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ABSTRACT
The roles of virus-derived small RNAs (vsRNAs) have
been studied in plants and insects. However, the generation and function of small RNAs from cytoplasmic RNA viruses in mammalian cells remain unexplored. This study describes four vsRNAs that were
detected in enterovirus 71-infected cells using nextgeneration sequencing and northern blots. Viral infection produced substantial levels (>105 copy numbers per cell) of vsRNA1, one of the four vsRNAs. We
also demonstrated that Dicer is involved in vsRNA1
generation in infected cells. vsRNA1 overexpression
inhibited viral translation and internal ribosomal entry site (IRES) activity in infected cells. Conversely,
blocking vsRNA1 enhanced viral yield and viral protein synthesis. We also present evidence that vsRNA1 targets stem-loop II of the viral 5 untranslated
region and inhibits the activity of the IRES through
this sequence-specific targeting. Our study demon* To
†

strates the ability of a cytoplasmic RNA virus to generate functional vsRNA in mammalian cells. In addition, we also demonstrate a potential novel mechanism for a positive-stranded RNA virus to regulate
viral translation: generating a vsRNA that targets the
IRES.
INTRODUCTION
Cells produce small RNAs, which are noncoding RNAs 20–
30 nucleotides (nt) in length (1). These small RNAs can finetune the biological functions of cells by modulating gene
expression and modifying the genome (2,3). For example,
endogenous microRNAs (miRNAs) regulate specific gene
expression and control the associated downstream activities
(2). Another type of cellular small RNAs, PIWI-interacting
RNAs (piRNAs), maintain genomic integrity by preventing
the invasion of transposable elements (3).
Mammalian cells produce numerous small RNAs via a
canonical miRNA biogenesis pathway that involves nuclear
processing by an RNase III-type protein, Drosha, and sub-
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sequent cytoplasmic processing by another RNase III-type
protein, Dicer (1). Viruses that replicate in the nucleus, such
as deoxyribonucleic acid (DNA) viruses and retroviruses,
can produce their own small RNAs through the canonical miRNA biogenesis pathway. These virus-derived small
RNAs (vsRNAs) either fine-tune viral replication or inhibit
antiviral mechanisms in infected cells (4–6). Alternatively,
Dicer enzymes in plant and insect cells process the genome
of a cytoplasmic RNA virus into small RNAs. Infected cells
use these vsRNAs as an antiviral defence mechanism to reduce viral replication through RNA interference (7). Conversely, West Nile virus uses Dicer in mosquito cells to produce miRNA-like vsRNAs for the benefit of the virus (8).
However, similar mechanisms for generating vsRNA and
RNA-based defences against cytoplasmic RNA viruses in
mammals require further research (2,9–10).
Recent studies have shown that cytoplasmic RNA viruses
can induce non-canonical cytoplasmic miRNA biogenesis
pathways in mammalian cells (11,12). For example, an engineered Sindbis virus with a primary miRNA hairpin in
its subgenomic RNA generated functional miRNA through
a Dicer-dependent, DGCR8-independent pathway (12,13).
These studies have suggested that a cytoplasmic RNA virus
containing a primary miRNA-like hairpin may be capable
of producing vsRNA through its own structured RNA in infected mammalian cells. In addition, deep sequencing techniques have been used to identify vsRNAs and siRNAs in
mammalian cells infected with cytoplasmic RNA viruses
(14–16). However, the functions of these vsRNAs are still
debated (17).
Similar to poliovirus, enterovirus 71 (EV71) is a positivestranded RNA virus that replicates in the cytoplasm. EV71
outbreaks have occurred worldwide, and EV71 infection is
associated with severe neurological diseases and high mortality rates (18,19). The 5 untranslated region (5 UTR) of
the EV71 genomic RNA is highly structured (20,21); it contains a cloverleaf structure that is essential for viral RNA
replication and an internal ribosomal entry site (IRES) that
is responsible for viral translation (22,23). Because positivestranded viruses use the same RNA template for both translation and replication, viruses must regulate their translation (or IRES activity) (24,25). Recently discovered proteins
called IRES trans-acting factors (ITAFs) can regulate EV71
IRES activity (19,26–28).
In this study, we showed that a cytoplasmic positivestranded RNA virus generated functional vsRNAs in mammalian cells. One vsRNA (vsRNA1) down-regulated viral
translation by targeting the stem-loop II region of the viral IRES. This study demonstrated a novel mechanism by
which virus self-regulates its translation by generating a
RNA-based ITAF.

RNA was evaluated using an Agilent 2100 BioAnalyzer
(Agilent Technologies). Forty micrograms of RNA were
sent to the Beijing Genomics Institute (BGI) for Solexa
analysis. Small RNAs under 50 bases were PAGE-purified
and ligated with a pair of Solexa adaptors to their 5 and
3 ends. The small RNAs were then reverse transcribed and
amplified by PCR using a pair of adaptor primers. The resulting cDNA library then underwent cluster generation
and sequencing analysis using the Illumina HiSeq 2000 sequencing system (Illumina). Raw sequencing data were analyzed using a CLC Genomics Workbench 4.7 (CLC Bio).
Raw reads were filtered by discarding low-quality reads and
removing adaptor sequences to generate clean and usable
reads with sizes ≥15 nt and ≤50 nt. To discard unique sequences originating from cellular miRNA and other noncoding RNA, including rRNA, tRNA, small nuclear RNA
(snRNA) and small nucleolar RNA (snoRNA), clean reads
were first mapped to the miRBase version 18 (www.mirbase.
org) and Homo sapiens.GRCh37.65.ncrna (www.ensembl.
org). The remaining reads were then mapped to the EV71
genome (strain 4643), and only the reads that matched the
EV71 genome perfectly were selected for further analysis.
The mapping results were exported from CLC Genomics
Workbench and were illustrated by Prism 5 (GraphPad).

MATERIALS AND METHODS

RNAs in cell lysates from EV71-infected SF268 cells were
immunoprecipitated with anti-Ago2 antibody (ab32381,
Abcam) at 4◦ C for 4 h. The co-precipitated RNAs were purified from the lysates after treated with DNase and Protease K. vsRNA1 and miR-21 in the co-precipitation were
detected by northern-blotting using 532 P-radiolabelled pr
obes (5 -TGATCGTTGATTTACAGCTTCTAAGTTAC
-3 for vsRNA1 and 5 -TCAACATCAGTCTGATAAGCT
A-3 for miR-21).

Deep sequencing and data analysis
SF268 (human glioblastoma) cells were mock-infected or
virus-infected with Enterovirus 71 strain Tainan/4643/98
(GenBank accession number: AF304458.1) at a moi of 40.
After 6 h post-infection (p.i.), the total RNA was extracted
with a TRIzol reagent (Invitrogen) according to manufacturer instructions. The integrity and quality of the total

vsRNA detection in EV71-infected cells
SF268 and RD cells were mock-infected or infected with
EV71/4642/MP4 at an MOI of 40. At 6 h p.i., small
RNA fractions with sizes ≤ 200 nt were isolated and enriched using the mirVana miRNA Isolation Kit (Ambion).
Ten microgram samples of small RNA were separated on
15% polyacrylamide/8M urea denaturing gel, electroblotted to GeneScreen Plus nylon membranes (PerkinElmer),
and UV cross-linked for fixation. The oligonucleotides use
d to probe each vsRNA were 5 -TGATCGTTGATTTAC
AGCTTCTAAGTTAC-3 for vsRNA1, 5 -TGATACTCA
GTCCGGGGAAAC-3 for vsRNA2, 5 -GTCGGTTCC
GCTGCAGAGTTGCCCG-3 for vsRNA3, 5 -TGAGA
GTGATCACAGACTTCAG-3 for vsRNA4 and 5 -AAA
CAGAAGTGCTTGATCA-3 for 163--181 fragment. The
oligonucleotide probes were generated by 5 -end-labelled
with [␣-32 P]ATP using T4 polynucleotide kinase (Promega).
Prehybridization and hybridization of the membrane were
conducted with an ULTRAhyb Hybridization Buffer (Ambion) containing denatured salmon sperm DNA at 42◦ C.
After probe hybridization, the probed membranes were
washed twice with 2× SSC, and 0.1% SDS at 42◦ C for 15
min, and were then processed by autoradiography.
Co-immunoprecipitation of Ago2 and miRNA-21 in infected
cells
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Plasmids and Constructs
Plasmids pT7-EV71-IRES and pGL3-EV71-5 -UTRFluc were constructed previously (28,29). The pGL3EV71-5 UTR-Fluc was adopted as the template for
constructing mutant EV71-5 UTR plasmids by using
site-direct mutagenesis kit (Stratagene) and primers
5 -(TGTGGCACACCAGTCATACCTACTTCAAGC
ACTTCTGTTTCCCCG)-3 and 5 -(CGGGGAAACA
GAAGTGCTTGAAGTAGGTATGACTGGTGTGCC
ACA)-3 for mut 163–165, 5 -(AGTCATACCTTGAT
CAAGCACAAGTGTTTCCCCGGACTGAGTATC)
-3 and 5 -(GATACTCAGTCCGGGGAAACACTTGT
GCTTGATCAAGGTATGACT)-3 for mut 174–176,
5 -(TGTGGCACACCAGTCATACCTACTTCAAGC
ACAAGTGTTTCCCCGGACTGAGTATC)-3 and 5
-(GATACTCAGTCCGGGGAAACACTTGTGCTT
GAAGTAGGTATGACTGGTGTGCCACA)-3 for mut
163–165+174–176, 5 -(GGCGACCATGGCAGTGGCTG
CCAAGGCGGCCTGCCCATGGAGAAA)-3 and 5
-(TTTCTCCATGGGCAGGCCGCCTTGGCAGCCAC
TGCCATGGTCGCC)-3 for mut 367–369, 5 -(ATGG
TGACAATCAAAAAGTTGAATCCATATAGCTATTG
GATTGGCC)-3 and 5 -(GGCCAATCCAATAGCTAT
ATGGATTCAACTTTTTGATTGTCACCAT)-3
for mut 617–619. The plasmid pGL3-Polio-5 -UTR-Flu
was constructed as follows: the 5 UTR of poliovirus was
amplified by PCR using the poliovirus replicon (30) primer
5 -(CCGCTCGAGTAATACGACTCACTATAGGGA
GATTAAAACAGCTCTGGGGTTG)-3 , which contai
ns the T7 promoter sequence and primer 5 -(AATCAG
ACAATTGTATCATAATGGAAGACGCCAAAAAC
AT)-3 . The polio-5 UTR combined with the firefly luci
ferase gene was subsequently amplified by primers 5 -(CC
GCTCGAGTAATACGACTCACTATAGGGAGATT
AAAACAGCTCTGGGGTTG)-3 and 5 -(ATGTTTTT
GGCGTCTTCCATTATGATACAATTGTCTGATT)-3 .
The segment containing polio-5 UTR and the firefly
luciferase gene was then cloned into vector pGL3 by XhoI
and MluI. Plasmid FLAG-Dicer, FLAG-Dicer-MUT
and FLAG-Dicer-dsRBD were constructed as follows:
the WT and mutant (MUT) human Dicer cDNA were
generated using PCR from the plasmids containing Dicer
cDNA (WT or with quadruple mutants on 44th and
110th amino acids in Dicer RNaseIII Domain a and
Domain b) in a pDEST8 vector [pDEST8-Dicer-6His and
pDEST8-Dicer 44AB/110AB) were gifts from Dr. Witold
Filipowicz (31)] using 5 -(ACGACAAGCTTATGAA
AAGCCCTGCTTTG)-3 primer containing the HindIII
site and 5 -(AGTCCAAGGGTTATCGATTCCATGGC
TATA)-3 primer containing a stop codon and a KpnI
site. Truncated Dicer cDNA with dsRBD domain deletion
(dsRBD), which lacks the 57 C-terminal amino acids,
was generated from plasmid Dicer-pDEST8 by PCR using
5 -(CCTTGGTCTTTGACGGATTCCATGGCTATA)-3
as the downstream primer. The generated cDNAs were
digested by HindIII and KpnI and inserted into the vector p3XFLAG-Myc-CMV-25 (Sigma-Aldrich) to form
the FLAG-Dicer, FLAG-Dicer-MUT and FLAF-DicerdsRBD plasmids. The plasmid for the EV71 replicon was
generated as follows: the DNA fragment containing the

