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SUMMARY

RNA interference (RNAI) functions as a potent anti-
viral immunity in plants and invertebrates; however,
whether RNAI plays antiviral roles in mammals re-
mains unclear. Here, using human enterovirus 71
(HEV71) as a model, we showed HEV71 3A protein
as an authentic viral suppressor of RNAi during viral
infection. When the 3A-mediated RNAi suppression
was impaired, the mutant HEV71 readily triggered
the production of abundant HEV71-derived small
RNAs with canonical siRNA properties in cells and
mice. These virus-derived siRNAs were produced
from viral dsRNA replicative intermediates in a
Dicer-dependent manner and loaded into AGO, and
they were fully active in degrading cognate viral
RNAs. Recombinant HEV71 deficient in 3A-mediated
RNAi suppression was significantly restricted in
human somatic cells and mice, whereas Dicer defi-
ciency rescued HEV71 infection independently of
type | interferon response. Thus, RNAi can function
as an antiviral immunity, which is induced and sup-
pressed by a human virus, in mammals.

INTRODUCTION

RNAI is an evolutionarily conserved post-transcriptional gene
silencing mechanism in eukaryotes (Carthew and Sontheimer,
2009; Kim et al., 2009) and has been well recognized as an innate
antiviral immunity in fungi, plants, and invertebrates. In the
process of antiviral RNAI, viral dsRNA (double-stranded RNA)
replicative intermediates generated during RNA virus replication
are recognized and processed by Dicer endoribonuclease into
21- to 23-nucleotide (nt) siRNAs (small interfering RNAs) that
contain perfectly base-paired central regions with 2-nt 3’ over-
hangs (Ding, 2010). These virus-derived siRNAs (also named
viral siRNAs) are then transferred by Dicer into Argonaute
(AGO) proteins, the core components of RNA-induced silencing
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complex (RISC), to direct the cleavage of cognate viral RNAs.
Thus, the fundamentals of antiviral RNAi immunity are as follows:
(1) viral infection induces the production of virus-derived siRNAs,
and (2) more importantly, these virus-derived siRNAs or virus-
induced RNAI responses have antiviral activity (Cullen et al.,
2013; Ding, 2010).

However, when small RNAs in a variety of mammalian somatic
cells infected by various RNA viruses, including influenza A virus
(IAV) and picornavirus, were subjected to deep sequencing,
canonical siRNA species derived from viral RNAs were either
not detected or detected at extremely low levels with an over-
whelming bias for one strand (Kennedy et al., 2015; Parames-
waran et al., 2010; Weng et al., 2014). Additionally, genetic
ablation of Dicer or AGO2, the major AGO protein responsible
for the siRNA pathway, failed to enhance virus replication in
mammalian somatic cells (Bogerd et al., 2014a; Kennedy et al.,
2015; Parameswaran et al., 2010). Thus, it remains an open
question whether RNAI functions as an antiviral defense in mam-
mals, particularly in differentiated mammalian somatic cells.

Unlike mammalian somatic cells, embryonic stem cells (ESCs)
have been found to produce readily detectable siRNAs from long
dsRNAs (Nejepinska et al., 2012; Tam et al., 2008; Watanabe
et al., 2008). It has been reported that murine ESCs (MESCs) in-
fected by encephalomyocarditis virus (EMCV) produced abun-
dant viral siRNAs, although the differentiation of mMESCs resulted
in loss of both pluripotency and viral siRNA production (Maillard
et al., 2013). Moreover, murine oocytes have been found to ex-
press an N-terminally truncated isoform of Dicer that can pro-
cess dsRNAs into siRNAs (Flemr et al., 2013). Recently, Cullen
and colleagues reported that ectopic expression of an N-termi-
nally truncated human Dicer mutant could produce readily
detectable viral siRNAs in IAV-infected human somatic cells.
However, the shorter Dicer isoform is rodent specific and not
naturally present in human cells (Kennedy et al., 2015). There-
fore, mMESCs and probably certain germline cells, which are
undifferentiated and retain some pluripotency, are intrinsically
different with differentiated somatic cells in producing siRNAs.

Interestingly, Ding and colleagues found that infection by a
Nodamura virus (NoV) mutant that does not express protein B2
triggered the production of readily detectable NoV-derived
siRNAs in rodent somatic cell lines and suckling mice (Li et al.,
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Figure 1. HEV71 3A Suppresses Dicer-Mediated siRNA Biogenesis by Sequestrating dsRNA In Vitro
(A) 293T cells were co-transfected with a plasmid encoding EGFP (0.1 pg) and EGFP-specific shRNA (0.3 pg), together with either empty plasmid or a plasmid
encoding HEV71 nonstructural protein or NoV B2 (NB2) (0.3 ng for each). Cells transfected with siRNA of AGO2 or NC siRNA (50 nM for each) were used as

(legend continued on next page)
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2013). However, NoV is an insect virus, but not a mammalian
virus that belongs to the same positive-stranded RNA virus
family (Nodaviridae) with other insect nodaviruses such as Flock
House virus (FHV) and Wuhan nodavirus (Li et al., 2002; Qi et al.,
2012). Most insect or plant RNA viruses encode viral suppres-
sors of RNAI (VSRs) to antagonize antiviral RNAi (Ding, 2010).
Nodaviral B2 proteins are among the best-characterized VSRs
and suppress antiviral RNAi in insects by sequestering viral
dsRNAs and targeting RNAi pathway component (Aliyari et al.,
2008; Liet al., 2002; Qi et al., 2012). Moreover, some mammalian
viral proteins, like IAV NS1 and Ebola virus (EBOV) VP35, have
been reported to suppress RNAI in vitro (Haasnoot et al., 2007;
Li et al., 2016). Therefore, the identification of an authentic VSR
encoded by a mammalian virus would be the key step to
answering the fundamental questions: (1) can viral infection
induce viral siRNA production?; and (2) does virus-induced
RNAI have antiviral activity in mammals?

