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Human MicroRNA hsa-miR-296-5p Suppresses Enterovirus 71
Replication by Targeting the Viral Genome
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State Key Laboratory of Virology, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, China

Enterovirus 71 (EV71) has emerged as a major cause of neurological disease following the near eradication of poliovirus.
Accumulating evidence suggests that mammalian microRNAs (miRNAs), a class of noncoding RNAs of 18 to 23 nucleotides
(nt) with important regulatory roles in many cellular processes, participate in host antiviral defenses. However, the roles
of miRNAs in EV71 infection and pathogenesis are still unclear. Here, hsa-miR-296-5p expression was significantly in-
creased in EV71-infected human cells. As determined by virus titration, quantitative real-time PCR (qRT-PCR), and West-
ern blotting, overexpression of hsa-miR-296-5p inhibited, while inhibition of endogenous hsa-miR-296-5p facilitated,
EV71 infection. Additionally, two potential hsa-miR-296-5p targets (nt 2115 to 2135 and nt 2896 to 2920) located in the
EV71 genome (strain BrCr) were bioinformatically predicted and validated by luciferase reporter assays and Western blot-
ting. Genomic alignment of various EV71 strains revealed synonymous mutations in hsa-miR-296-5p target sequences.
Furthermore, the introduction of synonymous mutations into the EV71 BrCr genome by site-directed mutagenesis im-
paired the viral inhibitory effects of hsa-miR-296-5p and facilitated mutant virus infection. Meanwhile, compensatory mu-
tations in corresponding hsa-miR-296-5p target sequences of the EV71 HeN strain (GenBank accession number JN256064)
restored the inhibitory effects of the miRNA. These results indicate that hsa-miR-296-5p inhibits EV71 replication by tar-
geting the viral genome. Our findings support the notion that cellular miRNAs can inhibit virus infection and that the vi-

rus mutates to escape suppression by cellular miRNAs.

icroRNAs (miRNAs) are a class of highly conserved 21- to

23-nucleotide (nt) RNA molecules that exist in almost all
eukaryotes (1-3). They can regulate many cellular processes,
including cell proliferation and differentiation, apoptosis, de-
velopment, and host defense (4-6). miRNA precursors
(preRNA) are cleaved by the RNase III Dicer, and one chain of
the double-stranded RNA can direct the RNA-induced silenc-
ing complex (RISC) to target mRNA sequences for subsequent
cleavage or translation inhibition (7). The result is determined
by the degree of complementarity between the miRNA and
target mRNA. In the case of a perfect sequence match, the
recruitment of RISC mediated by miRNAs can lead to mRNA
degradation. In the case of imperfect sequence complementa-
rity, miRNA binding leads to inhibition of mRNA translation
(8). In most common plants or lower animals, perfect or near-
perfect complementarity results in the degradation of target
mRNA (9). However, in most vertebrates, base pairing of
miRNA and mRNA is imperfect, and although the mRNA is not
cleaved, its translation efficiency is decreased. Under normal
circumstances, perfect pairing between the 5’ end of the
miRNA (nt 2 to 8, known as the seed sequence) and the 3’
untranslated region (UTR) of the mRNA is considered critical
to the regulatory function of miRNA translation (10-12).