T7 promoter, EV71-5 UTR, and firefly luciferase (FLuc)
gene was sub-cloned from pGL3-EV71-5 -UTR-Fluc into
vector yT&A (Yeastern Biotech). The DNA fragment
containing the EV71 P2-P3 polyprotein region was amplified from the EV71 infectious clone (32) and cloned
into downstream of the FLuc gene in yT&A-EV71-5
UTR-FLuc. To generate the vsRNA1 deletion mutant on
the replicon plasmid, a set of primers, 5 -(TTCGGGGG
AAGGGGAGTAAA)-3 and 5 -(TAGCAGGTGTGGCA
CACCAG)-3 were used for amplifying the DNA fragment
from the EV71 replicon plasmid. The amplified DNA
was treated with DpnI (New England BioLabs), and then
treated with T4 DNA ligase (New England BioLabs).
The EV71 Replicon plasmid containing the vsRNA1
deletion mutation was selected and confirmed through
sequencing. Plasmid for shDicer was generated by annealing synthetic shDicer oligonucleotides (33) into the
pSilencer 2.1-U6 hygro vector. The plasmid for shAgo2
was a gift from Dr. Shobha Vasudevan (34). To construct
sponge-vsRNA1 plasmids, a DNA fragment contains
10 repeats of the sequence complement of vsRNA1 (5 TGATCGTTGATTTACAGCTTCTAAGTTAC-3 ) was
cloned into pcDNA3.1(+) vector (Invitrogen) by HandIII
and EcoRI. To construct sponge-controlled plasmids, a
DNA fragment contain 10 repeats of sequence scrambled
(5 -TCCGTGCCAAGTTACTAGAAAAGTTCAAT3 ) was cloned into pcDNA3.1(+) in the BamHI and
XhoI restriction sites. The plasmid pT7-EV71-3 UTR
was generated as fellows: The cDNA of EV71 3 UTR
was amplified by PCR using a set of primers, 5 -(AACT
TAAGCTTTAAATTTACAGTTTGTAACT)-3 and 5 (TGCAGAATTCGCTATTCTGGTTATAACAAA)-3 .
The amplified DNA containing 3 UTR sequence was
cloned into vector pcDNA3.1(+) by restriction enzyme
sites, HindIII and EcoRI.
Western blot analysis
Polyvinylidene difluoride (PVDF) membranes were blocked
with Tris-buffered saline/0.1% (vol/vol) Tween 20 containing 5% non-fat dry milk and probed with the indicated antibodies. Antibodies against Dicer (sc-136981; Santa Cruz),
Drosha (ab12286, Abcam), La protein (sc-33593, Santa
Cruz), PTB (sc-16547, Santa Cruz), HuR (39–0600, Invitrogen), KSRP / FBP2 (A302–021A, Bethyl laboratories),
hnRNPA1 (GTX106208, GenTex), FLAG (SIGMA) and
actin (Chemicon) were used. After washing, the membranes
were incubated with an HRP-conjugated anti-mouse antibody or HRP-conjugated anti-rabbit antibody, as appropriate (diluted 1:5000). HRP was detected using the Western
Lightning Chemiluminescence Kit, following the manufacturer instructions (GE Healthcare).
Immunoprecipitation of FLAG-Dicer proteins
The SF268 cells grown in each well of a 6-well plate were
transfected with 5 g of plasmids FLAG-Dicer, FLAGDicer-MUT, or FLAG-Dicer-dsRBD by 5 l of Lipofectamine 2000 (Invitrogen). After 48 h post-transfection, the
transfected cells were lysed by incubation with a lysis buffer
(500 mM NaCl, 20 mM Tris-Cl, pH 8.0, 1 mM EDTA, 1%
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Triton X-100) on ice for 30 min and then subjected to a
vortex for 30 s at room temperature. The cell lysates were
harvested from the supernatant of the lysed cells after centrifugation at 16,000 g for 10 min. Two milligrams of cell
lysates from the transfected cells were incubated with 40
l of the resin conjugated with anti-FLAG M2 antibody
(Sigma) at 4◦ C for 2 h. The immunoprecipitated FLAGDicer proteins with resin were washed in a lysis buffer four
times and then washed with Buffer D (200 mM KCl, 20 mM
Tris-Cl pH 8.0, 20 mM EDTA) three times. The resin with
FLAG-Dicer proteins was then resuspended in 60 l of a resuspension buffer (40 mM Tris-Cl pH 7.5, 500 mM NaCl, 5
mM MgCl2, 40% glycerol) and stored in a freezer at –80◦ C.
In vitro transcription
To generate EV71-IRES-FLuc reporter RNA and PolioIRES-FLuc reporter RNA, plasmid pGL3-EV71-5 -UTRFluc and pGL3-Polio-5 -UTR-Flu were linearized by
XhoI to be used as the template for in vitro transcription. To generate cap-RLuc reporter RNA, the DNA
fragment containing the T7 promoter and Renilla gene
were amplified from the pRH plasmids (26) by using primers [5 -(TAATACGACTCACTATAGGCTAGC
CACCATGACTTCGAAAGTTTATGATC)-3 ] and [5 (TTATTGTTCATTTTTGAGAACT)-3 ] as the template
for in vitro transcription. The cap structure on the 5 end of the Renilla reporter RNA was added by the Vaccinia Capping System (New England BioLabs). To generate EV71 5 UTR RNA, a T7 promoter-EV71-5 UTR
fragment flanked by EcoRI site was excised from the plasmid pT7-EV71-IRES to form a template for in vitro transcription. To generate EV71 3 UTR RNA, a T7 promoterEV71–3 UTR fragment flanked by EcoRI site was excised
from the plasmid pT7-EV71–3 UTR to form a template for
in vitro transcription. To generate EV71 replicon RNA, the
EV71 replicon plasmid was linearized by SalI for producing the DNA template for in vitro transcription. RNA transcripts were synthesized using a MEGAscript T7 kit (Ambion), following the manufacturer instructions. To generate
sponge RNA against vsRNA1 or control-sponge RNA, the
sponge-vsRNA1 plasmid/sponge-control plasmid was linearized by EcoRI/XhoI. The linearized DNA was used as
template for in vitro transcription.
Biotinylated EV71 5 UTR RNA was synthesized in a 20
l MEGAscript transcription reaction mixture by adding
1.25 l of 20 M of Bio-16-UTP, a biotinylated UTP that
can replace UTP in the in vitro transcription for RNA labelling (Roche). The 32 P-labelled EV71 5 UTR RNA was
synthesized in a 20 l MEGAscript transcription reaction
mixture by adding ␣-32 P-UTP. Synthesized RNAs were purified using the RNeasy Protect Mini Kit (Qiagen).
IRES-FLuc and Cap-RLuc reporter assay
To assay the effects of vsRNA1 on EV71 IRES or Poliovirus IRES activities, SF268 cells were cotransfected
with either 160 pmol of vsRNA1 mimic (5 -GUAACUUA
GAAGCUGUAAAUCAACGAUCA-3 ) or scrambled vsRNA1 (5 -AAUGCUAUGAGACUAAUGAUACCAAG
ACU-3 ) concurrently with EV71 IRES FLuc or Polio

IRES FLuc or cap-RLuc reporter RNAs. After 6 h of
reporter RNA transfection, cell extracts from the transfected cells were prepared in Cell Culture Lysis Reagent
(Promega). The firefly luciferase activity of the cell extracts
was assayed using the Luciferase assay system (Promega),
following the manufacturer instructions. The renilla luciferase activity of the cell extracts was assayed using the
Dual luciferase reporter assay system (Promega).
Detection of IFN-␤ mRNA in RNAs-treated cells
RNA from 106 of SF268 cells treated with 2 g of Lipofectamine 2000, transfected with 320 pmol of vsRNA1 or
scrambled vsRNA1 or 2 g of poly (I:C) (Sigma) for 24
h were isolated using TRIzol reagent (Sigma). Two g of
the RNA from each sample was taken as template to generate complementary DNA (cDNA) by reverse transcription using oligo(dT) primer. To detect the IFN-␤ cDNA
by RT-PCR, a set of primers, forward 5 -(AGAAGGAG
GACGCCGCATTG)-3 and reverse 5 -(TCAGTTTCGG
AGGTAACCTG)-3 were used. The cDNA of ␤-actin was
amplified using primers 5 -(CTACAATGAGCTGCGTGT
GG)-3 and 5 -(GCTCATTGCCAATGGTGATG)- 3 . The
amplified DNA was then submitted to agarose gel electrophoresis. The detection of IFN-␤ mRNA by real-time
quantitative PCR was performed as previously described
(35). The results were normalized to the levels of the housekeeping gene ␤-actin using the 2-C T method.
In vitro Dicer cleavage assay of EV71 5 UTR and replicon
RNA
To assay recombinant Dicer cleaving EV71 5 UTR RNA,
10,000 cpm of 32 P-labelled EV71 5 UTR RNA was incubated with various amounts (from 0.05 to 0. 25 U) of commercial recombinant Dicer enzyme (T510002, Genlantis)
and cleavage buffer (20 mM Tris-Cl pH 7.5, 250 mM NaCl,
2.5 mM MgCl2 and 0.1 g/l bacteria tRNA) at an overall
volume of 10 l. The mixture was incubated at 37◦ C for 1.5
h. After incubation, the reactants were mixed with 10 ml
of loading dye (80% formamide, 1 mM EDTA, 0.1% bromophenol blue and 0.1% Xylene Cyanol) and assayed using
denaturing 3.5% polyacrylamide gel (1X TBE, 8M Urea,
acrylamide [19:1; acrylamide:bisacrylamide]). For generating svRNA by Dicer-treated EV71 5 UTR, 10 g of
EV71 5 UTR RNA was treated with 1 U of a recombinant dicer enzyme (T510002, Genlantis), following the
manufacturer instructions. The Dicer-treated RNAs were
assayed by northern blotting. To determine the catalytic
activity of FLAG-Dicer proteins, each reaction involved
10 l of immunoprecipitated FLAG-Dicer proteins with
resin. Next, 400,000 cpm samples of 32 P EV71 5 UTR
RNAs were incubated with an immunoprecipitated FLAGDicer, FLAG-Dicer-MUT, or FLAG-Dicer-dsRBD proteins, cleavage buffer and an additional 4 U/l of RNaseOUT recombinant ribonuclease inhibitor (Invitrogen) in a
volume of 10 l. The mixtures were incubated at 37◦ C for
1.5 h. After incubation, the treated RNAs were isolated
from the reactants by the TRIzol protocol (Invitrogen) and
assayed by denaturing 3.5% polyacrylamide gel (1X TBE,
8M Urea, acrylamide [19:1; acrylamide:bisacrylamide]).
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Pull-down assay for biotinylated EV71 5 UTR RNA with
streptavidin beads
Three micrograms of biotinylated EV71 5 UTR RNA and
200 g of cell extracts from SF268 (prepared as described
previously (28)]) were added to the RNA interaction buffer
(30 mM Tris-HCl pH 6.8, 3 mM MgCl2 , 50 mM NaCl, 0.1%
Triton X-100, 20% glycerol, 1 mM DTT and 2 mM EDTA)
in a reaction volume of 100 l. The reaction mixture was incubated at 30◦ C for 15 min. The Streptavidin MagneSphere
Paramagnetic Particles (Promega) were washed with a 0.5×
SSC buffer (150 mM NaCl and 15 mM trisodium citrate dihydrate) three times and were then added to the reaction
mixture for 10 min at room temperature. For the competition assay, a poly(A) RNA was used (Sigma). The pulldown protein-RNA complex was washed in 0.1× SSC five
times. After washing, the beads with the pull-down proteinRNA complex were incubated with an SDS–PAGE sample
buffer at 25◦ C for 10 min and then centrifuged at 21,000 g
for 10 min. The supernatant containing the pull-down proteins was then assayed by western blotting.
Native gel analysis of the Dicer-EV71 5 UTR complex
Recombinant Dicer Enzyme (T510002, Genlantis) was incubated in 20 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM
MgCl2 , 1 mM DTT, and 5% RNaseOUT for 10 min at
room temperature at a volume of 10 l, after which 18,000
cpm of 32 P-labelled EV71 5 UTR RNA was added to
the Dicer reaction for an overall volume of 15 l, and
was cooled on ice for 30 min. To study the competition
by cold EV71 5 UTR RNA, unlabelled EV71 5 UTR
RNA and 32 P-labelled EV71 5 UTR RNA were added
to the reaction simultaneously. After incubation, a 1.5
l loading buffer (60% glycerol, 0.2% bromophenol blue)
was added to the reaction. The RNA-protein complex
was assayed by non-denaturing 3% polyacrylamide TBE
gels (29:1; acrylamide:bisacrylamide) and was detected by
autoradiography.
Fluorescence microscopy
RD cells grown on glass cover slips were infected with
EV71/4643/MP4 at a MOI of 40. At 6 h p.i., the infected
cells were washed 3x with phosphate buffered saline (PBS).
The cells on the cover slips were fixed with 4% (wt/vol)
paraformaldehyde at room temperature for 20 min. After
washing 3x with PBS, the cells on the cover slips were permeabilized in 0.3% Triton X-100 at room temperature for
5 min and washed again with PBS. For Dicer and viral
2B immunostaining, the samples were blocked in solution
[PBS, containing 5% bovine serum albumin (BSA)] for 60
min at 37◦ C and then incubated with an anti-Dicer antibody (sc-136981, Santa Cruz) and polyclonal anti-2B antibody (1:200) for 2 h at 37◦ C. After washing with PBS for
three times, the samples were reacted with Alexa Fluor 488conjugated goat anti-mouse IgG (Life technologies) and
Alexa Fluor 568-conjugated goat anti-rat IgG (Life technologies) at 37◦ C for 1.5 h. For Drosha and viral 3D immunostaining, the samples were blocked in solution (PBS,
containing 5% bovine serum albumin (BSA)) for 60 min