Enteroviruses are a genus of positive-stranded RNA viruses
in the family Picornaviridae and include numerous important hu-
man pathogens, such as poliovirus, HEV71, echoviruses, and
coxsackieviruses that annually infect around 3,000,000,000 peo-
ple and are responsible for a wide spectrum of diseases. Espe-
cially, HEV71 infection in infants and young children causes
hand-foot-and-mouth disease (HFMD) and severe neurological
manifestations and has emerged as one of the major global
threats to public health. In addition, human enteroviruses are
among the best-characterized RNA viruses and have served as
important models in the development of modern virology (Shih
et al., 2011). Here, we first identified the nonstructural protein
3A of HEV71 as the VSR that inhibits Dicer-mediated siRNAs
biogenesis by sequestrating dsRNAs. When the 3A-mediated
suppression of RNAi was impaired by point mutations, the
VSR-deficient mutant viruses effectively triggered RNAi res-
ponse in both mammalian somatic cells and mice, producing
abundant HEV71-derived small RNAs with all of the properties
of canonical siRNAs. These HEV71-derived siRNAs are Dicer-
dependently produced from viral dsRNA replicative intermedi-
ates, loaded into AGO-RISC, and are fully active to degrade
cognate viral genomic RNAs. Most importantly, the VSR-defi-
cient mutants of HEV71 are significantly restricted in human
somatic cells and mice, while Dicer deficiency successfully
restored HEV71 infection independently of type | interferon

(IFN-I) response. Overall, our findings highlight that RNAi can
indeed function as antiviral immunity in mammals, and here,
we showed that it is induced and suppressed by HEV71.

RESULTS

HEV71 Nonstructural Protein 3A Is a Potential VSR

To determine whether HEV71 encodes proteins that work as po-
tential VSRs, we examined all HEV71-encoded nonstructural
proteins via a reversal-of-silencing assay. In this assay, cultured
human HEK293T cells were co-transfected with the plasmids
encoding EGFP and EGFP-specific small hairpin RNA (shRNA),
which is cleaved by Dicer to produce siRNA, together with vec-
tors for HEV71 nonstructural proteins. Two days after transfec-
tion, EGFP mRNA levels were determined by northern blot (Fig-
ure 1A), and the protein expression was determined by western
blot (Figure S1A). The EGFP-specific shRNA eliminated the
EGFP transcripts (Figure 1A), confirming that the RNAI is effec-
tive. We found that the expression of the 3A protein and its pre-
cursor 3AB effectively rescued the accumulation of EGFP
mRNA, indicating that 3A is a potential VSR (Figure 1A, lanes 8
and 9). In addition, ectopically expressing NoV B2 or knocking
down AGO2 (Figure S1B) expectedly inhibited the shRNA-
induced RNAI (Figure 1A, lanes 4 and 12; Figure S1C).

Since the RNAIi pathway is conserved from plants to animals,
we sought to determine if 3A is also able to suppress dsRNA-
induced RNAiI in insect cells. Our data showed that ectopic
expression of HEV71 3A effectively suppressed the dsRNA-
induced RNAI in cultured Drosophila S2 cells (Figure S1D, lane
5). Moreover, ectopically expressing FHV B2 (FB2), another
well-established VSR, or knocking down fly Dicer-2 or AGO2
(Figure S1E) also suppressed RNAI (Figure S1D), as expected.

To further confirm the in vitro RNAi suppression activity of
HEV71 3A, we adopted another canonical assay in cultured S2
cells. In this assay, a VSR-deficient mutant of FHV replicon
(pFR1-AB2) was expressed in S2 cells. Owing to a lack of B2,
this mutant replicon was unable to suppress antiviral RNAI, re-
sulting in the near clearance of self-replicated FHV RNA1 and
RNA3 in S2 cells (Figure S1F, compared lanes 1 and 2). This
replication defect of the VSR-deficient replicon could be partially
rescued by the ectopic expression of either FHV B2 or HEV71 3A
(Figure S1F, lanes 3 and 4) or by the knockdown of fly AGO2

controls. At 48 hr after transfection, total RNAs were extracted, and the level of EGFP mRNA was examined via northern blotting with DIG-labeled RNA probe
targeting the egfp ORF 500-720 nt. 18 s rRNA was used as loading control.

(B) Increasing amount (0-4 pM) of MBP-fusion HEV71 3A (MBP-3A) was incubated with 0.1 uM 200-nt DIG-labeled dsRNA at 37°C for 30 min. Complexes were
separated on 6% native-PAGE, transferred to membranes, and then incubated with anti-DIG antibody conjugated with alkaline phosphatase. For competition
assays, 2 uM of MBP-3A was incubated with 0.1 uM DIG-labeled dsRNA and increasing amounts (0.2-5 uM) of unlabeled dsRNA or ssRNA.

(C) 293T cells were co-transfected with a plasmid encoding EGFP (0.1 png) and EGFP-specific shRNA (0.3 pg), together with the plasmids encoding HEV71 3AWT
or mutants (0.3 pg for each). The EGFP mRNA levels were determined by gRT-PCR with that in the presence of WT 3A defined as 100%. Data represent means
and standard deviations (SD) of three independent experiments. Cell lysates were also subjected to western blotting with anti-Flag and anti-a.-Tubulin antibodies.
(D) Northern blotting of EGFP mRNA levels of 293T cells co-transfected with a plasmid encoding EGFP and EGFP-specific ShRNA, together with either empty
plasmid or the plasmid encoding NB2, 3A, or its mutants (3Ap23a and 3Agraga)-

(E) Increasing amounts (1-16 uM) of MBP-3Apz3a or MBP-3AR344 Were incubated with 0.1 pM 200-nt DIG-labeled dsRNA at 37°C for 30 min. Complexes were
analyzed as noted above.

(F) 293T cells were co-transfected with EGFP-specific shRNA (0.3 pg) and either the increasing amounts (0.1-0.3 pg) of the plasmid encoding 3A or its mutants
(3Ap23a and 3Ars4a)- Total RNAs were subjected to northern blotting with either DIG-labeled oligo RNA probe targeting EGFP-shRNA or U6. The synthetic 21- and
25-nt RNAs were used as size markers. Cell lysates were also subjected to western blotting with anti-Flag and anti-a-Tubulin antibodies.

(G) The purified proteins as indicated were incubated with 0.4 ug 200-nt dsRNA together with a human recombinant Dicer (0.5 U) at 37°C for 16 hr. The RNAs were
separated on 7 M urea-15% PAGE and visualized by staining with ethidium bromide. Each experiment has been repeated at least three times independently.
See also Figure S1.
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(Figure S1F, lane 5). Together, these results showed that HEV71
3A can block RNAi in cells and is a potential VSR.

