), Sindbis 

virus, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The vsiRNAs 

targeting these viruses are all enriched for 22-nucleotide (nt) canonical siRNA duplexes 

with 2-nt 3′ overhangs [3–10]. Mammals encode one Dicer ribonuclease (RNase) and four 

Argonaute proteins with a C-terminal RNase H fold, among which only Argonaute-2 (Ago2) 

retains the RNA slicing activity essential for RNAi [20]. In addition, undifferentiated cells 

express a novel isoform of Dicer with enhanced ability to process dsRNA into siRNAs [18], 

which may explain why vsiRNA abundance is reduced in mouse ESCs (mESCs) following 

differentiation [8,10,12].

Mammalian vsiRNAs are assembled into an RNA-induced silencing complex (RISC) with 

Argonaute proteins, including Ago2, both in the infected cells and in mice. Similar to 

cellular miRNAs, the Argonaute-bound vsiRNAs exhibit strong preference for uracil as the 

5′-terminal nucleotide [13,17,19,21]. However, these 1U vsiRNAs are more abundant than 

the three remaining vsiRNA populations combined in total vsiRNAs sequenced without 

prior Argonaute coimmunoprecipitation from infected adult mice in contrast to those 

detected in mouse embryonic fibroblasts (MEFs) [21], suggesting in vivo stabilization of the 

Argonaute-loaded vsiRNAs. Importantly, genetic studies using Dicer and/or Ago2 knockout/

knockdown have demonstrated that activation of the vsiRNA response suppresses viral 

accumulation in several cell culture models for viral infection [11–19,21]. Use of reporter 

RNAs complementary to vsiRNAs has further shown that production of vsiRNAs activates 

homology-dependent RNA clearance in infected human cells [14] and that, in response to 

viral infection, adult mice produce abundant vsiRNAs in Ago2-RISC active to guide specific 

RNA slicing [21].

The strongest support for an antiviral function of the RNAi pathway in mammals has 

come from the discovery that despite their small genome sizes, diverse families of RNA 

viruses encode viral suppressors of RNAi (VSRs) essential for mammalian cell infection. In 

both undifferentiated and differentiated mammalian cells, the vsiRNA response is potently 

induced to inhibit viral infection when the cognate VSR is rendered nonexpressing or 

nonfunctional. Thus, a first step to assess a potential antiviral role of the RNAi pathway 

against a mammalian virus is to determine whether it encodes a functionally important VSR. 

This review highlights the key features of assays used in the identification of mammalian 

VSRs and discusses the function, mechanism, and evolutionary origin of functionally 

validated VSRs as well as key unanswered questions.

Cell culture assays to identify VSRs

The B2 protein of NoV and the nonstructural protein 1 (NS1) of IAV were first identified 

as VSRs in an assay established in Drosophila Schneider 2 (S2) cells [22]. In S2 cells, 

virus genome RNA replication triggers Dicer-2 processing of vRI-dsRNA to initiate the 

antiviral RNAi pathway requiring not only the slicing-competent fly Ago2 but also the 

dsRNA-binding protein R2D2 essential for siRNA loading into RISC [23]. A key reagent of 

the assay is the viral RNA replicon FR1gfp (Figure 2) engineered from the genomic RNA1 

of Flock house virus (FHV) in the Nodaviridae. Nodaviral RNA1 encodes the viral RdRP 

to direct RNA1 self-replication in the absence of RNA2 encoding the capsid protein and the 
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synthesis of a subgenomic RNA (RNA3) to serve as the mRNA for the expression of its 

B2 protein, a VSR essential for fruit fly infection in vitro and in vivo. FR1gfp was derived 

from a full-length infectious cDNA clone of FHV RNA1 by replacing most of the B2 coding 

sequence with that of green fluorescent protein (GFP). As antiviral RNAi induced de novo 
by FR1gfp RNA replication inhibits GFP expression from the replicon, a putative VSR is 

identified following visual detection of green fluorescence in S2 cells cotransfected with 

pFR1gfp and a plasmid expressing a candidate protein (Figure 2).

Sullivan and Ganem [24] pioneered the use of RNAi artificially induced by small hairpin 

RNA (shRNA) in human embryonic kidney 293T cells to assay for RNAi suppression. 