at 37◦ C and then incubated with an anti-Drosha antibody
(1:25) (ab12286, Abcam) and monoclonal anti-3D antibody
(1:200) for 2 h at 37◦ C. After washing 3x with PBS, the samples were incubated with Alexa Fluor 488-conjugated goat
anti-rabbit IgG and Alexa Fluor 594-conjugated goat antimouse IgG (Life technologies) at 37◦ C for 1.5 h. After washing with PBS, the samples were treated with Hoechst 33258
for 15 min at room temperature and washed with PBS three
more times. Finally, the cover slips with adhering cells were
placed on a glass slide and sealed with transparent nail polish. Images were captured by confocal laser scanning microscopy (ZEISS LSM510 META).

Viral growth in cells transfected with anti-vsRNA1 sponge
RNA and vsRNA1
RD cells were infected with EV71/4643/MP4 at an MOI
of 10. The virus was adsorbed for 1 h at 37◦ C. After viral
adsorption, the infected cells in each well were transfected
with 160 pmol of synthetic mimic vsRNA1 (5 -GUAA
CUUAGAAGCUGUAAAUCAACGAUCA-3 ) or scrambled vsRNA1 (5 -AAUGCUAUGAGACUAAUGAUAC
CAAGACU-3 ) and 4 l of Lipofectamine 2000 (Invitrogen). For the anti-vsRNA1 sponge RNA experiments, the
infected cells were transfected with 1 g of the anti-vsRNA1
sponge or scrambled RNA and 2 l of Lipofectamine 2000
(Invitrogen). For the LNA experiment, the infected cells
were transfected with 80 pmol/ml of LNA-vsRNA1 (5 LN
A-TUGAUUUACAGCUUCU) or LNA-control (5 LNACAGUACUUUUGUGUAGUACAA) after virus adsorption. The viral titer was determined using plaque assays
with RD cells.

35

S-methionine/cysteine labelling

We seeded 2.5 × 105 RD cells into each well of 12well plates and incubated them for 24 h. The cells were
then infected with EV71/4643/MP4 at an MOI of 10.
The virus was adsorbed for 1 h at 37◦ C. After virus
adsorption, the infected cells in each well were transfected with 160 pmol of synthetic mimic vsRNA1 (5 GUAACUUAGAAGCUGUAAAUCAACGAUCA-3 ) or
scrambled vsRNA1 (5 - AAUGCUAUGAGACUAAUGAUACCAAGACU -3 ) by 4 l of Lipofectamine 2000
(Invitrogen). For anti-vsRNA1 sponge experiments, the infected cells were transfected with 1 g of sponge RNA
or control RNA. The medium was then replaced with
methionine/cysteine-free DMEM, and incubated again at
37◦ C. At 4 h p.i., the medium was replaced with another
medium containing 35 S-Met labelling (50 mCi/ml). After 1
h of labelling, the cell monolayers were washed with PBS
and lysed with a lysis buffer. Cell lysates were isolated by
centrifugation at 12,000 g for 10 min at 4◦ C, and the supernatants were collected for further analysis. Radiolabelled
proteins were resolved by SDS–PAGE (12% gels), transferred to a PVDF membrane, and detected by autoradiography.
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Preparation of SF268 cell extracts for in vitro translation assay
To perform the in vitro IRES activity assay, SF268 cells were
washed in PBS and removed by scraping. The packed cells
were resuspended in a hypotonic buffer (10 mM HEPES pH
7.9, 1.5 mM MgCl2 , 10 mM KCl and 0.5 mM DTT) and
homogenized using a 25G needle. Homogenized cell fragments were mixed with one volume of a working buffer (40
mM HEPES, 40% glycerol, 200 mM KCl, 0.4 mM EDTA
and 1 mM DTT at pH = 7.4) and vortexed for 30 s. After
centrifugation at 25,000 g, the extracted cell proteins in the
supernatant were harvested and stored at –80◦ C.
In vitro translation assay
The study co-incubated 0.5 g of EV71 5 UTR FLuc
reporter RNA and 60 pmol of vsRNA1 or scrambled
vsRNA1 or modified vsRNA1 containing vsRNA1163 –165
[5 -(GUAACUUAGAAGCUGUAAAAGUACGAUCA)3 ], vsRNA1174 –176 [5 -(GUAACUUACUUGCUGUAA
AUCAACGAUCA)-3 ] and vsRNA1163 –165/174–176 [5 (GUAACUUACUUGCUGUAAAAGUACGAUCA)-3 ]
with 50 g SF268 cell extracts and 4U RNaseOUT
recombinant ribonuclease inhibitor (Invitrogen) in a
volume of 20 l. The mixtures were incubated at 30◦ C
for 5 min. After incubation, the reactions were used to
perform in vitro translation at a volume of 25 l. These
mixtures contained 0.5 g EV71 5 UTR FLuc reporter
RNA, 60 pmol of mimic RNA1 or scrambled vsRNA1,
50 g of SF268 cell extract and 20% rabbit reticulocyte
lysate (RRL) (Promega). The in vitro IRES activity assay
followed the protocol of the Rabbit Reticulocyte Lysate
System (Promega). The mixtures were incubated at 30◦ C
for 90 min, and firefly and Renilla luciferase activity was
measured using the Luciferase assay system (Promega).
Polysome profiling
7.2 × 106 SF268 cells were infected with EV71 at a MOI of
10. After 1 h adsorption, cells were transfected with the control (scrambled) RNA or vsRNA1 mimic for 6 h. Cells were
treated with 0.1 mg/ml cycloheximide for 5 min at 37◦ C, and
then washed twice with ice-cold PBS containing 0.1 mg/ml
cycloheximide. Cells were then lysed using 1 ml polysomal
extraction buffer (20 mM Tris-Cl, pH 7.5, 5 mM MgCl2 ,
100 mM KCl, 1% Triton-X-100 and 0.1 mg/ml cycloheximide) on ice for 30 min. Cell debris was removed by centrifugation at 15,000 g for 5 min, and the cell extracts were
layered onto 10 ml 7–47% sucrose gradients (comprising 20
mM Tris-Cl pH 7.5, 5 mM MgCl2 and 100 mM KCl). Subsequently, the gradients were centrifuged at 35,000 rpm for
150 min in a Beckman SW41-Ti rotor at 4◦ C. The gradients were fractionated with the Isco fractionator by pumping a 60% sucrose solution into the bottom of the tube. The
fractions were then collected from the top of the tube and
the optical density was measured at 254 nm (OD254). The
ribosome subunits were detected in each fraction by Western blotting using specific antibodies directed against the S6
(#2211; Cell Signaling) and P0 (NBP1–57528; Novus) ribosomal proteins.