HEV71 3A Suppresses Dicer-Mediated siRNA

Biogenesis by Sequestrating dsRNA In Vitro

The 3A proteins encoded by poliovirus and Coxsackievirus B3
(CVB3) form a homodimer with each monomer consisting of
two antiparallel o helices (Strauss et al., 2003; Wessels et al.,
2006) (Figure S1G), which is structurally similar to some VSRs
such as nodaviral B2 that sequester dsRNA from Dicer cleavage
(Qietal., 2012). To determine if HEV71 3A binds to long dsRNA,
gel shift assays were conducted by incubating in-vitro-tran-
scribed 200-nt digoxin (DIG)-labeled dsRNA with increasing
concentrations of recombinant MBP-fusion 3A (MBP-3A, Fig-
ure STH). In addition, unlabeled dsRNAs and ssRNAs were
used as competitors to further evaluate the affinities of 3A with
dsRNA and ssRNA. The presence of 3A apparently resulted in
the gel mobility shift of DIG-labeled dsRNA (Figure 1B, lanes
3-6), and only the unlabeled dsRNAs efficiently competed with
DIG-labeled dsRNAs (Figure 1B, lanes 7-9), while the ssRNA
competitor had a minimal effect (Figure 1B, lanes 10-12). These
results demonstrate that HEV71 3A can bind long dsRNA in vitro.

To identify the critical residues responsible for dsRNA-binding
and RNAi suppression activities of HEV71 3A, we performed
multiple sequence alignments of the positively charged residues
of enterovirus 3As (Figure S1G) and examined the single-point
mutations of conserved arginine and lysine using the reversal-
of-silencing assay in 293T cells. In addition, because dimeriza-
tion is required for VSR activities of many plant and insect viruses
(Qi et al., 2012), we also introduced a point mutation of Asp23,
located in the a2 helix of 3A, which is identical in all enteroviruses
sequenced to date (Figure S1G) and previously reported to be
essential for 3A dimerization of poliovirus and CVB3 (Strauss
et al., 2003; Wessels et al., 2006). Our data showed that Asp23
was also required for dimerization of HEV71 3A (Figure S1l).
Thus, we performed quantitative RT-PCR (qRT-PCR) to deter-
mine the effects of different mutants on EGFP mRNA levels
and found that mutation of conserved Asp23 or Arg34 to Alanine
(D23A or R34A) substantially reduced the ability of 3A to
suppress RNAI (Figure 1C). These results were further confirmed
by northern blot (Figure 1D, lanes 8 and 9). Furthermore, we
found that either the D23A or R34A mutation abolished
dsRNA-binding activity of HEV71 3A (Figure 1E), indicating that
3A requires long dsRNA-binding activity to suppress RNA..

Next, we sought to determine whether HEV71 3A could
sequestrate dsRNA from Dicer cleavage in human somatic cells.
Small RNAs were harvested from 293T cells co-expressing
shRNA together with 3A or its mutants and then subjected to
northern blotting with a DIG-labeled RNA oligo probe that
recognizes both the precursor shRNA (pre-shRNA) and mature
siRNA. As shown in Figure 1F, the accumulation of ~22-nt
Dicer-cleaved siRNA was substantially lower in cells expressing
3A than in cells expressing empty vectors. As expected, 3Apoza
and 3Agrasa failed to suppress the processing of shRNA into
siRNA (Figure 1F, lanes 5-8).

To further confirm the direct role of HEV71 3A in protecting
dsRNA from Dicer cleavage, we adopted an in vitro assay in
which purified 200-nt dsRNA, recombinant human Dicer, and
MBP-fusion 3A or its mutants were added. While dsRNA was

efficiently processed into ~22-nt siRNA in the presence of
MBP alone, MBP-3Aps3a, or MBP-3Agasa, the addition of
MBP-3A protected dsRNA from cleavage by Dicer in a dose-
dependent manner (Figure 1G). Altogether, we conclude that
HEV71 3A suppresses RNAIi by sequestrating dsRNA from Dicer
cleavage in vitro.

HEV71 3A Inhibits Dicer-Dependent Production of Virus-
Derived siRNAs in Human Somatic Cells

To investigate the VSR function of 3A in an authentic viral infec-
tion context, we introduced the D23A or R34A mutation in the 3A
coding region of the infectious clone of the HEV71 strain VR1432
(Figure 2A). The wild-type (WT) and mutant viruses were all viable
and successfully recovered in human rhabdomyosarcoma (RD)
cells (Figures 2B and 2C). The mutant viruses (HEV71p234 and
HEV71r34a) sShowed weaker growth patterns than did the WT
virus (HEV71w7) in RD and 293T cells (Figure 2D), suggesting
that the loss of VSR function probably contributes to the restric-
tion of HEV71 replication.

The presence of readily detectable viral siRNAs within infected
cells has been recognized as a marker of antiviral RNAi (Ding,
2010). To determine if HEV71 infection triggers the production
of viral siRNAs, total RNAs were extracted from 293T cells
infected with HEV71y1 at a multiplicity of infection (MOI) of 10
at 24 hr post-infection (hpi) and then subjected to deep
sequencing. Abundant viral small RNAs (vsRNAs), 18-28 nt in
length, were detected in the HEV71r-infected 293T cells (Fig-
ure 3A). These vsRNAs failed to cluster as predicted 22 + 1-nt
Dicer products (canonical siRNAs) but instead were presented
as predominantly nonspecific viral RNA degradation products
with random size distribution and an overwhelming bias for pos-
itive strands (97.38%) (Table S1), similar to those observed in
mammalian somatic cells infected by poliovirus and IAV (Ken-
nedy et al., 2015; Parameswaran et al., 2010). Besides, a previ-
ous study by Weng et al. identified several HEV71-derived
vsRNAs that are cleavage products from the internal ribosome
entry site (IRES), that vary in size, and that lack siRNA properties
(Weng et al., 2014), consistent with our observation.