Similar strategies have been used for the discovery of EV-A71 VSR protein 3A [14] and 

other mammalian VSRs. In these assays, plasmids encoding a reporter gene and a candidate 

VSR are cotransfected into either mammalian cells with a third plasmid directing shRNA 

transcription or Drosophila S2 cells with long dsRNA. Analogous to RNAi induction by 

vRI-dsRNA or synthetic long dsRNA in Drosophila cells, RNAi triggered by shRNA is 

dependent on Dicer to remove the loop sequence and release the single siRNA duplex 

for RISC assembly and RNAi. Unlike long dsRNA, shRNA does not trigger translational 

shutdown in mammalian cells active in the interferon (IFN) response. Thus, a VSR may 

suppress shRNA-induced RNAi by blocking Dicer processing, RISC assembly, or RISC-

mediated repression of the reporter gene expression, which resemble key steps in the 

antiviral RNAi pathway (Figure 1).

Validated mammalian VSRs

Functional validation of VSRs identified in experimental RNAi suppression assays requires 

evidence for a specific role of the VSR activity in the context of the cognate viral infection 

in mammalian cells. Because of the multifunctional nature of viral proteins, the infection-

defective phenotype of a VSR-deletion mutant virus may be caused by a defect in a function 

other than RNAi suppression. Therefore, VSR validation often entails demonstrating specific 

rescue of infection-defective VSR-deletion mutant viruses by knockout or knockdown of 

a host RNAi component essential for the biogenesis and/or the antiviral function of the 

vsiRNAs. To date, mammalian VSRs from four families of RNA viruses, including two 

mosquito-transmissible viruses, have been functionally validated (Table 1).

NoV B2

NoV is a mosquito-transmissible nonenveloped virus lethal to suckling mice and hamsters, 

as well as insects [25,26]. NoV and FHV are members of the family Nodaviridae that 

contains two positive-strand genomic RNAs and includes diverse viruses found in insects, 

fishes, and some vertebrates [26–28]. Much was known about the VSR activity and 

mechanism of NoV B2 before its functional validation in mammalian cell infection [11,12]. 

NoV B2 shares sequence, structural, and functional similarities with FHV B2 characterized 

extensively in fruit fly infection [23] (Figure 3). Self-replicating RNA replicons of NoV 

were used to first demonstrate viral induction and suppression of antiviral RNAi in mosquito 

cells and to identify the mosquito Ago2 essential for antiviral defense [22]. Both of the 

nodaviral B2s are potent suppressors of Ago2-dependent antiviral RNAi in Drosophila and 
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mosquito cells [2,22,29]. In vitro studies have revealed the nodaviral B2 as the first dsRNA-

binding protein that suppresses Dicer processing of long dsRNA into siRNA by dsRNA 

sequestration [24,29,30]. Notably, single residue substitution of an arginine (R) conserved 

between FHV and NoV B2 proteins with glutamine (Q) is sufficient to abolish both of 

their activities to bind long dsRNA and to suppress Dicer processing [29,30]. Accordingly, 

the resulting mutant viruses expressing either no B2 (FHVΔB2/NoVΔB2) or the mutant B2 

protein (FHVmB2-R54Q/NoVmB2-R59Q) replicate to high levels only in cells defective in 

antiviral RNAi. The R-to-Q substitution was chosen because the point mutation introduced 

into the genome of either NoV or FHV does not alter the sequence of the viral RdRP 

encoded in the overlapping (−1) reading frame [29,30].

The first evidence for suppression of mammalian antiviral RNAi by NoV B2 was obtained 

by comparing virus replication and virus-derived small RNA populations in hamster cells 

and suckling mice infected with wild-type or B2-deficient NoV [11,31]. For example, lethal 

NoV infection of suckling mice depends on the VSR activity of B2 to suppress the vsiRNA 

biogenesis so that the infection with either NoVΔB2 or NoVmB2 is rapidly cleared and 

accompanied with production of abundant vsiRNAs, especially during in vivo infection 

[11]. Unlike MEFs, mESCs exhibit deficiencies in innate immunity regulated by IFNs). 