A growing body of evidence has demonstrated that miRNAs
play a key role in the regulation of viral replication and gene ex-
pression (13, 14). Some viruses such as Epstein-Barr virus and
herpes simplex virus (HSV) can regulate host and viral gene ex-
pression by virally encoded miRNAs (15, 16). Interestingly, recent
studies have shown that a small RNA encoded by the West Nile
virus has a role similar to that of cellular miRNA and that this
small RNA can enhance viral replication in mosquito cells (17). In
addition, as an antiviral defense mechanism, some intracellular
miRNAs can target viral mRNA(s) to inhibit replication (18). For
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example, miR-32-1 targets the primate foamy virus (PFV) ge-
nome and can efficiently suppress viral replication (19). Two cel-
lular miRNAs, miR-24 and miR-93, can inhibit vesicular stoma-
titis virus (VSV) replication through targeting the genes encoding
the viral L protein and P protein, respectively (20). The interferon
(IFN)-induced miRNAs (miR-196’s of miR-296, miR-351, miR-
431, and miR-448) have perfect complementarity to the hepatitis
Cvirus (HCV) genome and can inhibit HCV replication in human
hepatocellular carcinoma Huh?7 cells (21). MiR-125-5p targets the
S protein of hepatitis B virus (HBV) to inhibit its replication (22).
Meanwhile, miR-122 can inhibit HBV replication by binding to a
highly conserved region of the viral genome (23). By binding to
the 3" UTR region, miR-29 can inhibit the replication of human
immunodeficiency virus type 1 (HIV-1) (24). However, some vi-
ruses suppressed by cellular miRNAs may in turn affect miRNA
abundance by synthesis of viral RNAs or proteins, such as the Tas
protein of PFV (19) and the HIV-1 Tat protein, which can abro-
gate the cellular RNA-silencing defense mechanism by subverting
the ability of Dicer to process precursor double-stranded RNAs
into small interfering RNAs (siRNAs) (25). Vaccinia virus protein
E3L, influenza A virus protein NS1, and Ebola virus protein VP35
all act as broadly effective suppressors of RNA silencing, similar to
the effect seen with the HIV-1 Tat protein (26). As the evidence for
miRNA-mediated regulation of virus infection has only just be-
gun to emerge, detailed investigations of the roles of miRNAs in
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TABLE 1 Primers used for plasmid construction and qRT-PCR*

Primer name

Sequence (5'-3")

Purpose

F2833

R3014

F2061

R2182

M2115F
M2115R
M2896F
M2896R
miR-296 mimics
miR-296 inhibitor
EVBC-1468F
EVBC-3320R
BC2-2896mutF
BC2-2896mutR
BC2-2115mutF
BC2-2115mutR

ACC GAATTCACGCAGAGTTCACTTTTGTCG

GCA CTCGAG CTTGCAGGTGACATAAATGGC

ACC GAATTC GTCACTTTTATGTTCACCGGAT

GCA CTCGAG GATTGCAAGCCAAAGTCCC
CTTATAGCTTACACACCCCCAGGAGGTCCTTTGC
GCAAAGGACCTCCTGGGGGTGTGTAAGCTATAAG
CTTCAATACATGTTTGTTCCACCCGGAGCCCCCAAAC
GTTTGGGGGCTCCGGGTGGAACAAACATGTATTGAAG
UGUCCUAACUCCCCCCCGGGA

UCCCGGGGGGGAGUUAGGACA

CTCAGTTGACAGTGTGCCCTC

GATTGCCGTTCGGCTGGTAC
TCAATACATGTTTGTTCCACCCGGAGCCCCCAAACCAGACTCCAGAG
CTCTGGAGTCTGGTTTGGGGGCTCCGGGTGGAACAAACATGTATTGA
TATAGCTTACACACCCCCAGGAGGTCCTTTGCCTAAAGATAGAGCCAC
GTGGCTCTATCTTTAGGCAAAGGACCTCCTGGGGGTGTGTAAGCTATA

Cloning miR-296 target sequence
2896-2920

Cloning miR-296 target sequence
2115-2135

Generating nucleotide mutations in the
miR-296 target sequence 2115-2135

Generating nucleotide mutation in the
miR-296 target sequence 2896-2920

Overexpression of miR-296

Inhibition of miR-296 expression

Generation of nucleotide mutations in the
EV71 BrCr TR strain

Cloning VP3 ORF or generating mutation
Cloning VP1 ORF or generating mutation

Generation of nucleotide mutations in the
EV71-HeN luc infectious clone

VP3F AACAAGCTTCAGGTTTCCCCACTGAATTGAAACCTGGC

VP3R ATT CCCGGG TTA TTGAATAGTGGCCGTTTGCAAA

VPIF CCAGAATTCAGGGGACAGAGTGGCAGATGTGATTG

VPIR AACGGATCCTTA GAGCGTAGTGATTGCCGTTCG

HNMT-2896F CCAATATATGTTTGTGCCACCCGGGGCCCCTAAGCCAGATTCTAGG
EVHN4141F GCGCGTGCTGAAGAACGAGC

HNMT-2896R CCTAGAATCTGGCTTAGGGGCCCCGGGTGGCACAAACATATATTGG
EVHNG6824R GGTTGACCACTCTAAAGTTGCCC

HNMT-2115F TCATAGCCTATACACCGCCAGGGGGCCCTCTGCCCAAGGACCGGGCGA
HNMT-2115R CGCCCGGTCCTTGGGCAGAGGGCCCCCTGGCGGTGTATAGGCTATGA
EvVP1F GAGAGTTCTATA GGGGACAGT