Next, we infected 293T cells or a characterized Dicer-deficient
293T cell line (NoDice), whose all three copies of the DICER1
gene are inactivated by gene editing (Bogerd et al., 2014b),
with HEV71ps3a. Of note, HEV71p,34 Was used here because
the D23A mutation was more efficient than R34A in eliminating
the in vitro RNAIi suppression activity of 3A (Figure 1G) and
restricting HEV71 replication in cells (Figure 2D). As shown in Fig-
ure 3A and Table S1, although vsRNAs detected in HEV71po3a-
infected cells were less abundant than those in HEV71-
infected cells, which were likely due to the greatly reduced
mutant virus genomic RNA, the positive-strand bias was sub-
stantial reduced (67.89%). Moreover, vsRNA reads in 22 + 1-nt
size were divided approximately equally into positive (59.95%)
and negative strands (40.41%), revealing apparent peaks of
vsRNAs of both polarities (Figure 3A). Further bioinformatics
analysis showed that the HEV71p,34 library was enriched for a
population of 22-nt vsRNAs that contained a 20-nt perfectly
base-paired duplex region with 2-nt 3’ overhangs (Figure 3B,
peak “—27), which were not found in the vsRNAs of HEV71t
(Figure 3B). Together, these results show that a significant
level of vsRNAs with the properties of canonical siRNAs were
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Figure 2. The Replication of 3A-Deficient Mutants of HEV71 Was Inhibited

(A) HEV71 genome and the mutation sites of D23A and R34A of 3A.

(B) RD cells were infected with HEV71\y, HEV71p23a, or HEV71R344 at an MOI of 10. At 24 hpi, cells were subjected to indirect fluorescent assay (IFA) using anti-
VP1 antibody (green). The cell nuclei were stained with DAPI (blue). The merged image represents the digital superimposition of green and blue signals.

(C) The plaque morphology of HEV71\yt, HEV71p23a, and HEV71Rga4a.

(D) RD or 293T cells were infected with HEV71\yt, HEV71p23a, Or HEV71R34a at an MOI of 10. Viral titers were measured at the indicated times using standard

plaque assays in RD cells.

produced in 293T cells infected with HEV71p234, and this finding
was also confirmed by an independently repeated experiment
(Figures S2A and S2B). Interestingly, when Dicer is deficient by
gene editing, far fewer vsRNA reads were detected in in NoDice
293T cells infected by HEV71p23a (Table S1), and the remaining
vsRNAs did not show any of the siRNA properties observed in
normal 293T cells infected with the same mutant virus (Figure 3A
and 3B), showing that the production of canonical viral siRNAs is
Dicer-dependent.

Analysis of the genomic origin of vsRNA reads predicted to
form siRNA duplexes (22-nt size) showed that HEV71posa-
derived siRNAs were highly concentrated at the 5 termini of
the HEV71 genome (73.8% of total reads in 22-nt size) in the
highly structured IRES (Figure 3C and Figure S2C). Notably,
94.9% of the negative-stranded vsRNA reads in 22-nt size
were derived from the terminal regions of antigenomic RNAs
(Figure 3C). These terminal vsRNA reads formed successive
(or phased) complementary pairs of viral siRNAs (Figures 3D
and 3E), and none of the reversed sequences of negative-strand
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vsRNA reads from the terminal regions could be mapped to
positive-stranded HEV71 genomic RNA (Figure 3F) even when
two nucleotide mismatches were allowed, showing that nega-
tive-stranded vsRNA reads were derived from antigenomic
RNAs produced by viral RNA replication. Together, our results
show that the viral siRNAs in HEV71p3a-infected 293T cells
were predominantly derived from Dicer processing of the termini
of viral dsRNA replicative intermediates, but not viral RNA stem
structures.

Production of Abundant Viral siRNAs in Human Somatic
Cells Infected with VSR-Deficient HEV71

We next sought to determine whether HEV71-derived siRNAs
were abundant enough to be readily detectable by northern
blot. Discrete bands in the 21- to 22-nt size range were detected
in 293T cells infected with HEV71po3a (Figure 4A, lanes 5-7) by
using two different RNA oligo probes complementary to two
negative-stranded viral siRNAs (marked by stars in Figure 3E).
The HEV71po3a-derived siRNAs also accumulated to high levels
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Figure 3. Production of HEV71-Derived siRNAs in Human Somatic Cells
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with HEV71y or HEV71po3a at an MOI of 10 at 24 hpi. Red, positive-stranded vsRNAs; blue, negative-stranded vsRNAs.

(B) Total pairs of complementary 22-nt vsRNAs derived from HEV711 or HEV71po34 in each distance category between 5’ and 3’ ends of a complementary
vsRNA pair, showed as —2 for pairs with 2-nt overhang at the 3’ end of each strand defined as the canonical viral siRNAs (vsiRNAs).

620 UCGAUAACCUAACCGGUAGGCCA 642 2)
AUAACCUAACCGGUAGECC 641 (1
831 GG AACCGGUAGGCCAC 643 (1)
95 ADAGEUAGEGOUAGGSCACA 644 ( 2)
624 UAACCUAACCGGUAGGCCACA 644 (2)
642 ACACGUUGUCUCGCUAGCAAAU 863 (293) V¢ P2
643 CACGUUGUCUCGCUAGCAAAUG 664 (17)
643 CACGUUGUCUCGCUAGCAAAU 663 (485)

(legend continued on next page)
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(A) Northern blot of vsiRNAs in 293T cells infected with HEV71\y1 or HEV71p234 at an MOI of 10 at 6, 12, and 24 hpi. The two vsiRNA probes were indicated in (A).
The same set of RNA and protein samples were used for northern or western blotting to detect miR-92a, U6, viral VP1, 3A and 3AB proteins or a-Tubulin. The

synthetic 21- and 25-nt RNAs were used as size markers.

(B) Northern blot of vsiRNAs in RD cells infected with the same titer (MOI = 10) of HEV71\yt, HEV71po3a, or HEV71Rasa at 6, 12, and 24 hpi.

in human RD cells (Figure 4B, lanes 5 and 6). Moreover, viral
siRNAs were also produced in RD cells infected with HEV71r34a
(Figure 4B, lane 9). These results provide an independent
verification of the production, size, and abundance of the
deep-sequenced HEV71-derived siRNAs. In contrast to infection
with 3A-deficient HEV71, viral siRNAs were undetectable in
either 293T or RD cells infected with HEV71\ (Figure 4A, lanes
2-4; Figure 4B, lanes 1-3), indicating that the biogenesis of the
HEV71-derived siRNAs was suppressed by 3A expressed in
cis from the viral genome, consistent with the results of deep
sequencing (Figure 3A).

Together, our findings show that HEV71 3A does function as
an authentic VSR in a viral infection context, and when the
3A-mediated suppression of RNAi was genetically impaired in
HEV71, RNAi response was effectively induced to produce readily
detectable Dicer-dependent viral siRNAs in human somatic cells.