Nevertheless, NoV infection of both MEFs and mESCs requires B2 suppression of antiviral 

RNAi because the replicational defects of NoVΔB2 in both cell types are efficiently rescued 

by RNAi deficiency through genetic depletion of Dicer, Ago2, and/or Ago2’s slicing activity 

only [12,21].

Genetic inactivation of either the innate immune signaling by types I, II, and III IFNs in the 

double STAT1 and STAT2 knockout mice or the adaptive immunity by B and T lymphocytes 

in recombination-activating gene 1 (RAG1)-deficient mice [32] renders adult mice highly 

susceptible to NoV infection [21]. Strikingly, both mutant strains of adult mice activate 

antiviral RNAi and clear the infection with either NoVΔB2 or NoVmB2 [21]. Therefore, 

the VSR activity of B2 is essential for NoV infection in both cell culture and adult mice 

either active or defective in the IFN-regulated antiviral responses [12,21], demonstrating B2 

suppression of antiviral RNAi during in vitro and in vivo infection in both the presence 

and absence of the IFN signaling. When expressed ectopically, VSR-B2 also efficiently 

suppresses vsiRNA biogenesis and antiviral RNAi induced by the infection with EV-A71 

[14], suggesting that it targets a shared step of antiviral RNAi against distinct RNA viruses. 

Interestingly, in vivo NoVΔB2 infection triggers systemic spread of vsiRNAs in circulating 

extracellular vesicles and prevents challenge infection of infant mice by wild-type NoV 

2 days after immunization with NoVΔB2 [33]. Thus, VSR-deficient mutant viruses may 

provide a new generation of live-attenuated virus vaccines to trigger protection prior to the 

development of adaptive immunity mediated by B and T lymphocytes.

Several lines of evidence indicate that suppression of Dicer processing by VSR-B2 

is incomplete. First, VSR-B2 coimmunoprecipitants from BALB/c suckling mice at 3 

days postinfection (dpi) with NoV contain canonical, slicing-competent vsiRNAs, which, 

however, are not enriched for 1U vsiRNAs and are prevented from loading into RISC 

[19]. Second, total small RNA sequencing without prior VSR-B2 coimmunoprecipitation 

is sufficient to reveal production of canonical vsiRNAs in C57BL/6 suckling mice at 7 
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dpi with NoV [19]. Third, the vsiRNAs-RISC purified from NoV-infected, RAG1-deficient 

adult mice remain active in directing specific vsiRNA-guided RNA slicing in vitro, although 

less potent than those from NoVΔB2- or NoVmB2-infected mice [21]. Finally, the self-

replication of wild-type NoV RNA1 is significantly enhanced in all three lines of RNAi-

defective MEFs compared with wild-type MEFs [21], demonstrating that compared with 

the complete genetic loss-of-function mutation in Dicer or Ago2, antiviral RNAi remains 

partially active in wild-type MEFs with RNAi suppression by VSR-B2. Moreover, NoV 

RNA replication potently induces the dsRNA-mediated activation of 2′−5′-oligoadenylate 

synthetase-RNase L system in Dicer−/− MEFs in both the presence and absence of VSR-B2 

[21], which is consistent with the earlier observation that VSR-B2 does not suppress in vivo 
induction of the known IFN-dependent innate immune responses [11].

Enteroviral 3A

EV-A71 is a nonenveloped positive-strand RNA virus of the genus Enterovirus in the 

Picornaviridae, which includes many important human and animal pathogens such as 

poliovirus. The enteroviral genome encodes a large polyprotein that is proteolytically 

processed into four structural and seven nonstructural proteins. A comprehensive set of 

experiments show that the nonstructural protein 3A of EV-A71 functions as a VSR to 

promote infection both in vitro and in vivo [14,34]. VSR-3A exhibits robust VSR activity 

to suppress both mammalian RNAi induced by shRNA and Drosophila RNAi triggered by 

either long dsRNA or viral RNA replication. Similar to VSR-B2 [24,29,30], VSR-3A is 

a dsRNA-binding protein that suppresses Dicer processing by directly sequestering long 

dsRNA [14]. Consistently, alanine (A) substitution of aspartic acid (D) at position 23 