EvVPIR AGCTGTGCTATG TGA ATTAGG AA

GAPDH-F GAAGGTGAAGGTCGGAGTC

GAPDH-R GAAGATGGTGATGGGATTTC

qRT-PCR detection of EV71 genomic RNA

qRT-PCR detection of GAPDH

“ Bold, site mutant nucleotide; underlining, restriction endonuclease cutting sites.

virus replication and protein expression may contribute to a better
understanding of host-pathogen interactions, the orientation of
the virus, and development of new diagnostic biomarkers and
treatments.

Enterovirus 71 (EV71) isa member of the Picornaviridae family
and belongs to the genus Enterovirus (human enterovirus A).
EV71 has become one of the most important neurotropic entero-
viruses since the near eradication of poliovirus. It is known to
cause hand, foot, and mouth disease (HFMD) in young children
and lead to the development of severe neurological diseases, in-
cluding aseptic meningitis, cerebellar encephalitis, and acute
flaccid paralysis, culminating in fatality in some patients, espe-
cially children (27). EV71 infection can change the expression of
miRNAs in host cells (28), which are likely to play a role in the viral
pathogenesis. Indeed, EV71 has been shown to induce the expres-
sion of miRNA-141, which can target the eIF4E translation initi-
ation factor to downregulate host protein synthesis (29). In addi-
tion, miR-342-5p suppresses the biosynthesis of coxsackievirus B3
(CVB3), another human enterovirus, by targeting the 2C-coding
region on the viral genome (30). Since there is strong evidence that
cellular miRNAs can be used by host cells to resist viral infection,
it is possible that EV71 replication can be suppressed by host
miRNAs. However, the involvement of miRNAs during EV71 in-
fection or replication is still unclear.

In this study, we found elevated levels of miRNA-296-5p in
EV71-infected cells and predicted by bioinformatic analysis that
the miRNA could interact directly with the viral genomic RNA.
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Overexpression and inhibition of hsa-miR-296-5p and site-di-
rected mutagenesis of the EV71 genome were carried out to inves-
tigate the effects and mechanism of this miRNA on viral replica-
tion. This study provides further insights into the role of miRNA
in EV71 pathogenesis, which may aid in drug development for
treating EV71 infections.

MATERIALS AND METHODS

Cells, synthetic oligonucleotides, and antibodies. Vero cells (derived
from African green monkey kidney cells) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 2% or 10% fetal
bovine serum (FBS) and were used for RNA transfections and rescue of
EV71 virus from an infectious clone. RD (rhabdomyosarcoma) and SK-
N-SH (human neuroblastoma) cells were maintained in minimum essen-
tial medium (MEM) containing 2 or 10% FBS. Synthetic oligonucleotides
representing the miR-296-5p mimics, the negative control for mimics, the
miR-296-5p inhibitor (antisense oligonucleotides to the mature has-miR-
296-5p according to sequences in the miRBase), and the negative control
for the inhibitor all were obtained from RiBo Biotech (Guangzhou,
China). Negative-control sequences are based on Caenorhabditis elegans
miRNA cel-miR-67-3p. The sequences for these oligonucleotides are
listed in Table 1. The EV71 VP1 antibody was obtained from Millipore
(Billerica, MA, USA), and anti-actin antibodies were purchased from Pro-
teintech (Wuhan, China). The mouse anti-IFNAR monoclonal antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Plasmid constructs. To generate the parent construct pCMV-lug, the
DNA fragment containing the Renilla luciferase open reading frame
(ORF) was obtained from the pGL3-basic vector by digestion with
HindIIl and inserted into the corresponding site in pCDNA3.1. The
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cDNA sequences containing the hsa-miR-296-5p putative target sites, nt
2896 to 2920 and nt 2115 to 2135 in the EV71 genome, were obtained by
PCR with primers introducing an upstream Xhol restriction site and a
downstream EcoRI site and ligated into pCMV-lug, resulting in 2896-luc
and 2115-lug, respectively. The m2896-luc and m2115-luc constructs car-
rying mutations in the miR-296 target were obtained by overlapping PCR
using 2896-luc and 2115-luc as templates and the primers listed in Table 1.