Statistical analysis
Significant differences were determined by performing twotailed Student’s t-test using Prism 5 software (GraphPad).
RESULTS
EV71 infection generates virus-derived small RNAs
Previous studies have shown that the insertion of a heterologous miRNA-precursor stem-loop sequence element
into a cytoplasmic RNA virus can induce the production
of vsRNA in infected mammalian cells (11–13). Moreover,
a subset of positive-stranded cytoplasmic RNA viruses contain a highly structured IRES region in their genomic RNA
(36). The 5 UTR of the EV71 genome (nt 1–745) contains
a highly structured IRES and a cloverleaf, which is associated with viral replication and translation (19). To determine whether vsRNA was generated from the 5 UTR during EV71 infection, we deep sequenced small RNAs under 50 nt in EV71-infected SF268 cells. Only 0.05% of the
detected total RNA (17 922 of 33 539 716 reads) was derived from viral RNA, which is consistent with findings by
Parameswaran et al. (14). Among these vsRNAs, most of
the reads (98%) were derived from viral positive-stranded
RNA. Small RNAs in infected cells containing sequences
that perfectly matched the 5 UTR of viral genomic RNA
were identified (Figure 1A). We named these vsRNAs vsRNA1, vsRNA2, vsRNA3 and vsRNA4. Three of the same
small RNAs, vsRNA1, vsRNA2 and vsRNA3, were also
detected in EV71-infected RD cells (Supplementary Figure
S1), suggesting that these small RNAs are generated by a
specific mechanism rather than by random degradation.
To confirm the existence of vsRNAs in EV71-infected
cells, we designed probes based on the most widespread vsRNA sequences in the deep-sequencing results (Figure 1A).
Northern blots showed that vsRNAs 1, 2, 3 and 4 were generated in infected SF268 cells (Figure 1B). These results also
suggested that only a small portion of the precursor was
processed into vsRNA, which was similar to previous findings in another RNA virus (8). Among the four vsRNAs
detected in the 5 UTR of SF268 cells, the dominant vsRNA
(i.e., vsRNA1) showing the highest number of reads was selected for further study. Based on the deep sequencing results (Figure 1A), the most widespread coverage of vsRNA1
was derived from nt 105–133 of the EV71 5 UTR, which is
located within the double-stranded region of the predicted
stem-loop II structure, illustrated by Context Fold software
(37) (Figure 1C). To confirm whether vsRNA1 was generated from nt 105–133 of the EV71 5 UTR, we generated
an EV71 replicon in which nt 105–133 of the EV71 5 UTR
were deleted (Rep-105–133). Only wild-type (WT) EV71
replicon-transfected cells generated vsRNA1 (Figure 1D,
lower panel). Taken together with the in vitro cleavage data
(see below; Figure 2E), this result confirmed that the vsRNA1 generation site is located in nt 105–133. A single cell
must have a minimum of 100 copies of miRNA to be capable of specific functions (13,38). To elucidate whether EV71
infection could generate a sufficient amount of vsRNA1, we
quantified the levels of vsRNA1 in 2.5 × 106 infected cells
by comparing them with known amounts of synthetic vsRNA1 (Figure 1E). Approximately 3.6 × 105 , 7.2 × 105 and
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Figure 1. Identification of vsRNAs within the EV71 5 UTR. (A) Virus-derived small RNAs (vsRNAs) in SF268 cells infected with EV71 were sequenced
using Illumina technology. The position distributions and abundance (reads) of that sequenced vsRNAs that perfectly matched the EV71 5 UTR are shown.
(B) vsRNA1–4 (black arrow) in mock- or EV71-infected SF268 cells were detected with 32 P-labelled probes containing nucleotides against positions 105–
133, 178–198, 522–546 and 694–715 of the EV71 5 UTR. U6 snRNA was used as a loading control. (C) The secondary RNA structure of stem-loop II of
the EV71 5 UTR was predicted using Context Fold software (37) and was illustrated with jViz.RNA 2.0 software (http://jviz.cs.sfu.ca/). Circles indicate
the predicted vsRNA1 generation site, based on the deep sequencing result. (D) Precursor RNA (upper panel) and vsRNA1 (middle panel) from wild-type
EV71 replicon or the vsRNA1 deletion mutant (105–133) replicon EV71 in transfected SF268 cells were detected using 32 P-labelled probes against nt
250–270 and nt 105–133 of the viral genome. U6 snRNA was used as a loading control (lower panel). (E) At 3, 6, 9 and 12 h p.i. with EV71, vsRNA1 in
human rhabdomyosarcoma (RD) and SF268 cells (from 2.5 × 106 cells per lane) was detected and compared to the indicated levels of synthetic vsRNA1
(mimic vsRNA1). RNA in mock-infected cells (m) served as a negative control. Viral protein 3C and actin were detected by western blotting.

1.2 × 106 copies of vsRNA1 were produced in a single infected cell at 6, 9 and 12 h p.i. (1.5 pmol [6 h p.i.], 3 pmol [9
h p.i.] and 5 pmol [12 h p.i.] of vsRNA1 in 2.5 × 106 cells).
Argonaute2 (Ago2) associates with miRNA as functional
partner to induce targeted RNA degeneration or translational repression (39–41). To examine whether vsRNA1 associated with Ago2, we performed an immunoprecipitation
assay. An anti-Ago2 antibody enriched both vsRNA1 and
an endogenous miRNA (miR-21) from infected cells (Supplementary Figure S2). In summary, we found that EV71

infection generated a substantial level of vsRNA1, which
associated with Ago2 in infected cells.
Dicer cleaves EV71 5 UTR and generates vsRNA1
The previous result demonstrated that EV71-infected cells
could generate a substantial level of vsRNA1 (Figure 1).
We were curious about how vsRNA1 is generated in infected cells. The canonical mechanism of the production
of small RNAs or miRNAs in mammalian cells requires
both nuclear and cytoplasmic activities (1). However, EV71
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Figure 2. Dicer cleaves the EV71 5 UTR into vsRNA1. (A) vsRNA1 in SF268 cells transfected with the control plasmid (shControl) or a plasmid expressing
shRNA against Dicer (shDicer) was detected using the vsRNA1 probe. The levels of Dicer and viral 3C protein in these cells were detected by western
blotting. (B) In vitro EV71 5 UTR cleavage assay with recombinant Dicer. The 32 P -labelled EV71 5 UTR and 3 UTR RNA was detected after being
incubated with reaction buffer only (-) or with various amounts (from 0.005 to 0.25 U) of recombinant Dicer for 1.5 h at 37◦ C. (C) Dicer protein contains 2
RNAse III domains (RIIIDa and RIIIDb) and a dsRBD. N-terminal FLAG-fused Dicer protein (WT) and mutated Dicer proteins with 4 point mutations
(*) in the catalytic sites of RIIIDa / RIIIDb (MUT) and with a dsRBD deletion (dsRBD) were used for the in vitro cleavage of the EV71 5 UTR RNA.
The 32 P-labelled EV71 5 UTR RNA was detected after being incubated with reaction buffer or with these FLAG-Dicer proteins at 37◦ C for 1.5 h (upper
right panel). The FLAG-Dicer proteins in each reaction were detected using an antibody against the FLAG peptide (lower right panel). (D) A vsRNA1
probe was used to detect vsRNA1 generated by EV71-infected cells (Cell RNA) and by synthetic EV71 5 UTR RNA after Dicer treatment (Dicer-treated).
RNA isolated from mock-infected cells and from a synthetic 5 UTR without Dicer treatment (Un-treated) served as negative controls. (E) Detection of
vsRNA1 in wild-type (WT) or 105–133 mutant EV71 replicon RNA treated with recombinant Dicer. Full-length replicon RNA and vsRNA1 were
detected using a 32 P-labelled probe against nt 250–270 and nt 105–133 of the viral genome.

is a cytoplasmic virus; it cannot access the nucleus for vsRNA generation. A non-canonical, Dicer-dependent but
DGCR8-independent pathway has been shown to generate functional small RNA from a cytoplasmic RNA virus
(12,13). The Dicer enzyme cleaves structured RNAs into
various small RNAs (7,42–43). Therefore, we hypothesised
that Dicer processes stem-loop II of the EV71 5 UTR (Figure 1C) into vsRNA1 in virus-infected cells. To investigate
whether Dicer is involved in the generation of vsRNA1,
we attempted to detect vsRNA1 in Dicer-depleted cells infected with EV71. Unlike the measurable signal in control cells (Figure 2A, lane 1), vsRNA1 was undetectable in
the Dicer-depleted cells (lane 2). This result suggested that
Dicer is involved in vsRNA1 generation during EV71 infection. Moreover, the same experiments demonstrated that
the generations of vsRNA2, vsRNA3 and vsRNA4 are also
Dicer-dependent (Supplementary Figure S3). Ago2 is involved in non-canonical cytoplasmic small RNA processing
(44,45). To verify that Ago2 participates in vsRNA1 generation, we quantified vsRNA1 in Ago2-depleted cells infected with EV71; Ago2 knockdown did not affect vsRNA1
generation (Supplementary Figure S4). An in vitro cleavage
assay was performed to determine whether Dicer cleaves
the EV71 5 UTR. An increase in the amount of recombinant Dicer resulted in a reduction of the full-length 32 Plabelled EV71 5 UTR (Figure 2B, lanes 1–4) without affecting EV71 3 UTR (lanes 5–8), indicating that Dicer specifically cleaves viral RNAs at this region. As Figure 2C shows,

Dicer contains 2 RNase III catalytic domains (RIIIDa
and RIIIDb) and a double-stranded RNA-binding domain
(dsRBD), which are essential for Dicer cleavage (31). We
further confirmed the potential Dicer cleavage on 5 UTR
using 2 Dicer mutants as controls: Dicer-MUT (mutations
in the catalytic sites of the two RNase III domains abrogate the RNase activity (46)) and Dicer-dsRBD (a deletion mutant of dsRBD). Dicer-WT, Dicer-MUT and DicerdsRBD were fused to FLAG and transfected into SF268
cells. FLAG-immunoprecipitation (IP) was performed to
purify Dicer proteins, which were then quantified (Figure 2C, lower right panel). The WT and mutant forms of
Dicer were used for in vitro cleavage assays. Dicer-WT (Figure 2C, upper right panel, lane 2), but not Dicer-MUT
or Dicer-dsRBD (lanes 3 and 4), caused a reduction in
the level of EV71 5 UTR RNA, suggesting that Dicer may
cleave viral RNA through its RNase activity. Recombinant
Dicer was also noticed to cleave RNAs other than EV71
5 UTR in vitro, which may be a result of RNase activity.
To confirm that Dicer specifically generated vsRNA1 in infected cells after cleaving the EV71 5 UTR RNA, we compared the vsRNA1 produced in virus-infected cells to that
produced in the in vitro assays (5 UTR RNA + Dicer).
Both EV71 infection and the Dicer-treated 5 UTR RNA
generated vsRNA1 (Figure 2D). Because Dicer can cleave
double-stranded RNA into RNA duplexes, we also sought
to confirm whether Dicer cleavage may produce small RNA
from 163–181 nt, the complement region of the vsRNA1-
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generation site in SLII (Figure 1C). The results indicated
that both EV71 infection and Dicer-treated 5 UTR RNA
can generate small RNA 163–181 (Supplementary Figure
S5). We previously demonstrated that vsRNA1 was not generated in cells transfected with the EV71 105–133 replicon (Figure 1D). To further confirm that Dicer generated
vsRNA1 from the same region of viral RNA as in infected cells, we treated the WT and mutant (Rep-105–
133) replicon RNA with Dicer and examined the generation of vsRNA1. vsRNA1 was detected in the Dicer-treated
WT replicon (Figure 2E, lower panel, lane 2) but not in the
Dicer-treated Rep-105–133 (lane 4). No nonspecific small
RNA fragments were detected by probing regions other
than vsRNA1 (Figure 2E, upper panel), suggesting that the
in vitro Dicer cleavage and the viral infection generated vsRNA1 from the same region of the viral RNA (Figures 1D
and 2E). Overall, these results suggest that Dicer cleaves the
EV71 5 UTR and generates vsRNA1 from nt 105–133 of
the EV71 5 UTR in infected cells.
The association of Dicer and EV71 5 UTR RNA
The binding of Dicer to double-stranded RNA is crucial for the recognition and cleavage of Dicer’s substrate
(31,47–48). Because Dicer dsRBD is also essential for EV71
5 UTR cleavage (Figure 2C, upper right panel), we examined whether Dicer specifically associated with the EV71
5 UTR RNA. Dicer RNase III activity requires Mg2+ , and
the RNase activity of Dicer was found to be inhibited by
EDTA in a Dicer-binding assay (46). Here, we used EDTA
in an RNA pull-down assay to examine whether endogenous Dicer associates with the viral 5 UTR. A biotinylated
RNA containing the EV71 5 UTR was incubated with an
SF268 cell lysate, and streptavidin beads were used to pull
down biotinylated RNA and its associated proteins. Using western blotting, we detected Dicer in the RNA-protein
complex (Figure 3A, lane 5). Drosha, another RNase III
with a significant role in cellular miRNA biogenesis, was
not present in the complex (lower panel, lane 5). Dicer
was associated with the EV71 5 UTR not only in SF268
(human glioblastoma) cells but also in RD (human rhabdomyosarcoma) and SK-N-MC (human neuroepithelioma)
cells (Figure 3B, lanes 3, 6 and 9). This association was confirmed by a competition assay with unlabelled EV71 5 UTR
RNA (Figure 3C, upper panel) or unstructured poly(A)
RNA (lower panel). Native gel electrophoresis confirmed
the interaction between Dicer and the 5 UTR. The 32 Plabelled 5 UTR (745 nt) formed a complex with recombinant Dicer, and the migration of the RNA-protein complex
was retarded in the native gel (Figure 3D, lane 2). The retardation decreased and the free RNA increased after cold
competitor RNA (EV71 5 UTR) was added (Figure 3D,
lanes 3–9). There was no effect on the 5 UTR-Dicer complex when nonspecific poly(A) RNA was added to the reactions (Figure 3E, lane 2 versus lanes 3–9). The RNA binding of Dicer was dose-dependent (Figure 3F). These results
indicated that Dicer associates with the EV71 5 UTR in
vitro. Next, we examined the location of Dicer in EV71infected cells. EV71 replicates in the cytoplasm, whereas the
localisation of several cellular proteins is altered in virusinfected cells (26–27,29,49). A recent report also showed