(D23A), conserved among enteroviral 3A proteins, abolishes the activities of VSR-3A in 

dsRNA binding and dicing suppression. Functional validation of VSR-3A was demonstrated 

because both Dicer-mediated vsiRNA biogenesis and vsiRNA-dependent RNA degradation 

are suppressed during the infection of human 293T and rhabdomyosarcoma (RD) cells, 

primary murine lung fibroblasts (MLFs), or newborn mice with wild-type but not mutant 

EV-A71 carrying D23A substitution in VSR-3A [14]. Compared with wild-type virus, 

EV-A71D23A also exhibits replication defects rescued efficiently by RNAi deficiency in 

293T cells and MLFs with or without the suppression of the IFN response, demonstrating 

VSR-3A suppression of antiviral RNAi in both the presence and absence of the IFN 

signaling [14]. However, it remains unknown whether VSR-3A suppression of antiviral 

RNAi is incomplete, as suggested by the accumulation of the positive- and negative-strand 

virus-derived small RNAs with size preference for 21- to 23-nt in suckling mice at 5 days 

postinfection with wild-type EV-A71 [35].

The D23A substitution also disrupts the dimerization of VSR-3A, suggesting a role for 

the VSR-3A dimer in dicing suppression via dsRNA sequestration [14]. Notably, synthetic 

peptides derived from the dimerization domains that disrupt VSR-3A dimerization also 

potently inhibit its VSR activity to suppress Dicer processing during EV-A71 infection 

both in vitro and in vivo [9,35]. As a result, therapeutic application of an optimized 

VSR-3A-targeting peptide protects mice against lethal challenge by not only EV-A71 but 

also Coxsackievirus-A16 (CV-A16), an enterovirus closely related to EV-A71 [35]. Thus, 

antiviral RNAi restricts the infection of differentiated cells and mice with not only mutant 
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EV-A71 defective in RNAi suppression but also wild-type EV-A71 so that ongoing RNAi 

suppression plays an essential role in infection. This finding suggests that antiviral RNAi 

poses a strong selection pressure to maintain the virus-encoded VSR function in diverse 

mammalian RNA viruses despite small genome sizes of these viruses. Moreover, these 

exciting results reveal VSR-3A as a drug target for developing antiviral therapeutics against 

EV-A71, CV-A16, and related enteroviruses known to cause millions of hand-foot-and-

mouth disease cases in children worldwide.

Flaviviral NS2A

DENV2 is a mosquito-transmissible enveloped virus of the genus Flavivirus in the 

Flaviviridae. Flaviviruses contain a positive-strand RNA genome and encode a single 

polyprotein processed proteolytically into mature structural and nonstructural proteins. 

Screening the seven nonstructural proteins of DENV2 for the activity to suppress RNAi 

in Drosophila S2 cells identified nonstructural 2A (NS2A) as the VSR [16]. NS2As of all 

four DENV serotypes exhibit similar VSR activity in both fly S2 and mosquito Aag2 cells. 

Moreover, shRNA-triggered RNAi in human 293T cells is efficiently suppressed by NS2A 

of DENV2 and three additional flaviviruses including Japanese encephalitis virus (JEV), 

revealing a new function for the multifunctional flaviviral protein [16,36–39]. Despite 

sharing no sequence similarity with either nodaviral B2 or enteroviral 3A, NS2A is also 

a dsRNA-binding VSR that acts to suppress Dicer processing by sequestering long dsRNA 

[16]. Alanine scanning mutagenesis of the positively charged amino acids conserved among 

flaviviral NS2A proteins identified the lysine (K) at position 135 as essential for in vitro 
dsRNA binding and dicing suppression as well as for the suppression of antiviral RNAi 

triggered by DENV2 infection in mosquito cells [16]. Importantly, the mutant DENV2 

carrying K135A substitution in NS2A (DENV2K135A) exhibits a similar defect in the 

infection of mosquito (Aag2) and mammalian (293T and MLFs) cells that is all efficiently 

rescued by RNAi deficiency. Dicer deficiency in mosquito and human cells is also sufficient 

to rescue the mutant JEV expressing a mutant NS2A defective in RNAi suppression [16]. 

These findings establish a natural function of NS2A to promote flaviviral infection in both 

mosquito and mammalian cells by suppressing antiviral RNAi [16].