To generate the Flag-VP1 and Flag-VP3 expression plasmids, VP1-
and VP3-coding sequences were amplified by PCR and inserted into the
pCMV-Flag vector. The corresponding VP1m and VP3m mutants con-
taining point mutations in the hsa-miR-296-5p target were generated by
overlapping PCR using the primers listed in Table 1.

The miRNA-296 target mutant viruses (mt2115, mt2896, and the dou-
ble mutant [double mut]) were generated using pEV71 (BrCr-TR) (a gift
from Minetaro Arita, National Institute of Infectious Diseases, Tokyo,
Japan) (31). The DNA fragment (from nt 1486 to 3320) amplified by
overlapping PCR using primers listed in Table 1 was digested with Eagl
and Mlul and used for replacement of the corresponding sequence in the
full-length viral genome. The resulting cDNA clone contained mutations
in the two hsa-miR-296-5p target seed sequences (see Fig. 5).

The EV71 luciferase reporter virus infectious clone pLR-EV71-HeN
was a gift of Bo Zhang (Wuhan Institute of Virology, Chinese Academy of
Sciences, Wuhan, China). Point mutations in sequences corresponding to
the target sequences in EV71 strains were generated by overlapping PCR
using primers shown in Table 1.

Ago2-IP. RD cells were transfected with miR-296 mimics or negative
control and subsequently infected with EV71. At 12 h postinfection, the
cells were subjected to Ago2 immunoprecipitation (Ago2-IP) using an
miRNA isolation kit for human Ago2 (Wako, Osaka, Japan) according to
the manufacturer’s instructions. As a negative control, immunoprecipi-
tation was performed using nonimmune IgG beads prepared with an an-
tibody immobilization bead kit (Wako, Osaka, Japan).

Luciferase reporter assay. Luciferase assays were performed using the
dual-luciferase reporter assay system kit (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. Briefly, RD cells were seeded in
24-well plates, and the luciferase reporter plasmid containing the hsa-
miR-296-5p target was cotransfected with pLR-TK (Promega) and the
hsa-miR-296-5p mimic or control mimic. Twenty-four hours later, the
cells were collected and washed once with cold phosphate-buffered saline
(PBS). Passive lysis buffer (Promega) was then added to the cells. After 15
min, supernatants were collected following centrifugation at 12,000 X g
for 30 s, and relative luciferase expression levels were analyzed using the
Modulus single-tube multimode reader (Promega).

For measuring luciferase activity of the recombinant EV71 virus, in-
fected RD cells were harvested and lysed at 12 h postinfection. The Renilla
luciferase activity expressed by the recombinant EV71 virus was measured
by the Renilla Luciferase Assay System kit (Promega) according to the
manufacturer’s protocol.

Generation of EV71 infectious particles from an infectious clone.
RNA transcripts were obtained by using a RiboMAX large-scale RNA
production system-T7 kit (Promega) with linearized DNA as the template
according to the manufacturer’s protocol. The in vitro-transcribed RNA
was transfected into Vero cell monolayers in 6-well plates using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA), which were then incu-
bated at 37°C in 2 ml DMEM containing 2% FBS per well. Cytopathic
effects (CPE) of Vero cells were observed 24 h posttransfection. The cell
culture mixtures, including both cells and supernatants, were harvested
when all of the cells exhibited CPE (4 to 7 days after transfection) and were
stored at —70°C.