that Drosha relocalised to the cytoplasm and contributed
to viral RNA processing in Sindbis virus-infected cells (13).
Therefore, we examined the locations of both Dicer and
Drosha in EV71-infected cells. The results showed that the
majority of Dicer was distributed in the cytoplasm (Figure 3G, upper panel), whereas Drosha was found mainly in
the nucleus (lower panel). These results further supported
the conclusion that Dicer cleaves the EV71 5 UTR to generate vsRNA1.
vsRNA1 downregulates virus infection and viral protein synthesis
We had demonstrated that EV71-infected cells generated
a substantial amount of vsRNA1 through Dicer cleavage
(Figures 1 and 2). We next examined the effect of vsRNA1
on EV71 infection. To determine whether EV71 infection
generates functional vsRNA1, we blocked vsRNA1 in infected cells using a strategy similar to the miRNA sponge
(50). As shown by Ebert et al. (50), this kind of sponge
RNA competes with the RNA that binds to small RNA,
ultimately blocking its function. We generated an antivsRNA1 sponge RNA containing 10 repeats of sequences
that were the reverse complement of vsRNA1. We also
designed an RNA containing 10 repeats of scrambled sequence as a control. The anti-vsRNA1 and control sponge
RNA were transfected into EV71-infected cells. The viral
yield in the anti-vsRNA1 sponge RNA-transfected cells was
significantly higher than in the control RNA-transfected
cells (Figure 4A). To investigate whether vsRNA1 influence viral infection at viral replication stage in cytoplasm,
we co-transfected the anti-vsRNA1 sponge RNA or control RNA with an EV71 replicon encoding a firefly luciferase gene, which was used to quantify the viral protein
expression. The luciferase signal from the replicon in the
anti-vsRNA1-transfected cells was higher than in the control RNA-transfected cells at 9, 12 and 15 h after replicon transfection (Figure 4B), similar to the result in infected cells (Figure 4A). We also monitored newly synthesised proteins in anti-vsRNA1 sponge RNA-transfected
cells by performing a 35 S-methionine/cysteine labelling assay. The level of the labelled viral proteins in the antivsRNA1 sponge-transfected cells was higher than in the
control RNA-transfected cells (Figure 4C, lane 4 compared
with lane 3). Western blotting for a viral protein (3Cpro ) also
confirmed the enhancement of viral protein expression by
the anti-vsRNA1 sponge. The anti-vsRNA1 sponge did not
affect host translation in mock-infected cells, which highlighted the specificity of the anti-vsRNA1 sponge for viral
sequences (Figure 4C, lane 2 compared with lane 1). These
results (Figure 4A–C) indicate that viral infection can generate functional vsRNA1, which downregulates viral yields
and viral protein synthesis.
To further examine the effect of vsRNA1 on EV71 infection, we measured the viral titers in cells challenged
with EV71, followed by transfection with a mimic vsRNA1 (the mimic RNA used in Figure 1E) or scrambled RNA. To simulate the vsRNA1, which is only produced during viral infection, and to avoid possible side
effects resulting from long-term vsRNA1 expression, we
transfected vsRNA1 or scrambled RNA into the cells at
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Figure 3. The association between Dicer and the EV71 IRES. (A) In vitro Dicer and Drosha were coprecipitated with EV71 5 UTR. Proteins from SF268
cell lysates were incubated with biotin-UTP (biotin only), unlabelled (Non-bio), or biotin-labelled (Biotin) EV71 5 UTR RNA and streptavidin beads.
Proteins from lysates without incubation (No RNA) were pulled down by the same beads and served as a negative control. The Dicer and Drosha proteins
in the pull-down reactions or in 1/10 of the SF268 lysate before the pull-down (Input) were detected using western blotting. (B) The same in vitro Dicer and
Drosha pull-down assay as (A) was performed on lysates from RD, SK-N-MC and SF268 cells. (C) Competition assay for Dicer association with the EV71
5 UTR. Lane 1 contained the cell lysate (Input) only. The unlabelled EV71 5 UTR (Nonbio-EV71 5 UTR; zero (-) to 30 g) or poly(A) RNA was added to
compete with 3 g of the biotinylated EV71 5 UTR probe interacting with Dicer in the SF268 cell lysate. Protein that was pulled down without adding any
RNA was the negative control (No RNA). (D and E) The complex between recombinant Dicer and the EV71 5 UTR RNA. The 32 P-labelled EV71 5 UTR
RNA was incubated with 0.4 U of recombinant Dicer (+Dicer) and varying amounts (40 to 400 ng) of unlabelled EV71 5 UTR RNA (+cold 5 UTR) (D)
or poly(A) RNA (E). The resulting complexes were analysed using native gel [non-denaturing 3% polyacrylamide TBE gels (29:1 acryamide:bisacryamide)]
ectrophoresis. EV71 5 UTR RNA that was not incubated with Dicer and cold 5 UTR (Free 32 P 5 UTR) were used to determine the free RNA size. (F)
EV71 5 UTR RNA-protein complex formed with varying amounts of recombinant Dicer. Free 32 P-labelled EV71 5 UTR RNA only (-) or 5 UTR RNA
incubated with varying amounts (0.08 to 0.8 U) of recombinant Dicer (+Dicer) was analysed using the same native gel electrophoresis. (G) The locations
of Dicer and Drosha in EV71-infected SF268 cells were detected using specific antibodies at 6 h p.i. The viral 2B and 3D proteins in SF268 cells were used
as markers of infection. The nuclei of the cells were stained with Hoechst dye.

1 h p.i. There were significantly lower viral yields in the
cells transfected with vsRNA1 than in those with scrambled RNA (Figure 4D). We also cotransfected the mimic
vsRNA1 or scrambled RNA with the EV71 replicon into
cells. The luciferase signal was lower from the replicon in
the vsRNA1-transfected cells than in the scrambled RNAtransfected cells (Figure 4E). The newly synthesised proteins in the vsRNA1-transfected cells were monitored using 35 S-methionine/cysteine labelling. vsRNA1 inhibited
viral protein synthesis (Figure 4F, lanes 3 and 4) but not
host protein translation (mock, lanes 1–2). The effect of vsRNA1 was also confirmed by detecting 3C viral protein accumulation at 5 h p.i. using western blotting (Figure 5F,
lanes 3–4, lower panel). Taken together, these results suggest that vsRNA1 plays a role in downregulating viral protein synthesis.
vsRNA1 inhibits viral IRES activity
We showed that vsRNA1 inhibits both cytoplasmic replication reactions and the virus productivity of infected cells.
Because the assays in Figure 4B, C, E and F demonstrated
that viral protein synthesis was downregulated by vsRNA1,

we hypothesised that vsRNA1 inhibits viral replication by
modulating viral translation. To determine whether vsRNA1 inhibits viral translation directly, we examined the
effects of vsRNA1 on EV71 IRES activity using a reporter
assay. We transfected SF268 cells with a single-stranded,
non-replicatable mRNA containing the EV71 IRES and
the coding sequence for firefly luciferase (FLuc, a reporter)
along with vsRNA1 or scrambled RNA (Scramb). The luciferase activity, which corresponded to EV71 IRES activity, was then measured. vsRNA1 inhibited up to 54% of
EV71 IRES activity in the transfected cells compared with
the scrambled RNA (Figure 5A, left panel). To determine
whether vsRNA1 reduces IRES activity by depleting the
RNA levels, we measured the RNA levels in transfected
cells using real-time RT-PCR and northern blotting. Similar
RNA levels were observed in the vsRNA1-transfected cells
and the scramb-transfected cells (Figure 5A, right panel),
suggesting that vsRNA1 repressed viral translation without
degenerating the viral RNA. Certain viral RNAs can activate type I interferon (51,52) and cause global translational
repression in infected cells (53,54). To determine whether
vsRNA1 induces type I interferon, we examined interferon
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Figure 4. The effect of vsRNA1 on virus infection and viral protein synthesis. (A) Effect of anti-vsRNA1 sponge RNA on EV71 viral growth. EV71infected RD cells were transfected with the anti-vsRNA1 sponge or control RNA. After viral adsorption, viruses from the debris and the supernatant
were collected at 4, 8 and 12 h p.i. The viral yields were determined with plaque assays. Error bars represent standard deviations for duplicate assays
(*P < 0.05; **P < 0.01, Student’s t-test). (B) Effect of anti-vsRNA1 sponge RNA on EV71 replication. The luciferase activity in the EV71 replicon in
RD cells cotransfected with anti-vsRNA1 sponge or control RNA was monitored at 4, 6, 9, 12 and 15 h post-transfection. Error bars represent standard
deviations for three independent experiments (*P < 0.01; ***P < 0.001; Student’s t-test). (C) Effects of anti-vsRNA1 sponge on viral and host protein
synthesis. Mock- or EV71-infected cells were transfected with the anti-vsRNA1 sponge or control RNA. Protein synthesis in these cells was examined
using 35 S-methionine/cysteine-labelling between 6 and 7 h p.i. The labelled viral proteins were identified according to their sizes. Viral protein 3C in the
cell lysates was detected by western blotting. (D) Effect of vsRNA1 on EV71 viral growth. EV71-infected RD cells were transfected with vsRNA1 mimic
or scrambled RNA. After viral adsorption, viruses from the debris and the supernatant were collected at 4, 8 and 12 h p.i. The viral yields were determined
using plaque assays. Error bars represent standard deviations for duplicate assays (***P <0.001), Student’s t-test). (E) Effect of the vsRNA1 mimic on
EV71 replication. Luciferase activity in the EV71 replicon in RD cells cotransfected with vsRNA1 mimic or scrambled RNA was monitored at 4, 6, 9, 12
and 15 h post-transfection. Error bars represent standard deviations for three independent experiments (*P < 0.05, ***P < 0.001, Student’s t-test). (F)
Effects of vsRNA1 on viral and host protein synthesis. Mock- or EV71-infected cells were transfected with vsRNA1 mimic or scrambled RNA (Scramb).
Protein synthesis in these cells was examined using 35 S-methionine/cysteine-labelling between 4 and 5 h p.i. The labelled viral proteins were identified
according to their sizes. Viral protein 3C in the cell lysates was detected by western blotting.