In both human 293T cells and primary MLFs, the vsiRNA production triggered by 

DENV2 RNA replication is suppressed by wild-type but not the mutant NS2A with 

K135A substitution [16]. NS2A also suppresses the vsiRNA biogenesis in DENV2-infected 

mosquito cells; however, dicing suppression by NS2A is incomplete in mosquito cells 

and appears most effective against the processing of the 5′-terminal vRI-dsRNA [16] 

as observed previously in the suppression of Dicer processing by VSR-B2 of FHV in 

fly S2 cells [29]. Interestingly, knockdown of either Dicer-2 or Ago2 in Aag2 mosquito 

cells markedly enhances the titers of not only DENV2K135A but also wild-type DENV2 

(DENV2WT) [16]. Thus, antiviral RNAi remains partially active in DENV2WT-infected 

mosquito cells despite NS2A expression, further demonstrating incomplete suppression of 

mosquito antiviral RNAi by NS2A. However, suppression of antiviral RNAi by NS2A in 

DENV2WT-infected mammalian cells appears complete because Dicer depletion in both 

human 293 cells and primary MLFs in either the presence or absence of IFN signaling 

enhances the titers of DENV2K135A but not DENV2WT [16]. Notably, blocking IFN 
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signaling significantly enhances the titers of DENV2WT in both human 293 cells and 

primary MLFs, regardless of whether Dicer-dependent antiviral RNAi is active [16]. 

These findings support the conclusion that antiviral RNAi against DENV2 acts in a Dicer-

dependent but IFN-I-independent, manner [16]. Moreover, these results also indicate that the 

VSR activity of NS2A is essential for DENV2 infection in mammalian cells either active or 

defective in the IFN-regulated antiviral response, revealing an IFN-independent role for the 

VSR activity for DENV2 infection similar to NoV VSR-B2 [21].

Influenza viral NS1

IAV is an enveloped negative-strand RNA virus in the Orthomyxoviridae and causes annual 

epidemics and occasional pandemics. NS1 is a multifunctional protein best characterized 

for its role to antagonize the IFN antiviral response by interacting with dsRNA and host 

proteins [40]. Although NS1 was identified as a VSR to suppress antiviral RNAi in 

Drosophila S2 cells [22] and shRNA-induced RNAi in human 293T cells [41], it was 

not until 2016 that its functional validation in the context of IAV infection was reported 

[13]. One reason for the delay is that, similar to NoV B2, NS1 potently suppresses Dicer-

mediated vsiRNA biogenesis during IAV infection [13]. Thus, an abundant population of 

vsiRNAs processed from IAV vRI-dsRNA is detectable in human cells after infection with 

NS1-deficient IAV mutants but not with wild-type IAV. The canonical properties of IAV 

vsiRNAs made in infected cells become more clearly visible by sequencing the total small 

RNAs coimmunoprecipitated with AGOs, which served to remove nonspecific small RNAs 

[13]. It should be pointed out that IAV vRI-dsRNA are not inherently poor substrates of 

human Dicer, because, in response to the infection with NS1-deficient IAV, human 293T 

cells in fact produce more vsiRNAs than cellular miRNAs when both are made by human 

Dicer expressed de novo [19].

The second reason is that IAV is highly sensitive to miRNA regulation of the IFN antiviral 

response [42], which may explain why the siRNA response to IAV infection exhibits 

antiviral activity in cells where the host miRNA functionality is not globally perturbed 

[13,43]. For example, whereas neither IAV nor PR8/delNS1 replicates to higher levels in 

Dicer−/− 293T cells or Ago2−/− MEFs than their wild-type counterparts, both the wild-type 

and mutant virus titers increase significantly in Ago4−/− or Ago2D597A MEFs [13,43,44]. 

Ago4 has redundant functions with Ago1 and Ago3 in binding miRNAs, and, unlike a 

marked loss of host miRNAs in cells deficient in Dicer or Ago2 protein, the D597A 

mutation of Ago2 abolishes only its catalytic activity to slice target RNA in RNAi without 

altering the abundance of most host miRNAs [45–47] characterized [48].