RNA extraction, reverse transcription, and qRT-PCR analysis. Total
RNA was obtained using the TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. cDNA was reverse transcribed from 2 pg of total
RNA with M-MLV Reverse Transcriptase (Promega). Random primers
were used for reverse transcription of EV71 genomic RNA. GAPDH
mRNA was measured as a control for the expression level of EV71
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genomic RNA, and U6 rRNA served as an internal control for the expres-
sion level of hsa-miR-296-5p. hsa-miR-296-5p- and hsa-miR-196-spe-
cific bulge-loop miRNA quantitative real-time PCR (qRT-PCR) primers
were purchased from RiboBio (Guangzhou, China), and other primers
used for qRT-PCR are listed in Table 1.

qRT-PCR was carried out using the SYBR green I mix (Toyobo, Osaka,
Japan) in a 25-pl reaction volume (12.5 pl SYBR green Real-time PCR
Master Mix, 200 mM forward and reverse primers described in Table 1,
2.5 wl cDNA template) on an MJ Opticon I instrument (Bio-Rad, Hercu-
les, CA, USA). The following cycling conditions were used to measure the
EV71 genomic RNA: 95°C for 60 s and 40 cycles of 95°C for 15 s, 56°C for
20 s, and 72°C for 15 s. The conditions for measuring hsa-miR-296-5p
were 95°C for 20 s and 40 cycles of 95°C for 10's, 60°C for 20s, and 70°C for
1 5. Data analysis was performed using the 2~*4<" method.

Copy numbers of miR-296-5p per cell were determined using the
method described by Sarasin-Filipowicz et al. (32). After counting cells
under a microscope, RNA was extracted from various numbers of cells
using TRIzol in triplicate. The average value of 15 pg of RNA per cell was
determined and used for further calculations. This value resembled the
14.1 pg of RNA per cell used previously by Sarasin-Filipowicz et al. (32).

To determine miRNA copy numbers, standard curves were generated
using high-performance liquid chromatography (HPLC) and polyacryl-
amide gel electrophoresis (PAGE)-purified oligoribonucleotides (RiBo
Biotech, Guangzhou, China) corresponding to miR-196b and miR-
296-5p sequences. The synthetic RNA input ranged from 2.5 aM (equiv-
alent to 15 copies per reaction) to 25 pM (1.5 X 10° copies per reaction),
and the reaction products were analyzed using a SYBR green I mix
(Toyobo, Osaka, Japan) and the MJ Opticon I instrument (Bio-Rad, Her-
cules, CA, USA) as described above.

Western blot analyses. Cells were collected and lysed using radio-
immunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai,
China), and 2 pg of extracted proteins was separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene fluoride (PVDF) membrane (0.45 pum;
Millipore). The membranes were then blocked in 20 mM Tris-HCI
buffer (pH 7.4) containing 37 mM NaCl (TBS) with 5% bovine serum
albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) and incubated
with primary antibody overnight at 4°C. After a standard washing
cycle, the film was incubated with horseradish peroxidase (HRP)-la-
beled secondary antibody for 1 h at room temperature and washed
again. The blots were stained using a Super Signal West Pico Chemi-
luminescent substrate (Pierce, Rockford, IL, USA) for signal detection
and imaged with the Fluochem HD2 Imaging System (Alpha Innotech,
San Leonardo, CA, USA). A multiclonal rabbit anti-EV71 VP1 anti-
body (Millipore) was used for VP1 detection (diluted 1:1,000). B-Ac-
tin, a loading control, was detected using a polyclonal antibody (sc-
130301) (Santa Cruz Biotechnology).

Virus titration. Virus titration was performed by seeding 10* RD cells
per well in 96-well microtiter plates 1 day before infection. EV71 was
added to the first set of wells in triplicate and serially diluted with DMEM
containing 2% FBS (10°- to 10'°-fold dilutions). The plates were then
incubated at 37°C in 5% CO,. CPE was observed under the microscope
after 3 to 4 days. Determination of virus titer, expressed as the 50% tissue
culture infectious dose (TCIDs,) was performed using the Reed-Miinch
endpoint calculation method (33).

Statistical analysis. All experiments were reproducible and carried
out in triplicate. Each set of experiments was repeated three times, and
data from one representative experiment are shown. Results are presented
as means * standard deviations (SD). Student’s ¢ test for paired samples
was used to determine statistical significance. Differences were considered
statistically significant at a P value of <0.05.