expression in the scramb-, vsRNA1-, and Polyinosinicpolycytidylic acid [poly (I:C)]-transfected cells. Transfecting
poly (I:C), but not vsRNA1 or control RNA, induced type
I interferon expression (Figure 5B). To determine whether
vsRNA1 inhibits host cap-dependent translation, we transfected vsRNA1 and an in vitro-synthesised mRNA containing a 5 cap structure and the coding sequence for Renilla luciferase into SF268 cells. vsRNA1 did not affect capdependent translation (Figure 5C), which was similar to
the result that vsRNA1 did not affect cellular translation
(Figure 4F). vsRNA1 also inhibited the IRES activity of
poliovirus, another enterovirus (Figure 5D). Although we
demonstrated that vsRNA1 did not affect cellular translation (Figures 4F and 5C), we were still concerned that vsRNA1 transfection might be toxic to the cells. To rule out
possible bias produced by vsRNA1 transfection, we measured in vitro IRES activity to confirm the inhibitory effect

of vsRNA1 on viral translation. In this assay, vsRNA1 or
scrambled RNA was added to a mixture containing 20%
RRL, a HeLa cell translation extract, and EV71–5 UTRFLuc mRNA. Similar to the results obtained for transfected
cells, vsRNA1 reduced EV71 IRES and polio-IRES activity
to 44% of the activity in control RNA-transfected cells (Figure 5E and F). The same as the transfected cells, vsRNA1
did not affect cap-dependent translation in this in vitro assay (Figure 5G). Therefore, vsRNA1 specifically inhibited
viral IRES activity in both live cells and in vitro reactions.
vsRNA1 inhibits viral translation by targeting the IRES
vsRNA1 inhibited viral IRES activity (Figure 5). To investigate whether vsRNA1 can inhibit IRES activity by targeting a specific RNA region, we searched for potential vsRNA1 target sites using the entire IRES sequence. We identified a total of 10 potential target sites in the EV71 IRES.
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Figure 5. vsRNA1 inhibits viral IRES activity in vitro and in vivo. (A) Effect of vsRNA1 on EV71 IRES activity. SF268 cells were cotransfected with
either the vsRNA1 mimic or scrambled RNA (Scramb) combined with a reporter RNA containing the EV71 IRES and the firefly luciferase gene (EV71
IRES-FLuc). The EV71 IRES-driven luciferase expression (FLuc activity) is represented by bars. Error bars represent standard deviations (n = 3, *P <
0.05, Student’s t-test). The levels of the transfected reporter RNA (Luc-5 UTR) in the cells cotransfected with scrambled RNA (Scramb) or vsRNA1 were
assessed using quantitative real-time RT-PCR (qPCR) (upper right panel) and northern blotting (lower right panel). (B) IFN-␤ mRNAs in Lipofectamine
2000-treated (Lipo) SF268 cells or cells transfected with scrambled RNA (Scramb); vsRNA1 and poly (I:C) were detected using qPCR. Error bars represent
standard deviations (n = 3). (C) The effect of the vsRNA1 mimic on cap-dependent translation using a reporter RNA containing cap and Renilla luciferase
(Cap-RLuc). (D) RNAs containing the poliovirus IRES and the firefly luciferase gene (polio IRES-FLuc) were also examined (n = 3, *P < 0.05, Student’s
t-test). The effects of vsRNA1 on EV71 IRES activity (E), poliovirus IRES activity (F), and cap-dependent translation (G) were also examined in vitro.
Reporter RNAs incubated with the vsRNA1 mimic or scrambled RNA (Scramb) were examined in an in vitro translation assay using a mixture of SF268
cell lysate and rabbit reticulocyte lysate (RRL). The IRES- or cap-driven translation activity was determined according to the detected luciferase expression
(FLuc activity and RLuc activity). Error bars represent standard deviations for three independent experiments (*P < 0.05, Student’s t-test).

Such sites contained five contiguous nucleotides that were
the reverse complement of the vsRNA1 sequence. Because
vsRNA1 also inhibited polio IRES activity (Figure 5D and
F), we expected the sequences of the vsRNA1 target sites on
the polio IRES to be similar to those on the EV71 IRES.
We compared the sequences of EV71 and polio IRES to
narrow down the potential target sites. Four of the 10 potential target sites, located at nt 162–166, 173–177, 366–
370 and 616–620 of the EV71 5 UTR, were similar to the
sequences of the polio IRES at the same locations (Figure 6A, grey boxes). We selected these four potential target sites for further study. To determine whether the four
target sites in the IRES are crucial for the inhibitory effect of vsRNA1, we mutated the three central nucleotides
of each potential target site in the EV71 5 UTR-FLuc RNA
(Figure 6A). All of the mutated EV71 5 UTR Fluc RNAs
were checked for their IRES activity using the wild-type
group as the reference category (Supplementary Figure S6).
An in vitro translation assay was performed to test the inhibitory effects of vsRNA1 on the activities of the mutated reporter RNAs. Differently from the WT IRES that
was inhibited by vsRNA1, EV71 IRESs containing mutations in nt 163–165 (mut 163–165), nt 174–176 (mut 174–
176) and double mutations (mut 163–165 and 174–176)
were found to be resistant to the inhibitory effect of vsRNA1 (Figure 6B). Mutations in nt 367–369 (mut 367–
369) and nt 617–619 (mut 617–619) of the IRES had no

effect on vsRNA1 resistance. To further confirm that mut
163–165, mut 174–176 and mut 163–165 + 174–176 became resistant to vsRNA1 by losing the target sites in the
IRES, we generated vsRNA1s with sequence modifications
corresponding to the mutated IRES sites (vsRNA1163 –165 ,
vsRNA1174 –176 and vsRNA1163 –165/174–176 ). Each modified
vsRNA1 substantially inhibited the corresponding mutant
IRES (80–90% inhibition) (Figure 6C). We also tested the
inhibitory effects of the modified vsRNA1s on WT IRES
activity. In vsRNA1163 –165 and vsRNA1174 –176 , the ability
to inhibit the WT IRES was partially lost (20%–30% inhibition) (Figure 6D). vsRNA1163 –165/174–176 did not inhibit
the WT IRES, suggesting that nt 162–166 and nt 173–177
are the target sites for the inhibition of IRES activity by
vsRNA1. From these results, we concluded that vsRNA1
inhibits IRES activity by targeting specific sequences on
stem-loop II of the IRES (Figure 6E, upper panel). Notably,
more than 80% of the vsRNA1 deep sequencing reads contained both of these active sequences (Supplementary Figure S7). To verify that the target sites identified in the in
vitro assay were valid in infected cells, we designed a tiny
LNA (anti-vsRNA1 LNA) to disrupt the association between the target sites and vsRNA1 (Figure 6E, lower panel).
Based on the results obtained by Obad et al., tiny LNA was
able to solely target the seed region of the miRNA, without directly affecting the miRNA-targeted mRNA (55). We
also confirmed that our anti-vsRNA1 LNA did not target
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Figure 6. vsRNA1 target sites on IRES. (A) Predicted vsRNA1 target sites in the EV71 IRES (marked in grey) were selected based on conservation with
poliovirus (PV1). Based on the prediction, we generated mutations in nt 163–165, 174–176, 367–369 and 617–619 of the EV71 IRES in the reporter RNA.
(B) The inhibitory effects of vsRNA1 on WT and mutant IRES reporter RNAs. Each reporter RNA (including WT, mut 163–165, mut 174–176, mut
163–165, 174–175, mut 367–369 and mut 617–619) was treated with vsRNA1 or scrambled (control) RNA in an in vitro translation assay. The luciferase
activity in the vsRNA1 treatment assay was compared to the activity in the scrambled RNA treatment assay, and the percentage of IRES activity under
vsRNA1 treatment was calculated separately. Error bars represent standard deviations for three independent experiments (*P < 0.05, **P < 0.01, ***P
< 0.001, Student’s t-test). (C) Mutant IRES reporter RNAs were treated with the scrambled or vsRNA1 (or modified vsRNA1) that corresponded to
each target site mutant (vsRNA1163 –165 to mut 163–165 IRES, vsRNA1 174–176 to mut 174–176 RNA and vsRNA1 163–165/174–176 to mut 163–165 +
174–176) in the in vitro translation assays. (D) WT IRES reporter RNA was treated with scrambled RNA or vsRNA1 (or modified vsRNA1) in an in vitro
translation assay. Error bars represent standard deviations for three independent experiments. (E) LNA against vsRNA1 was generated complementary
to the active sites (underlined) on vsRNA1 that target stem-loop II (SLII) of the EV71 5 UTR (the boxes indicate the vsRNA1 target sites). Effect of
anti-vsRNA1 LNA on EV71 viral growth. (F) EV71-infected RD and SF268 cells (MOI of 5) were transfected with LNA-vsRNA1 or LNA-control. After
viral adsorption, viruses from the debris and the supernatant were collected at the indicated times p.i. The viral yields were determined using plaque assays.
Error bars represent standard deviations for duplicated assays.

the EV71 IRES directly in an IRES activity assay (Supplementary Figure S8). We transfected the anti-vsRNA1 LNA
or scrambled LNA into EV71-infected cells. The results
demonstrated that the anti-vsRNA1 LNA enhanced viral
infection in both RD and SF268 cells (Figure 6F), providing
further confirmation of the vsRNA1 target sites identified
on the EV71 IRES in vivo.
DISCUSSION
This study showed that EV71 uses Dicer to generate small
RNAs in mammalian cells. One of these vsRNAs, vsRNA1,

downregulated IRES activity by targeting viral RNA (summarised in Figure 7). It has been debated whether a cytoplasmic RNA virus in mammals can generate functional
small RNAs (38); however, our results show that this type
of virus can generate substantial amounts of vsRNA that
exhibits notable functions.
Because positive-stranded RNA viruses use the same
RNA as a template for both translation and replication,
strategies that control the switch between viral translation
and genome replication are crucial (24,25). For example,
poliovirus uses a host protein, Poly(rC)-binding protein 2
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Figure 7. Proposed model for the generation and function of vsRNA1.
During EV71 infection, a small proportion of viral RNA is processed by
Dicer, and vsRNA1 is generated from the IRES (purple). vsRNA1 targets
stem-loop II of the viral IRES (marked in green) and downregulates the
translation of viral proteins.

(PCBP2), to regulate both viral translation and replication (56–61). Viral proteases cleave host proteins, which
can enhance viral translation (62–64). This study revealed
a potential novel mechanism by which positive-sense RNA
viruses control their translation: generating vsRNAs and
self-regulating IRES activity. However, we cannot rule out
the possibility that the host may utilize such vsRNAs as a
defence mechanism against EV71 infections. Therefore, the
role of vsRNAs in virus infection deserves further scrutiny.
Recently, non-canonical cytoplasmic mechanisms have
been reported to contribute to small RNA biogenesis (11–
12,65). Dicer might be involved in these processes (14),
which correlates with our findings that Dicer is associated
with the generation of vsRNAs (Figures 2 and 3). The substrate of Dicer is generally a stem-loop structure with both
5 and 3 ends (66). However, the EV71 5 UTR does not
contain such a structure, which is instead characterised by
long flanking regions at both ends of the stem-loop. Because
non-canonical Dicer substrates have been previously identified (67–69), the mechanisms by which this enzyme can
cleave the EV71 5 UTR RNA into vsRNA1 seem worthy of
investigation. We detected vsRNA1 as an RNA fragment
of 29 nt (Figure 1E), which is longer than the small RNA
generated by canonical Dicer processing (22 nt). However,
the bulged nucleotides on the stem-loops of pre-mRNAs
can increase the length of miRNA that Dicer is able to process (70,71). The vsRNA1 generation site contains a bulged
structure (Figure 1C), which might explain how Dicer cleavage generates a long small RNA.
Parameswaran et al. detected low-abundance vsRNA
reads in infected cells using deep sequencing (14). Coincidently, we also detected limited numbers of vsRNA1 reads
in infected cells using deep sequencing (Figure 1A). To our