RNAi Plays an Antiviral Role in Human Somatic Cells

Upon confirming that RNAi response could be triggered by infec-
tion of VSR-deficient HEV71, but not WT HEV71, we sought to
determine if RNAi plays an antiviral role in HEV71-infected
human somatic cells. To this end, human 293T or RD cells
were infected with WT or VSR-deficient HEV71, and viral RNA
accumulation, virus titer, virion production, and viral siRNA pro-

duction were determined. As expected, the viral RNA accumu-
lation and virion production of HEV71ps3a or HEV71grasa
were restricted in both 293T and RD cells (Figures 5A, 5B, and
S3A-S3D), consistent with the virus titer assays (Figures 2D
and S4A and S4B). Correspondingly, significant amounts of
viral siRNAs, readily detected by northern blot, were produced
in cells infected with HEV71py3a or HEV71R34a, but not HEV7 1yt
(Figures 4A, 4B, 5B, and S3B).

Moreover, if RNAI response is indeed antiviral, the rescue of
VSR-deficient viruses should be observed in RNAi-compro-
mised cells (Cullen et al., 2013). Our data showed that
viral RNA replication and virion production of HEV71pssa
or HEV71grasa Were rescued by ectopic expression of NoV
B2 or HEV71 3A, but not the VSR-deficient mutant of B2
(B2rsoq, also termed “mB2”) or 3A (BAp2sa) (Figures 5A, 5B
and S3A-S3D). Correspondingly, viral siRNA biogenesis was
blocked by ectopic expression of B2 or 3A, but not mB2 or
3Ap2sa (Figures 5B and S3B, lanes 4-7). More importantly,
the deficiency of Dicer in 293T or RD cells efficiently rescued
the replication of HEV71po3a of HEV71Rrasa (Figures 5A, 5B,
S3A-S3D, and S4A-S4D). As expected, Dicer deficiency elimi-
nated viral siRNA production (Figures 5B and S3B, lane 8),
consistent with our deep sequencing data (Table S1). Therefore,
our data show that VSR-deficient viruses can be rescued in

(C) The distribution of vsRNA reads (22-nt size) in the positive- and negative-stranded HEV71 genome and the relative abundances of positive- and negative-

stranded vsRNAs are indicated.

(D) A close-up view of the distribution of vsRNA reads in the 5'-terminal 800-nt region of HEV71 genome.

(E) Read sequences along two indicated segments of HEV71 genome. Read counts (in brackets), read length, and genomic position are indicated. The RNAs
complementary to the negative-strand vsiRNAs marked by a star were used as the probes for northern blot.

(F) The sequences of negative-stranded HEV71p3a-derived vsRNA reads (5039 reads) in the 5'-terminal regions were reversed and mapped to the sequences of
positive-stranded HEV71po34 genome. 0-2 nt mismatches were allowed for mapping.

See also Figure S2 and Table S1.
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Figure 5. VSR-Deficient HEV71 Triggers Antiviral RNAi Response in Human 293T Cells

(A) 293T or NoDice 293T cells were transfected with expression vector for NoV B2, mB2 (B2rsgq), HEV71 3A, or 3Apasa or treated with Ruxolitinib (2 pM) as
indicated and then infected with HEV71yt or HEV71p234 at an MOI of 10. At 6, 12, and 24 hpi, the levels of HEV71 genomic RNAs were determined by qRT-PCR,
and the level of HEV71p,34 RNA in 293T cells at 6 hpi was defined as 1. All data represent means and SD of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001 as measured by two-way ANOVA (GraphPad Prism).

(B) 2983T cells, NoDice 293T cells, or 293T cells ectopically expressing B2, mB2, 3A, or 3Apo3a Were infected with the same titer (MOl = 10) of HEV71yt or
HEV71p23a at 24 hpi, and the vsiRNAs were detected via northern blotting. The same set of RNA and protein samples were used for northern or western blotting to
detect precursor miR-92a (pre-miR-92a), miR-92a, U6, ectopically expressed B2 and 3A proteins, HEV71 VP1, 3A and 3AB proteins, host Dicer (DCR) and AGO
proteins, or a-Tubulin as indicated. The same cell lysates were subjected to RNA-IP with anti-pan AGO antibody, and western and northern blots were performed
to detect precipitated AGO and AGO-bound vsiRNAs and miR-92a.

(C) Schematic diagram of the plasmid that transcribes the mRNA containing the egfp ORF followed by the 600-700 or 1200-1300 nt region of the HEV71 genome
(EGFP-HEV71600-700 and EGFP-HEV71200-1300)- 293T or 293T NoDice cells were transfected with the plasmid encoding either EGFP, EGFP-HEV71g00-700, OF
EGFP-HEV714500-1300, and 2 hr after transfection, cells were infected with the same titer (MOl = 10) of HEV71\y1 or HEV71py3a. At 24 hpi, total RNAs were
extracted and subjected to northern blotting to detect EGFP mRNA.

(D) 293T cells or 293T cells ectopically expressing 3A or 3Apa3a Were infected with the same titer (MOl = 10) of HEV71y1 or HEV71p034 as indicated. At 24 hpi, cell
lysates were prepared and subjected to RNA-IP with anti-3A antibody. The precipitated RNAs were treated in the presence or absence of RNase | or RNase Ill and
then detected by northern blotting using RNA probes targeting positive- and negative-stranded HEV71 genomic 1-700 nt. Precipitated 3A and 3AB proteins were
detected by western blots with anti-3A antibody. Each experiment has been repeated at least three times independently.

See also Figure S3, S4, and S5.

RNAi-compromised human somatic cells, and the rescuing To evaluate whether 3A plays any role in IFN response, WT or
effect closely corresponds to the suppression of viral siRNA  NoDice 293T cells were infected by HEV71 1 or HEV71po3a. We

production. found that the induction of IFN-f had no obvious difference at 6
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or 12 hpi with either WT or mutant virus and was only moderately
more enhanced by HEV71po34 at 24 hpi (Figures S4E and S4F).
Additionally, ectopically expressing 3A moderately inhibited
polyl:C-stimulated IFN-B induction in 293 cells stably expressing
TLR3, comparing with the strong effect of EBOV VP35, a well-
known IFN-I antagonist (Figure S4G). Besides, ectopic expres-
sion of 3A did not inhibit the induction of IFN-stimulated genes
(ISGs) (Figure S4H). Thus, HEV71 3A has a minor inhibitory effect
on IFN-I induction in cells.