RESULTS

EV71 infection upregulates expression of hsa-miR-296-5p. To
determine whether cellular miRNAs are involved in the host re-
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FIG 1 Expression of hsa-miR-296-5p and hsa-miR-196 in EV71-infected human RD and SK-N-SH cells. (A, B) At different times after EV71 infection, levels of
hsa-miR-296-5p and miR-196 were quantified by qRT-PCR, using U6 rRNA as an internal control. Values are means from triplicate experiments and represent
relative levels of miRNA in RD (A) and SK-N-SH (B) cells. (C, D) To determine expression of miRNA on a per cell basis, 15 pg of total RNA extracted from
EV71-infected cells at each time point was used to determine the copy numbers of miR-296-5p and miR-196 in RD (C) and SK-N-SH (D) cells. Chemically
synthesized oligoribonucleotides corresponding to miR-196b and miR-296-5p were used to generate standard curves. (E) IFN receptors of EV71-infected
SK-N-SH cells were blocked by mouse anti-IFNAR monoclonal antibody. Relative expression levels of hsa-miR-296-5p were determined by qRT-PCR at
different times. The untreated group (EV71) and IgG-treated group (IgG+EV71) were used as a control. Data are representative of at least two independent
experiments, with each determination performed in triplicate (mean * SD of fold change). *, P < 0.05; **, P < 0.01.

sponse to EV71 infection, we performed a comprehensive miRNA
profiling of EV71-infected cells by small RNA sequencing. And it
was found that the expression of miR-296 increased significantly,
7-fold, and the miR-196 expression level increased about 0.2-fold.
To confirm the response of hsa-miR-296-5p to EV71 infection,
the expression patterns of this miRNA were analyzed by qRT-PCR
analysis in RD and SK-N-SH cells. Both types of cells were infected
with EV71 at a multiplicity of infection (MOI) of 1. At6 and 12 h
postinfection (hpi), the cells were harvested, and total RNA was
extracted. Expression levels of hsa-miR-296-5p were determined
by qRT-PCR using U6 rRNA as an internal control. Another
miRNA, hsa-miR-196, was used as a control. The relative expres-
sion of hsa-miR-296-5p in RD cells increased as the infection pro-
gressed (Fig. 1A). Expression levels of hsa-miR-296-5p at 6 hpi
and 12 hpi were 1.5- and 2-fold higher, respectively, than that of
the mock-infected cells (0 hpi), while the level of miR-196 was not
affected significantly by EV71 infection. Additionally, in another
EV71-sensitive cell line, SK-N-SH, the expression levels of hsa-
miR-296-5p were 2- and 3-fold higher than those of mock-in-
fected cells at 6 and 12 hpi, while the expression of miR-196 did
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not change significantly during EV71 infection and its relative
expression level was very low compared with that of miR-296-5p
(Fig. 1B).

It is known that a minimum of 100 miRNA copies per cell is
required to provide biologically relevant qRT-PCR results. There-
fore, we determined the copy number of miR-296 per cell. As
shown in Fig. 1C, the copy number of miR-296 in an RD cell
increased from 400 at 0 hpi to 970 at 12 hpi, while the copy num-
bers of miR-196 were not changed significantly. Furthermore, the
copy number of miR-296 in SK-N-SH cell ranged from 2,500 to
9,000 during EV71 infection, while that of miR-196 was less than
100 (Fig. 1D).

IFN signaling has been reported to lead to miR-296 upregu-
lation, and EV71 infection has been shown to induce IFN sig-
naling. To investigate whether EV71 infection leads to miR-296
upregulation in the absence of IFN signaling, the IFN receptor
was blocked by mouse anti-IFNARI monoclonal antibodies.
Although miR-296 was still upregulated in EV71-infected cells
with blockade of IFN receptors, its expression level was signif-
icantly lower than that in the untreated control group (Fig. 1E).

Journal of Virology


http://jvi.asm.org

hsa-miR-296-5p Suppresses Enterovirus 71 Replication

[ =MmiR208 I MiR296
% [ZV=NC B %% __INC
6.8 *k 2 'S 6000 -] *ok
6.6 — & g ‘
F% / < 5000 -
= 64] s
E 6.2 §40007
S g-:- X 3000 *
-0 <
e 2000 -
g 561 7 g H
541 ;/ g 10001
5.2 T T T T T - 0-
2h 5h 8h 12h 24h 2h 6h Sh 12h
EV71 post-infection time
C D I MiR296
404 [_INC
EV71 infection : Oh 6h 12h 56
miR-296 mimics: - + - + - + 8 -
Negative control: ~ + - + - + - 3
§. 10+
. - ~——
VP1 ; 151
T 1.0 .
B-actin Sy P GHD NP W g &€ 051
0.0+
2h 6h 9h 12h