surprise, a northern blot, which was performed to confirm the absolute level of vsRNA1, showed that at least
105 vsRNA1 copies were generated from a single infected
cell (Figure 1E). Such inconsistent results between deep sequencing and other RNA detection methods have also been
found in previous studies (72,73). Factors such as different PCR protocols, ligation steps in deep sequencing, or the
modification of the small RNA terminus may bias the quantification of small RNAs (73). We assume that these types
of bias caused our deep sequencing results to include underestimated levels of vsRNA. We cannot exclude the possibility that vsRNAs can undergo further unidentified modifications that should be the subject of future research. However, we demonstrated that infected cells could generate vsRNA1 in amounts sufficient for activity (Figure 4), which
seems to suggest that infected cells contain a substantial
level of vsRNA1. Besides vsRNA1, we also detected high
amounts of vsRNAs derived from regions other than the
5 UTR of the viral genomic RNA (Supplementary Figure
S9). Despite being outside the scope of the current report,
the potential role played by these vsRNAs in virus infection
is worthy of further scrutiny.
The function of small RNAs invariably requires the interaction with cellular proteins, including Argonaute 2 (Ago2)
(39–41). The question as to whether any cellular protein
is specifically required for vsRNA1 function is important
for characterizing the biological role of this molecule. Although our data indicated that vsRNA1 can be associated
with Ago2 (Supplementary Figure S2), the experiments
conducted after Ago2 depletion did not support the hypothesis that this molecule is involved in either vsRNA1 biogenesis (Supplementary Figure S4) or in the inhibitory effect
on IRES activity (Supplementary Figure S10). Therefore,
the potential role of both vRNA1-associated Ago2 and/or
other vsRNA1-associated proteins warrants further investigation.
Besides the identification of vsRNA1-associated proteins, it seems relevant to investigate whether vsRNA1 may
affect the binding of ITAFs to the EV71 IRES, especially at
the regions targeted by vsRNA1 (stem-loop II of the IRES).
Among the ITAFs that can bind to the SLII of EV71 IRES
(KSRP, hnRNPA1, PTB) (26–27,74), our preliminary results indicated that vsRNA1 can both enhance KSRP binding to the IRES (Supplementary Figure S11) and increase
the amount of KSRP sedimented in the fractions containing 40S and 60S ribosomal subunits, as compared with a
scrambled RNA sequence in a ribosome assembly experiment (Supplementary Figure S12). KSRP has been shown
to act as a negative regulator of EV71 IRES activity (26,75).
The current observations suggest that vsRNA1 may inhibit
IRES activity by recruiting a negative regulator to the translational complex. The exact roles played by KSRP in vsRNA1 function and the detailed mechanisms of KSRP recruitment elicited by vsRNA1 deserve further scrutiny.
Small RNAs are likely to play a role in determining
the tissue tropism of a given virus. For example, a host
miRNA122 targets the 5 noncoding region of the hepatitis C virus (HCV) and enhances viral replication in hepatocytes (76,77). Our deep-sequencing results demonstrated
significant differences (both in terms of levels and species)
in vsRNAs expression between RD (rhabdomysosarcoma)
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and SF268 (glioblastoma) cells (Supplementary Figure S1),
suggesting a potential mechanism for viral tissue tropism.
Because blocking host miRNA122 using LNA represents
a novel treatment strategy for HCV infection (78,79), our
results may help developing novel potential antiviral strategies in the prevention of EV71-associated neuropathogenesis.
In summary, our study demonstrates the ability of a cytoplasmic RNA virus to generate functional vsRNA in mammalian cells. In addition, we demonstrate a novel mechanism for the self-regulation of positive-stranded RNA viral translation, which includes the generation of a vsRNA
that targets the IRES. Importantly, our data disclose a previously unknown role of vsRNA.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENT
The authors would like to thank Prof. Witold Filipowicz
of the Friedrich Miescher Institute of Biomedical Research
for providing the pDEST8-Dicer-6His and pDEST8-Dicer
44AB/110AB plasmids and Dr. Shobha Vasudevan of Harvard Medical School for providing the shAgo2 plasmids.
The authors are also thankful to Enzo Emanuele, MD, PhD
(Living Research s.a.s., Robbio, Italy) for his expert editorial assistance.
FUNDING
Ministry of Science and Technology, Taiwan [100–
3112-B182–002, NSC 101–2325-B-182–015, 100–2221E-182–056-MY3]; Chang Gung Memorial Hospital
[CMRPD1A0671, NERPD2A0651]. Funding for open
access charge: Ministry of Science and Technology,
Taiwan [NSC 101–2325-B-182–015].
Conflict of interest statement. None declared.
REFERENCES
1. Kim,V.N., Han,J. and Siomi,M.C. (2009) Biogenesis of small RNAs
in animals. Nat. Rev. Mol. Cell Biol., 10, 126–139.
2. Krol,J., Loedige,I. and Filipowicz,W. (2010) The widespread
regulation of microRNA biogenesis, function and decay. Nat. Rev.
Genet., 11, 597–610.
3. Siomi,M.C., Sato,K., Pezic,D. and Aravin,A.A. (2011)
PIWI-interacting small RNAs: the vanguard of genome defence.
Nat. Rev. Mol. Cell Biol., 12, 246–258.
4. Cullen,B.R. (2006) Viruses and microRNAs. Nat. Genet., 38(Suppl),
S25–S30.
5. Ding,S.W. and Voinnet,O. (2007) Antiviral immunity directed by
small RNAs. Cell, 130, 413–426.
6. Perez,J.T., Varble,A., Sachidanandam,R., Zlatev,I., Manoharan,M.,
Garcia-Sastre,A. and tenOever,B.R. (2010) Influenza A
virus-generated small RNAs regulate the switch from transcription
to replication. Proc. Natl Acad. Sci. U.S.A., 107, 11525–11530.
7. Aliyari,R. and Ding,S.W. (2009) RNA-based viral immunity initiated
by the Dicer family of host immune receptors. Immunol. Rev., 227,
176–188.
8. Hussain,M., Torres,S., Schnettler,E., Funk,A., Grundhoff,A.,
Pijlman,G.P., Khromykh,A.A. and Asgari,S. (2012) West Nile virus
encodes a microRNA-like small RNA in the 3 untranslated region
which up-regulates GATA4 mRNA and facilitates virus replication
in mosquito cells. Nucleic Acids Res., 40, 2210–2223.

9. Ding,S.W. (2010) RNA-based antiviral immunity. Nat. Rev.
Immunol., 10, 632–644.
10. McManus,M.T. (2004) Small RNAs and immunity. Immunity, 21,
747–756.
11. Rouha,H., Thurner,C. and Mandl,C.W. (2010) Functional
microRNA generated from a cytoplasmic RNA virus. Nucleic Acids
Res., 38, 8328–8337.
12. Shapiro,J.S., Varble,A., Pham,A.M. and Tenoever,B.R. (2010)
Noncanonical cytoplasmic processing of viral microRNAs. RNA, 16,
2068–2074.
13. Shapiro,J.S., Langlois,R.A., Pham,A.M. and Tenoever,B.R. (2012)
Evidence for a cytoplasmic microprocessor of pri-miRNAs. RNA,
18, 1338–1346.
14. Parameswaran,P., Sklan,E., Wilkins,C., Burgon,T., Samuel,M.A.,
Lu,R., Ansel,K.M., Heissmeyer,V., Einav,S., Jackson,W. et al. (2010)
Six RNA viruses and forty-one hosts: viral small RNAs and
modulation of small RNA repertoires in vertebrate and invertebrate
systems. PLoS Pathog., 6, e1000764.
15. Li,Y., Lu,J., Han,Y., Fan,X. and Ding,S.W. (2013) RNA interference
functions as an antiviral immunity mechanism in mammals. Science,
342, 231–234.
16. Maillard,P.V., Ciaudo,C., Marchais,A., Li,Y., Jay,F., Ding,S.W. and
Voinnet,O. (2013) Antiviral RNA interference in mammalian cells.
Science, 342, 235–238.
17. Cullen,B.R., Cherry,S. and tenOever,B.R. (2013) Is RNA
interference a physiologically relevant innate antiviral immune
response in mammals? Cell Host. Microbe, 14, 374–378.
18. Weng,K.F., Chen,L.L., Huang,P.N. and Shih,S.R. (2010) Neural
pathogenesis of enterovirus 71 infection. Microbes Infect., 12,
505–510.
19. Shih,S.R., Stollar,V. and Li,M.L. (2011) Host factors in enterovirus
71 replication. J. Virol., 85, 9658–9666.
20. Martinez-Salas,E. (2008) The impact of RNA structure on
picornavirus IRES activity. Trends Microbiol., 16, 230–237.
21. Haller,A.A., Nguyen,J.H. and Semler,B.L. (1993) Minimum internal
ribosome entry site required for poliovirus infectivity. J. Virol., 67,
7461–7471.
22. Thompson,S.R. and Sarnow,P. (2003) Enterovirus 71 contains a type
I IRES element that functions when eukaryotic initiation factor
eIF4G is cleaved. Virology, 315, 259–266.
23. Fitzgerald,K.D. and Semler,B.L. (2009) Bridging IRES elements in
mRNAs to the eukaryotic translation apparatus. Biochim. Biophys.
Acta., 1789, 518–528.
24. Gamarnik,A.V. and Andino,R. (1998) Switch from translation to
RNA replication in a positive-stranded RNA virus. Genes. Dev., 12,
2293–2304.
25. Barton,D.J., Morasco,B.J. and Flanegan,J.B. (1999) Translating
ribosomes inhibit poliovirus negative-strand RNA synthesis. J.
Virol., 73, 10104–10112.
26. Lin,J.Y., Li,M.L. and Shih,S.R. (2009) Far upstream element binding
protein 2 interacts with enterovirus 71 internal ribosomal entry site
and negatively regulates viral translation. Nucleic Acids Res., 37,
47–59.
27. Lin,J.Y., Shih,S.R., Pan,M., Li,C., Lue,C.F., Stollar,V. and Li,M.L.
(2009) hnRNP A1 interacts with the 5 untranslated regions of
enterovirus 71 and Sindbis virus RNA and is required for viral
replication. J. Virol., 83, 6106–6114.
28. Huang,P.N., Lin,J.Y., Locker,N., Kung,Y.A., Hung,C.T.,
Huang,H.I., Li,M.L. and Shih,S.R. (2011) Far upstream element
binding protein 1 binds the internal ribosomal entry site of
enterovirus 71 and enhances viral translation and viral growth.
Nucleic Acids Res., 39, 9633–9648.
29. Lin,J.Y., Li,M.L., Huang,P.N., Chien,K.Y., Horng,J.T. and Shih,S.R.
(2008) Heterogeneous nuclear ribonuclear protein K interacts with
the enterovirus 71 5 untranslated region and participates in virus
replication. J. Gen. Virol., 89, 2540–2549.
30. Bell,Y.C., Semler,B.L. and Ehrenfeld,E. (1999) Requirements for
RNA replication of a poliovirus replicon by coxsackievirus B3 RNA
polymerase. J. Virol., 73, 9413–9421.
31. Zhang,H., Kolb,F.A., Jaskiewicz,L., Westhof,E. and Filipowicz,W.
(2004) Single processing center models for human Dicer and
bacterial RNase III. Cell, 118, 57–68.
32. Shih,S.R., Tsai,M.C., Tseng,S.N., Won,K.F., Shia,K.S., Li,W.T.,
Chern,J.H., Chen,G.W., Lee,C.C., Lee,Y.C. et al. (2004) Mutation in

12804 Nucleic Acids Research, 2014, Vol. 42, No. 20

33.

34.
35.

36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

52.

53.