By comparison, Ago4 deficiency promotes significantly higher fold increases in the 

accumulation of PR8/delNS1 than wild-type IAV-PR8 in MEFs either active or defective 

in IFN signaling, indicating that NS1 counteracts an antiviral RNAi defense independent of 

the IFN response [43]. The slicing activity of Ago2 is most likely essential for the same 

IFN-independent antiviral RNAi because Ago2D597A MEFs exhibit no defects in the IFN 

antiviral responses and the Ago2D597A mutation enhances accumulation of PR8/delNS1 

significantly more than wild-type IAV-PR8 [13]. Together, these findings indicate that NS1 

promotes viral infection at least in part by suppressing vsiRNA-mediated antiviral RNAi. 
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Similar to NoV B2, NS1 suppression of mammalian antiviral RNAi is also incomplete 

because wild-type IAV-PR8 replicates to higher titers in both Ago4−/− and Ago2D597A 

MEFs than their wild-type counterparts [13,43]. However, it remains unknown whether 

the dsRNA-binding activity of NS1 is required for the suppression of antiviral RNAi in 

mammalian cells as has been shown in fly cells [22].

Mammalian VSRs: An example of convergent evolution?

As it is known for plant and insect viruses [49,50], mammalian RNA viruses from diverse 

families encode VSRs to promote infection by suppressing the siRNA response, providing 

strong evidence for a broad antiviral activity of the RNAi pathway in mammals. Strikingly, 

all of the validated mammalian VSRs are dsRNA-binding proteins and suppress antiviral 

RNAi by inhibiting Dicer-mediated biogenesis of the cognate vsiRNAs, most likely via 

dsRNA sequestration. Despite limited sequence identity, dsRNA-binding VSRs from the 

same virus family share strong structural similarity, as illustrated by a conserved set of 

RNA-binding residues between NoV and FHV B2 proteins, which are less than 30% 

identical in primary amino acid sequence [51–53]. Furthermore, the homodimerization 

interface of EV 3A proteins is highly conserved among Enteroviruses [14,35]. However, 

dsRNA-binding mammalian VSRs from different virus families do not share detectable 

sequence similarities with each other. Intriguingly, dsRNA binding by VSRs NS1 [54–56], 

B2 [51–53], and 3A [35,57] all appears to employ two positively charged, antiparallel α-

helices as a homodimer [58] (Figure 3). These structures are all distinct from the canonical 

dsRNA-binding motif found in Dicer, dsRNA-activated protein kinase (PKR), and many 

cellular dsRNA-binding proteins, which adopt an α1β1β2β3α2 fold [59–61]. Interestingly, 

PKR and nodaviral B2 exhibit similar dsRNA-binding affinity with dissociation constant 

values in the nanomolar range [51,62].

The genomic RNA1 of nodaviruses encodes VSR-B2 and the viral RdRP from two ‘out-of-

frame’ overlapped open reading frames (ORFs). Phylogenetic and codon usage analyses 

have shown that similar to VSR-2b of plant cucumoviruses, animal nodaviruses may have 

acquired VSR-B2 gene more recently by an ‘overprinting’ mechanism [50,63–65], in which 

the novel ORF B2 is created de novo through spontaneous point mutation inside an existing 

RdRP progenitor gene, but from the +1 reading frame of the RdRP ORF. Based on these 

analyses, we propose that VSRs from distinct families of mammalian RNA viruses may have 

evolved independently as a result of convergent evolution to counteract antiviral RNAi.

Concluding remarks

In this review, we have described mammalian VSRs that inhibit vsiRNA production to 

promote virus infection of undifferentiated and differentiated mammalian cells in the 

presence or absence of the IFN signaling. It is clear that our perception of antiviral 

RNAi as having a limited role in undifferentiated cells has been shifted recently, as more 

evidence for the induction and suppression of antiviral RNAi in differentiated cells and 

in vivo has been presented. Nonetheless, numerous outstanding questions remain (see 

Outstanding questions). One key challenge ahead is to functionally validate mammalian 

VSRs from additional families of viruses, which is critical to determine whether VSRs are as 
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widespread in mammals as in plants and insects [49,50,66–68]. Many human RNA viruses 

encode one or more proteins exhibiting various VSR activity in mammalian cells (Table 