To exclude the potential interference of IFN-I response, we
treated WT or NoDice 293T cells infected by HEV71p534 With
Ruxolitinib, a well-known JAK1 and JAKS inhibitor (Mesa et al.,
2012), to block IFN-I response. We found that the RNA accumu-
lation of HEV71p34 in Ruxolitinib-treated Dicer-deficient cells
was significantly higher than that in Ruxolitinib-treated WT cells
(Figure 5A), showing that the rescuing effect of compromising
RNAI on viral replication is independent of IFN-I response.

Interestingly, continuous culturing of HEV71gga4a resulted in
two different spontaneous mutations, i.e., mutations to WT and
Valine (V), and HEV71Rra4y exhibited similar plaque and growth
patterns with HEV71,t and did not trigger viral siRNA production
in RD cells (Figure S5), showing that 3Ara4v also has VSR activity.
The rapid reverse mutations of HEV71g34a are probably due to
the pressure of natural selection, further confirming the impor-
tance of VSR in viral replication.

Together, our data show that RNAi indeed functions as an
antiviral immunity in an IFN-independent manner in human so-
matic cells.

HEV71-Derived siRNAs Load into AGO and Are Active to
Degrade Cognate Viral RNA Sequence

In mammalian RNAi pathway, siRNAs mainly load into AGO2, the
only mammalian AGO that exhibits cleavage activity, to guide the
destruction of cognate RNA (Liu et al., 2004). To further confirm
the antiviral role of virus-triggered RNAi response, we first sought
to determine if HEV71-derived siRNAs can load into AGO-RISC.
After infection of 293T or RD cells by WT or mutant viruses, small
RNAs were subjected to RNA-immunoprecipitation (RNA-IP)
with anti-pan AGO antibody. Our results showed that viral
siRNAs in cells infected by HEV71p53a or HEV71R34a Were co-
immunoprecipitated with AGO (Figures 5B and S3B, bottom;
Figure S3D, top).

Subsequently, we sought to determine if these HEV71-derived
siRNAs are really able to specifically guide the degradation of
cognate HEV71 genomic RNAs. Because HEV71 genomic RNAs
can self-replicate to generate viral dsRNAs in infected cells, it is
difficult to distinguish whether the clearance of HEV71 RNAs is
mediated by siRNA-guided AGO cleavage of HEV71 genomic
RNA or by Dicer cleavage of HEV71 dsRNAs. To address this
issue, we designed a plasmid that transcribes an mRNA con-
taining egfo ORF followed by the sequences of 600-700 nt of
the HEV71 genome, named “EGFP-HEV71g00_700.” This region
of the HEV71 genome contains no predicted RNA secondary
structure (Figure S2C) and is complementary with a serial of
viral siRNAs producedin cells infected with HEV7 1 o34 (Figure 4A).
Of note, the plasmid EGFP-HEV714500_1300, Which was con-
structed using the same strategy but is not complementary
with HEV71-derived siRNAs (Figure 3C), was used as a ne-
gative control. In addition, the EGFP-HEV71g00_700 and EGFP-

1000 Immunity 46, 992-1004, June 20, 2017

HEV714500-1300 MRNAs are unable to generate dsRNAs, making
them potential targets for HEV71-derived siRNA-guided RNAI,
but not Dicer-mediated cleavage. As shown in Figure 5C, the
mRNA levels of EGFP-HEV71g00_700 Were substantially reduced
by infection with HEV71po34 compared to infection with HEV71y .
By contrast, neither HEV71p234 nor HEV71,r showed any effectin
cells expressing EGFP or EGFP-HEV711500-1300 (Figure 5C, lanes
1-3 and 7-9). As expected, HEV71p,3a-infection cannot reduce
EGFP-HEV71g00-700 MRNA level in NoDice cells (Figure 5C, lanes
10-12).

In conclusion, HEV71-derived siRNAs indeed load into AGO
and are active to guide sequence-specific destruction of
cognate viral RNA sequence in a Dicer-dependent manner.

HEV71 3A Sequestrates Viral dsRNAs in Infected Cells
Upon confirming that RNAI plays an antiviral role in human so-
matic cells, we sought to determine if the incapability of
HEV71wr to trigger RNAI response and viral siRNA production
is indeed due to the VSR activity of 3A in an authentic viral infec-
tion context. To this end, we performed RNA-IP with anti-3A anti-
body in the lysates prepared from 293T cells infected with
HEV71t or HEV71p34. Total RNAs extracted from the inputs
and the RNA-IP products were subjected to northern blotting
by using RNA probes targeting positive- and negative-stranded
HEV71 genomes 1-700 nt. Viral RNAs of both polarities were
readily detected in RNA-IP products from 293T cells infected
with HEV71wr (Figure 5D), while the complete viral genomic
RNAs were detected in inputs (Figure S3E). The molecular
weights of these viral RNAs spanned a broad spectrum,
possibly consisting of RNA-IP-enriched replicative intermedi-
ates or degradation products (Figure 5D, lane 2). Moreover, the
3A-bound viral RNAs were double-stranded, as they were sus-
ceptible to dsRNA-specific RNase |l but resistant to ssRNA-
specific RNase | (Figure 5D). In addition, ectopically expressed
3A efficiently bound to viral RNAs, which were also double-
stranded, in cells infected with HEV71p,34 (Figure 5D, lane 4),
consistent with our findings that ectopic expression of 3A
rescued viral replication and suppressed viral siRNA biogenesis
of VSR-deficient HEV71. On the other hand, both virally and
ectopically expressed 3Ap.za barely associated with HEV71
dsRNAs in cells infected with HEV71po3a (Figure 5D, lanes 3
and 5). Together, our data show that HEV71 3A sequestrated
viral dsRNAs and could explain why virus-derived siRNAs were
barely detectable in human somatic cells infected with WT virus
whose VSR activity is potent and intact.