54.

enterovirus 71 capsid protein VP1 confers resistance to the inhibitory
effects of pyridyl imidazolidinone. Antimicrob. Agents Chemother.,
48, 3523–3529.
Schmitter,D., Filkowski,J., Sewer,A., Pillai,R.S., Oakeley,E.J.,
Zavolan,M., Svoboda,P. and Filipowicz,W. (2006) Effects of Dicer
and Argonaute down-regulation on mRNA levels in human
HEK293 cells. Nucleic Acids Res., 34, 4801–4815.
Vasudevan,S. and Steitz,J.A. (2007) AU-rich-element-mediated
upregulation of translation by FXR1 and Argonaute 2. Cell, 128,
1105–1118.
Kuo,R.L., Zhao,C., Malur,M. and Krug,R.M. (2010) Influenza A
virus strains that circulate in humans differ in the ability of their NS1
proteins to block the activation of IRF3 and interferon-beta
transcription. Virology, 408, 146–158.
Kieft,J.S. (2008) Viral IRES RNA structures and ribosome
interactions. Trends Biochem. Sci., 33, 274–283.
Zakov,S., Goldberg,Y., Elhadad,M. and Ziv-Ukelson,M. (2011) Rich
parameterization improves RNA structure prediction. J. Comput.
Biol., 18, 1525–1542.
tenOever,B.R. (2013) RNA viruses and the host microRNA
machinery. Nat. Rev. Microbiol., 11, 169–180.
Sen,G.L. and Blau,H.M. (2005) Argonaute 2/RISC resides in sites of
mammalian mRNA decay known as cytoplasmic bodies. Nat. Cell
Biol., 7, 633–636.
Horman,S.R., Janas,M.M., Litterst,C., Wang,B., MacRae,I.J.,
Sever,M.J., Morrissey,D.V., Graves,P., Luo,B., Umesalma,S. et al.
(2013) Akt-mediated phosphorylation of argonaute 2 downregulates
cleavage and upregulates translational repression of MicroRNA
targets. Mol. Cell, 50, 356–367.
Iwasaki,S. and Tomari,Y. (2009) Argonaute-mediated translational
repression (and activation). Fly (Austin), 3, 204–206.
Finnegan,E.J. and Matzke,M.A. (2003) The small RNA world. J.
Cell Sci., 116, 4689–4693.
Miyoshi,K., Miyoshi,T. and Siomi,H. (2010) Many ways to generate
microRNA-like small RNAs: non-canonical pathways for
microRNA production. Mol. Genet. Genomics, 284, 95–103.
Yang,J.S. and Lai,E.C. (2011) Alternative miRNA biogenesis
pathways and the interpretation of core miRNA pathway mutants.
Mol. Cell, 43, 892–903.
Zamudio,J.R., Kelly,T.J. and Sharp,P.A. (2014) Argonaute-Bound
Small RNAs from Promoter-Proximal RNA Polymerase II. Cell,
156, 920–934.
Zhang,H., Kolb,F.A., Brondani,V., Billy,E. and Filipowicz,W. (2002)
Human Dicer preferentially cleaves dsRNAs at their termini without
a requirement for ATP. EMBO J., 21, 5875–5885.
Provost,P., Dishart,D., Doucet,J., Frendewey,D., Samuelsson,B. and
Radmark,O. (2002) Ribonuclease activity and RNA binding of
recombinant human Dicer. EMBO J., 21, 5864–5874.
Vermeulen,A., Behlen,L., Reynolds,A., Wolfson,A., Marshall,W.S.,
Karpilow,J. and Khvorova,A. (2005) The contributions of dsRNA
structure to Dicer specificity and efficiency. RNA, 11, 674–682.
Gustin,K.E. and Sarnow,P. (2001) Effects of poliovirus infection on
nucleo-cytoplasmic trafficking and nuclear pore complex
composition. EMBO J., 20, 240–249.
Ebert,M.S., Neilson,J.R. and Sharp,P.A. (2007) MicroRNA sponges:
competitive inhibitors of small RNAs in mammalian cells. Nat.
Methods, 4, 721–726.
Fredericksen,B., Akkaraju,G.R., Foy,E., Wang,C., Pflugheber,J.,
Chen,Z.J. and Gale,M. Jr (2002) Activation of the interferon-beta
promoter during hepatitis C virus RNA replication. Viral Immunol.,
15, 29–40.
Pflugheber,J., Fredericksen,B., Sumpter,R. Jr, Wang,C., Ware,F.,
Sodora,D.L. and Gale,M. Jr (2002) Regulation of PKR and IRF-1
during hepatitis C virus RNA replication. Proc. Natl Acad. Sci.
U.S.A., 99, 4650–4655.
Hazari,S., Patil,A., Joshi,V., Sullivan,D.E., Fermin,C.D., Garry,R.F.,
Elliott,R.M. and Dash,S. (2005) Alpha interferon inhibits translation
mediated by the internal ribosome entry site of six different hepatitis
C virus genotypes. J. Gen. Virol., 86, 3047–3053.
Yang,L., Kiyohara,T., Kanda,T., Imazeki,F., Fujiwara,K.,
Gauss-Muller,V., Ishii,K., Wakita,T. and Yokosuka,O. (2010)
Inhibitory effects on HAV IRES-mediated translation and
replication by a combination of amantadine and interferon-alpha.
Virol. J., 7, 212.

55. Obad,S., dos Santos,C.O., Petri,A., Heidenblad,M., Broom,O.,
Ruse,C., Fu,C., Lindow,M., Stenvang,J., Straarup,E.M. et al. (2011)
Silencing of microRNA families by seed-targeting tiny LNAs. Nat.
Genet., 43, 371–378.
56. Blyn,L.B., Swiderek,K.M., Richards,O., Stahl,D.C., Semler,B.L. and
Ehrenfeld,E. (1996) Poly(rC) binding protein 2 binds to stem-loop IV
of the poliovirus RNA 5 noncoding region: identification by
automated liquid chromatography-tandem mass spectrometry. Proc.
Natl Acad. Sci. U.S.A., 93, 11115–11120.
57. Blyn,L.B., Towner,J.S., Semler,B.L. and Ehrenfeld,E. (1997)
Requirement of poly(rC) binding protein 2 for translation of
poliovirus RNA. J. Virol., 71, 6243–6246.
58. Walter,B.L., Parsley,T.B., Ehrenfeld,E. and Semler,B.L. (2002)
Distinct poly(rC) binding protein KH domain determinants for
poliovirus translation initiation and viral RNA replication. J. Virol.,
76, 12008–12022.
59. Andino,R., Rieckhof,G.E. and Baltimore,D. (1990) A functional
ribonucleoprotein complex forms around the 5 end of poliovirus
RNA. Cell, 63, 369–380.
60. Parsley,T.B., Towner,J.S., Blyn,L.B., Ehrenfeld,E. and Semler,B.L.
(1997) Poly (rC) binding protein 2 forms a ternary complex with the
5 -terminal sequences of poliovirus RNA and the viral 3CD
proteinase. RNA, 3, 1124–1134.
61. Andino,R., Rieckhof,G.E., Achacoso,P.L. and Baltimore,D. (1993)
Poliovirus RNA synthesis utilizes an RNP complex formed around
the 5 -end of viral RNA. EMBO J., 12, 3587–3598.
62. Perera,R., Daijogo,S., Walter,B.L., Nguyen,J.H. and Semler,B.L.
(2007) Cellular protein modification by poliovirus: the two faces of
poly(rC)-binding protein. J. Virol., 81, 8919–8932.
63. Kafasla,P., Morgner,N., Poyry,T.A., Curry,S., Robinson,C.V. and
Jackson,R.J. (2009) Polypyrimidine tract binding protein stabilizes
the encephalomyocarditis virus IRES structure via binding multiple
sites in a unique orientation. Mol. Cell, 34, 556–568.
64. Kafasla,P., Morgner,N., Robinson,C.V. and Jackson,R.J. (2010)
Polypyrimidine tract-binding protein stimulates the poliovirus IRES
by modulating eIF4G binding. EMBO J., 29, 3710–3722.
65. Varble,A., Chua,M.A., Perez,J.T., Manicassamy,B., Garcia-Sastre,A.
and tenOever,B.R. (2010) Engineered RNA viral synthesis of
microRNAs. Proc. Natl Acad. Sci. U.S.A., 107, 11519–11524.
66. MacRae,I.J., Zhou,K. and Doudna,J.A. (2007) Structural
determinants of RNA recognition and cleavage by Dicer. Nat.
Struct. Mol. Biol., 14, 934–940.
67. Kaneko,H., Dridi,S., Tarallo,V., Gelfand,B.D., Fowler,B.J.,
Cho,W.G., Kleinman,M.E., Ponicsan,S.L., Hauswirth,W.W.,
Chiodo,V.A. et al. (2011) DICER1 deficit induces Alu RNA toxicity
in age-related macular degeneration. Nature, 471, 325–330.
68. Cole,C., Sobala,A., Lu,C., Thatcher,S.R., Bowman,A., Brown,J.W.,
Green,P.J., Barton,G.J. and Hutvagner,G. (2009) Filtering of deep
sequencing data reveals the existence of abundant Dicer-dependent
small RNAs derived from tRNAs. RNA, 15, 2147–2160.
69. Ender,C., Krek,A., Friedlander,M.R., Beitzinger,M., Weinmann,L.,
Chen,W., Pfeffer,S., Rajewsky,N. and Meister,G. (2008) A human
snoRNA with microRNA-like functions. Mol. Cell, 32, 519–528.
70. Gu,S., Jin,L., Zhang,Y., Huang,Y., Zhang,F., Valdmanis,P.N. and
Kay,M.A. (2012) The loop position of shRNAs and pre-miRNAs is
critical for the accuracy of dicer processing in vivo. Cell, 151,
900–911.
71. Starega-Roslan,J., Krol,J., Koscianska,E., Kozlowski,P.,
Szlachcic,W.J., Sobczak,K. and Krzyzosiak,W.J. (2011) Structural
basis of microRNA length variety. Nucleic Acids Res., 39, 257–268.
72. Hafner,M., Renwick,N., Brown,M., Mihailovic,A., Holoch,D.,
Lin,C., Pena,J.T., Nusbaum,J.D., Morozov,P., Ludwig,J. et al. (2011)
RNA-ligase-dependent biases in miRNA representation in
deep-sequenced small RNA cDNA libraries. RNA, 17, 1697–1712.
73. Raabe,C.A., Tang,T.H., Brosius,J. and Rozhdestvensky,T.S. (2014)
Biases in small RNA deep sequencing data. Nucleic Acids Res., 42,
1414–1426.
74. Hellen,C.U., Pestova,T.V., Litterst,M. and Wimmer,E. (1994) The
cellular polypeptide p57 (pyrimidine tract-binding protein) binds to
multiple sites in the poliovirus 5 nontranslated region. J. Virol., 68,
941–950.
75. Chen,L.L., Kung,Y.A., Weng,K.F., Lin,J.Y., Horng,J.T. and
Shih,S.R. (2013) Enterovirus 71 infection cleaves a negative regulator

Nucleic Acids Research, 2014, Vol. 42, No. 20 12805

for viral internal ribosomal entry site-driven translation. J Virol.87,
3828–3838.
76. Jopling,C.L., Yi,M., Lancaster,A.M., Lemon,S.M. and Sarnow,P.
(2005) Modulation of hepatitis C virus RNA abundance by a
liver-specific MicroRNA. Science, 309, 1577–1581.
77. Jopling,C.L., Schutz,S. and Sarnow,P. (2008) Position-dependent
function for a tandem microRNA miR-122-binding site located in
the hepatitis C virus RNA genome. Cell Host Microbe, 4, 77–85.

78. Lanford,R.E., Hildebrandt-Eriksen,E.S., Petri,A., Persson,R.,
Lindow,M., Munk,M.E., Kauppinen,S. and Orum,H. (2010)
Therapeutic silencing of microRNA-122 in primates with chronic
hepatitis C virus infection. Science, 327, 198–201.
79. Janssen,H.L., Reesink,H.W., Lawitz,E.J., Zeuzem,S.,
Rodriguez-Torres,M., Patel,K., van der Meer,A.J., Patick,A.K.,
Chen,A., Zhou,Y. et al. (2013) Treatment of HCV infection by
targeting microRNA. N. Engl. J. Med., 368, 1685–1694.