2). It will be important to investigate whether infection with any of these viruses induces a 

potent antiviral RNAi response that is suppressed by its cognate VSR.
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Glossary

Double-stranded (ds)RNA-binding VSR
VSR that binds to long dsRNA and suppresses Dicer-mediated processing of long dsRNA 

into siRNAs by dsRNA sequestration

Double-stranded (ds)RNA viral replicative intermediates (vRI-dsRNA)
RNA replicative intermediates synthesized during the replication of viral RNA genomes by 

viral RNA-dependent RNA polymerase (RdRP)

Interferon (IFN)
a group of signaling proteins produced by vertebrates in response to microbes (e.g., viruses 

and bacteria) to activate specific transcription factors (e.g., STAT proteins), thereby inducing 

the expression of IFN-stimulated genes (ISGs) such as PKR to establish an antiviral state

Mammalian VSR
VSR encoded by a virus that infects mammals

Validated VSR
VSR with its specific activity to suppress RNAi verified as necessary to promote infection 

with the VSR-encoding virus

Viral suppressors of RNAi (VSR)
a virus-encoded protein exhibiting the activity to block RNAi induced by long double-

stranded RNA (dsRNA), siRNA, or virus replication

Virus-derived siRNA (vsiRNA)
produced by Dicer-mediated processing of long vRI-dsRNA in an infected cell that guide 

specific cleavages of its complementary viral RNAs in the antiviral effector complex, RNA-

induced silencing complex (RISC)
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Highlights

RNA viruses from the Flaviviridae, Nodaviridae, Orthomyxoviridae, and Picornaviridae 
encode functionally validated viral suppressors of RNAi (VSRs) to promote mammalian 

cell infection in the presence or absence of the interferon signaling.

Therapeutic targeting of closely related human enteroviral VSRs confers protection in 

mice against lethal challenges, revealing VSRs as a novel class of antiviral drug targets.

Validated VSRs from different virus families show no sequence similarity, but all 

suppress Dicer-dependent production of virus-derived siRNAs by sequestering long 

dsRNA likely as a homodimer with a similar fold of two antiparallel α-helices, 

suggesting convergent evolution.

Additional families of human RNA viruses, including Ebola virus and SARS-CoV-1 and 

2, encode unrelated VSRs awaiting further functional validation.
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Outstanding questions

How widespread are VSRs among families of mammalian RNA viruses? Is the VSR 

activity a conserved function of homologous proteins within a virus family or order?

Are there additional VSRs that suppress antiviral RNAi to promote infection without 

interfering with the functionality of host miRNAs and in an IFN-independent manner?

What is the molecular basis for the differential suppression of the Dicer-dependent 

biogenesis of vsiRNAs, but not host miRNAs, by nodaviral VSR-B2? Is the known 

interaction of several VSRs with their viral RNA replication complex necessary for 

efficient suppression of vRI-dsRNA dicing?

Do dsRNA-binding VSRs sequester virus-derived dsRNA from the same or different pool 

as those detected by host innate immune sensors of the viral nucleic acids?

Are there additional VSRs to promote infection in both the arthropod vectors and 

mammalian hosts by suppressing antiviral RNAi with the same or distinct mechanisms?

Are there mammalian VSRs that suppress antiviral RNAi by targeting other steps 

or protein components of the pathway in addition to Dicer processing suppression 

as dsRNA-binding proteins? Does transsuppression of antiviral RNAi occur between 

coinfecting viruses? Does mixed infection with viruses encoding VSRs to target the same 

or different steps of antiviral RNAi enhance infection and virulence in mammals as it is 

known in plants?