Antiviral RNAi Restricts VSR-Deficient HEV71
Replication in Primary Somatic Cells and in Mice

We sought to expand our evaluation of viral siRNA biogenesis
and antiviral effects of RNAi in primary somatic cells and animals.
To this end, primary murine lung fibroblasts (MLFs) were isolated
from 8- to 10-week-old WT or /fnar1~/~ C57/B6 mice and in-
fected with WT or D23A HEV71, respectively. Our data showed
that the VSR deficiency substantially restricted the viral replica-
tion and virion production of HEV71 in WT or /fnar1 '~ MLFs at 12
or 24 hpi (Figures 6A and 6B), consistent with our observations in
human 293T and RD cells (Figures 5 and S3). In addition, infec-
tion with HEV71 534 triggered the production of HEV71-derived
siRNAs, which were readily detectable via northern blotting, in
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Figure 6. VSR-Deficient HEV71 Triggers Viral siRNA Production and Shows Reduced Viral Replication and Pathogenicity in both MLFs and
A129 Mice

(A) Primary WT or Ifnar1™~ MLFs, or WT and /fnar? ™'~ MLFs with Dicer knockdown via siRNAs (siDicer#1 and siDicer#2), were infected with HEV71,y1 or
HEV71p234 at an MOI of 10. At 6, 12, and 24 hpi, the levels of HEV71 genomic RNAs were determined by qRT-PCR with that of HEV71p,34 in WT MLFs at 6 hpi
defined as 1. All data represent means and SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 as measured by two-way ANOVA
(GraphPad Prism).

(B) Northern blotting of vsiRNAs in WT MLFs infected with the same titer (MOI = 10) of HEV7 1yt or HEV71p234 at 24 hpi. The same set of RNA and protein samples
were used for northern or western blots to detect miR-21, U6, viral VP1, 3A and 3AB proteins, and a-Tubulin. The same cell lysates were subjected to RNA-IP with
anti-pan AGO antibody, and western and northern blots were performed to detect precipitated AGO and AGO-bound vsiRNAs and miR-92a.

(C) Northern blotting of vsiRNAs in WT or Ifnar1~'~ MLFs, or WT and /fnar1~/~ MLFs with Dicer knockdown infected with the same titer (MOI = 10) of HEV71,yr or
HEV71p234 at 24 hpi. The same set of RNA samples were used for northern blots to detect precursor miR-21 (pre-miR-21), miR-21, and U6.

(D) Groups of 1-day-old /fnar1 ~/~ A129 mice (n = 5) were intracerebrally injected with 1 x 107 PFU of HEV71y or HEV71p234. The mortalities were monitored for
15 days or until death. The significance between survival curves from each group was analyzed by Kaplan-Meier survival analysis with log-rank tests.

(E) Groups of 1-day-old Ifnar1~/~ A129 mice (n = 3) intracerebrally injected the same titer of the viruses as noted in (D) were dissected at 6, 24, 48, and 120 hpi.
Mouse brains were collected, homogenized, and then subjected to standard plaque assays for determining the viral titers. *p < 0.05, **p < 0.01, ***p < 0.001 as
measured by two-way ANOVA (GraphPad Prism).

(F) Total RNAs were extracted from the same mouse brain samples as noted in (E) and subjected to northern blotting with RNA probes targeting positive- or
negative-stranded HEV71 genomic RNAs, viral siRNAs, miR-21, or U6. Ten times more RNAs were loaded for the detection of negative-stranded HEV71 genomic
RNAs than for positive-stranded genomic RNAs. 18 s rRNA was used as loading controls. Each experiment has been repeated at least three times independently.
See also Figure S6.
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WT or Ifnar1~'~ MLFs (Figures 6B and 6C), while HEV71yy failed
to do so (Figures 6B and 6C). Besides, our RNA-IP assay re-
vealed that viral siRNAs produced in HEV71po3a-infected MLFs
also loaded into AGO (Figure 6B, lane 3, bottom).

Moreover, although IFN-B induction was moderately more
enhanced by HEV71pa3a than by HEV71y1 in WT MLFs (Fig-
ure S6C), consistent with our observation in 293T cells (Figures
S4E and S4F), the knockdown of Dicer in either WT or Ifnar1 /=
MLFs (Figure S6A) efficiently rescued the replication of
HEV71p53a (Figures 6A and SEB), further confirming that the anti-
viral role of RNAI is independent of IFN-I response. Besides, the
Dicer deficiency expectedly eliminated the production of viral
siRNAs in either cells (Figure 6C).

Next, we determined the different antiviral responses against
the WT and VSR-deficient mutant of HEV71 in Ifnar?~'~ A129
mice that lack IFN-I receptors. Of note, the usage of Ifnar1 ™/~
mice can exclude the potentially different effects of IFN-I
response against the WT and mutant virus (Goubau et al.,
2013). Groups of 1-day-old A129 mice were intracerebrally chal-
lenged with 1 x 10” PFU of HEV71y7 or HEV71 p23a; and the mor-
talities of the infected mice were monitored for 2 weeks. As
shown in Figure 6D, the HEV71yr-infected mice all died within
5 days, whereas the HEV71pa3a-infected mice all survived.

Mouse brains derived from HEV71\- or HEV71po3a-infected
A129 mice at 6, 24, 48, and 120 hpi were extracted, and the
virus titers were determined, showing that the replication
of HEV71po3a was substantially restricted compared to that
of HEV71wr (Figure 6E). Additionally, although the positive-
stranded HEV71 genomic RNAs were accumulated at high levels
at 24 hpi in the brains of HEV71t-infected mice (Figure 6F, lane
1), they were accumulated at lower levels from 6-48 hpi and then
reduced to an almost undetectable level at 120 hpi during
HEV71p2sa infection (Figure 6F, lanes 3-5). Besides, negative-
stranded antigenomic RNAs became readily detectable at 24
and 48 hpi of HEV71po3a (Figure 6F, lanes 3 and 4), showing
that HEV71p,3a RNAs replicated but were rapidly cleared in in-
fected mice. Furthermore, we found that the production of viral
siRNAs was triggered by infection of A129 mice with HEV71p23a,
but not HEV71y, at 24 and 48 hpi (Figure 6F, lanes 3 and 4). The
viral siRNAs became undetectable at 120 hpi (Figure 6F, lane 5),
coinciding with the clearance of the replication products (i.e.,
genomic and antigenomic RNAs) of HEV71p.3a (Figure 6F,
lane 5).

In summary, our findings show that, similarly to that in human
somatic cells, VSR-deficient HEV71 triggered the production of
readily detectable virus-derived siRNAs, which was closely
associated with viral clearance and dramatically reduced patho-
genicity, in a Dicer-dependent but IFN-independent manner
both in primary mammalian somatic cells and mice.

DISCUSSION

It has been unclear whether infection by any mammalian viruses
would induce and suppress antiviral RNAi response in mammals,
mostly because mammalian somatic cells infected by diverse
WT mammalian RNA viruses failed to produce readily detectable
viral siRNAs or only express very low levels of vsRNAs that lack
siRNA properties and are likely random degradation products of
viral genomic RNAs. To solve this enigma, several possibilities
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have been proposed (Cullen et al., 2013; Kennedy et al., 2015;
Li et al., 2013).

One possibility is that WT Dicer expressed in mammalian
somatic cells may lack the ability to produce siRNAs from long
dsRNAs. This possibility is partly supported by previous findings
that the N-terminal helicase domain of mammalian Dicer plays
an autoinhibitory role on its siRNA processing activity (Flemr
et al., 2013; Ma et al., 2008), and ectopic expression of an
N-terminally truncated human Dicer mutant could produce viral
siRNAs in human somatic cells infected by IAV (Kennedy et al.,
2015). Moreover, it has been suggested that undifferentiated
murine cells, like mMESCs and oocytes, express an N-terminally
truncated isoform of murine Dicer (Nejepinska et al., 2012;
Tam et al., 2008; Watanabe et al., 2008), which may explain
why mESCs produced viral siRNAs in response to EMCYV infec-
tion (Maillard et al., 2013). However, these observations do not
exclude the possibility that WT Dicer retains some siRNA pro-
ducing ability. Indeed, although the short Dicer isoform is not
naturally expressed in human or murine somatic cells, our data
show that viral siRNAs were produced abundantly in human or
murine somatic cells and mice infected by VSR-deficient
HEV71, demonstrating that WT Dicer is still able to process viral
dsRNAs into siRNAs. It is noteworthy that our finding and the
aforementioned possibility are not mutually exclusive, as the
N-terminal domain may partially inhibit but not abolish siRNA
production, and such an autoinhibition of Dicer may be regulated
by viral or host factors.

The other possibility is that in the context of viral infection,
viruses encode VSRs as an immune evasion mechanism that
suppresses viral siRNA production in mammalian somatic
cells. This possibility has been discussed (Cullen et al,
2013; Kennedy et al., 2015; Li et al., 2013; Maillard et al.,
2013) and supported by recent studies in which readily detect-
able viral siRNAs were observed in mammalian somatic
cells infected with a B2-deficient NoV or NS1-deleted 1AV (Li
et al., 2016; Li et al., 2013). However, NoV is an insect noda-
virus, while 1AV NS1 is a well-characterized IFN antagonist,
and NS1 deletion did not prevent IAV from replicating and
inducing disease and death in IFN-defective mice (Garcia-
Sastre et al., 1998). Thus far, the strongest evidence is the
identification of HEV71 3A as an authentic VSR. Enteroviral
3A and its precursor 3AB are critical components of viral
RNA replication complex (Teterina et al., 2011), while their
exact functions in viral RNA replication remain unclear (Gao
et al., 2015). We found that infection by VSR-deficient
mutant of HEV71 triggered the Dicer-dependent production
of viral siRNAs in different human or murine somatic cells,
as well as in vivo. Moreover, during HEV71 infection, virally
expressed 3A did bind HEV71 dsRNAs in human somatic
cells, while VSR-deficient 3A mutant failed to do so. Interest-
ingly, the VSR activity of 3A appears to be under high
pressure of natural selection, as a VSR-deficient mutant of
HEV71 (HEV71gasa) exhibited rapid spontaneous reverse
mutations, further confirming the importance of VSR for
HEV71 replication.

The production of abundant virus-derived siRNAs clearly
shows that viral dsRNA replicative intermediates are indeed
processed by Dicer in mammals. However, these findings only
provide compelling evidence, but not direct demonstration, of



antiviral RNAi in mammals, and extra evidence is required to
show that virus-induced RNAi does have antiviral activity: first,
VSR-deficient viruses should be rescued by genetic ablation of
key RNAi component; second, viral siRNAs should load into
RISC and be active to degrade cognate viral RNAs. Although
previous studies using NoV, EMCV, or IAV did not address this
issue (Lietal., 2016; Liet al., 2013; Maillard et al., 2013), our find-
ings show that HEV71-derived siRNAs load into AGO2-RISC and
are fully active to degrade cognate HEV71 RNA sequence and
VSR-deficient mutant of HEV71 is significantly restricted in hu-
man somatic cells, primary somatic cells and mice, while Dicer
deficiency successfully rescues mutant HEV71 replication.

In addition to being recognized by Dicer, viral dsRNAs are
usually recognized by RIG-I-MDA5 and TLRS3 to induce IFN-I re-
sponses against viral infection (Goubau et al., 2013), and IFN-I
response has been found to suppress RNAi by inhibiting RISC
(Maillard et al., 2016; Seo et al., 2013). Moreover, many VSRs
such as NoV B2 and IAV NS1 are dsRNA-binding proteins, and
it remains unclear if the restricted replication and pathogenicity
of mutant viruses are due to their inabilities to suppress viral
siRNA production or IFN response. We also observed that 3A
has a minor IFN-I suppression activity in cells. To exclude the
potential interference of IFN-I, mammalian somatic cells or
mice that are unable to mount IFN-I responses need to be
challenged by WT and VSR-deficient viruses (Cullen et al.,
2013). Indeed, VSR-deficient HEV71 triggered the production
of readily detectable viral siRNAs in Ifnar1 ~/~ MLFs and mice,
and correspondingly, the replication and pathogenicity of the
mutant virus were also dramatically restricted. In addition,
when IFN-| response was blocked, the genetic ablation of Dicer
still rescued the replication of VSR-deficient HEV71 both in vitro
and ex vivo. Thus, 3A does protect HEV71 from antiviral RNAI
independently of IFN response in mammals.

In conclusion, our findings demonstrate that HEV71 expresses
protein 3A as VSR to effectively suppress the production of vir-
ally derived siRNAs and antiviral RNAi immunity in human so-
matic cell lines, murine primary somatic cells, and mice. To our
best knowledge, our study is the first to demonstrate the produc-
tion of readily detectable virus-derived siRNAs by WT Dicer in an
IFN-independent manner in vivo, and our study further shows
that these viral siRNAs have antiviral activity by loading into
RISC and specifically silencing cognate viral RNA sequence. In
addition, it uncovers for the first time the detailed mechanism
by which a human positive-stranded RNA virus acts to evade
antiviral RNAI both in vitro and in vivo. Based upon the data pre-
sented here and in previous studies, either enhancing the activity
of the RNAi pathway or directly targeting VSRs like HEV71 3A
may be promising strategies to develop novel antiviral therapies,
and RNAI should function as an important antiviral immunity
against more RNA viruses that include many important emerging
and reemerging human pathogens, therefore representing an
exciting avenue for future studies.
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