Are there mammalian VSRs exhibiting off-target suppression of host miRNA function to 

induce disease development in vivo?
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Figure 1. Induction and suppression of antiviral RNAi in mammals.
The viral replicative intermediates dsRNA (vRI-dsRNA) synthesized by the RNA-dependent 

RNA polymerase (RdRP) of RNA viruses are processed by Dicer nuclease into virus-derived 

siRNAs (vsiRNAs), triggering the assembly of antiviral RISC to target the viral RNAs 

complementary to the vsiRNAs for RNAi. All of the validated mammalian viral suppressors 

of RNAi (VSRs) suppress antiviral RNAi by mainly inhibiting the biogenesis of vsiRNAs 

via dsRNA sequestration.
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Figure 2. Cell culture assay for viral suppressor of RNAi (VSR) identification.
Top: Genomic RNA1 of Flock house virus (FHV and other nodaviruses) encodes two 

‘out-of-frame’ overlapped open reading frames (ORFs) for the viral RdRP (protein A) and 

VSR-B2, translated from RNA1 and its subgenomic RNA (RNA3, synthesized after RNA1 

replication), respectively. Nucleotides 2802–3001 of RNA1 as encoded in its infectious 

cDNA clone pFR1 were replaced with the coding sequence for enhanced green fluorescent 

protein (eGFP) to give pFR1gfp, allowing inframe fusion of eGFP with a short N-terminal 

sequence of B2 and translation of the tagged eGFP from the chimeric RNA3. Note the 

replacement of the C-terminal portion of the viral protein A deleted in FR1gfp by the protein 

sequence (light gray) translated from the −1 reading frame of eGFP ORF. Bottom: Fruit fly 

S2 cells displaying eGFP expression are not visible after transfection with pFR1gfp alone 

(left), but become abundant after RNAi suppression by Ago2 mRNA depletion with Ago2 

dsRNA cotransfection (middle) or VSR-B2 expressed from a cotransfected plasmid (right).
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Figure 3. Structural similarities of mammalian double-stranded RNA (dsRNA)-binding viral 
suppressors of RNAi (VSRs).
The dsRNA-binding domain (dsRBD) of NS1 (left) and B2 (right) drawn in a cartoon style 

along with the structures in their space-filling representation, with charged amino acids 

colored in red for acidic amino acids Asp and Glu and blue for basic amino acids Arg, Lys, 

and His (right panels). Reprinted, with permission, from [58]. Similar to FHV B2 (right), the 

2.5 Å crystal structure of the dsRBD of NoV B2 also shows a four-helix bundle structure 

capped by two short helices at the C-termini [58].
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Table 1.

Validated mammalian viral suppressors of RNAi

VSR Virus Family Mechanism Refs

B2 Nodamura virus Nodaviridae (+RNA genome) dsRNA sequestration [11,12,21,22,24]

NS1 Influenza A virus Orthomyxoviridae (−RNA genome) dsRNA sequestration [13,22,43]

3A Enterovirus-A71 Picornaviridae (+RNA genome) dsRNA sequestration [14,35]

NS2A Dengue virus 2 Flaviviridae (+RNA genome) dsRNA sequestration [16]

Trends Biochem Sci. Author manuscript; available in PMC 2023 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li and Ding Page 20

Table 2.

Mammalian RNA viral proteins that exhibit viral suppressor of RNAi activity

VSR Virus Family (genome type) Putative mechanism Refs

7a SARS-CoV-1 Coronaviridae (+RNA) Unknown [69]

N (nucleocapsid) SARS-CoV-1/2 Coronaviridae (+RNA) dsRNA sequestration [70,71]

NS4B Dengue virus 1–4 Flaviviridae (+RNA) Unknown [72]

Capsid Zika/yellow fever virus Flaviviridae (+RNA) dsRNA sequestration [73–75]

Capsid; NS2 Hepatitis C virus Flaviviridae (+RNA) Dicer binding; dsRNA sequestration [76,77]

Capsid Semliki Forest virus Togaviridae (+RNA) dsRNA sequestration [78]

Capsid Rubella virus Matonaviridae (+RNA) dsRNA sequestration [79]

nsP2; nsP3 Chikungunya virus Togaviridae (+RNA) Unknown [80]

VP30; VP35; VP40 Ebola virus Filoviridae. (−RNA) Dicer binding; dsRNA sequestration; unknown [11,13,41,81]

VP35 Marburg virus Filoviridae. (−RNA) dsRNA sequestration [13]

NSsa La Crosse virus Bunyaviridae (−RNA) Unknown [82]

a
Homologous NS protein encoded by a member of the same virus family that infects plants is also a VSR to promote in vivo infection by 

suppressing antiviral RNAi [83,84].
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