EV71 post—infedion time

Es 18- [ ImiR196
g !
£ 161 I MiR296
-
€ 14] :
2 12/
Q
o 10,
S s
X ]
€
N
{2 1 I ;
g bl —m —l-
2 3 4 5 6
miR-296: + - + - + -
NC: - + - + - +
EV71: - - + + + +
Anti-Ago: + + + + - N
IgG: - - - = + +

FIG 2 Effects of hsa-miR-296-5p overexpression on EV71 infection. RD cells were transfected with synthetic hsa-miR-296-5p mimics or the negative-control
mimics (NC). (A) Titration of EV71 in cells transfected with hsa-miR-296-5p or NC. Virus titers in infected cells were determined at the indicated times
postinfection. (B, D) EV71 RNA expression in hsa-miR-296-5p-transfected cells during viral infection. After extraction of total RNA from infected cells in
hsa-miR-296-5p- and NC-transfected groups, EV71 genomic RNA levels were determined by qRT-PCR and normalized against GAPDH transcript levels (B),
and levels of hsa-miR-296-5p were quantified by QRT-PCR, using U6 rRNA as an internal control (D). (E) SK-N-SH cells transfected with miR-296-5p mimics
and negative control were subjected to Ago2-IP, and copy numbers of miR-296-5p and miR-196 in the immunoprecipitates were determined by qRT-PCR. As
a negative control, immunoprecipitation was performed using nonimmune IgG beads. The symbols “+” and “—” indicate treatment and no treatment,
respectively, by the corresponding factor. Data are representative of at least two independent experiments, with each determination performed in triplicate (mean
+ SD of fold change). *, P < 0.05; **, P < 0.01. (C) Viral protein expression in hsa-miR-296-5p-transfected cells during EV71 infection. Proteins of treated cells
were extracted at the indicated times postinfection. Equal amounts of cell lysates were analyzed by immunoblotting with an anti-EV71-VP1 (upper panel) or
anti-B-actin (lower panel) antibody. Results shown are representative of three independent experiments.

Overexpression of hsa-miR-296-5p inhibits EV71 replica- To further confirm this finding, the EV71 genomic RNA in
tion. To investigate whether the activation of hsa-miR-296-5p infected cells was quantified by qRT-PCR. Over a series of time
affects EV71 replication, RD cells were transfected with chemically ~ points, total-RNA samples were extracted, reverse transcribed
synthesized hsa-miR-296-5p oligonucleotides (hsa-miR-296-5p  into cDNA, and analyzed by qRT-PCR. The relative expression of
mimics), followed by infection with EV71 at an MOI of 5. The EV71 genomic RNA was normalized against the human GAPDH
titers (TCID5,) of EV71 harvested from the infected cells were  gene. EV71 genomic RNA levels increased in both groups over the
determined at different times postinfection. The hsa-miR-296-5p  infection period. However, levels of EV71 RNA in the hsa-miR-
mimic lowered EV71 titers at all time points postinfection com-  296-5p-transfected group were reduced significantly at 9 and 12
pared to the negative control (Fig. 2A). Most significantly, the  hpi (70% and 60% reduction, respectively) compared to the neg-
EV71 titer of the hsa-miR-296-5p-transfected sample was approx-  ative control (Fig. 2B). Western blotting was performed to further
imately 0.8 units lower than that of the negative-control sample at ~ examine whether this RNA inhibition corresponded to a reduc-
8 hpi. This result indicated that the hsa-miR-296-5p mimic could  tion of viral proteins, and EV71 VP1 protein levels were found to
suppress EV71 replication. decrease in hsa-miR-296-5p-transfected cells at 6 and 12 hpi
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shown are representative of three independent experiments.

(Fig. 2C). Collectively, these results suggested that the overexpres-
sion of hsa-miR-296-5p could suppress EV71 replication.

To determine the amount of miR-296-5p mimics to introduce
into cells, cells transfected with miR-296-5p mimics and infected
with EV71 were analyzed by qRT-PCR using U6 RNA as an inter-
nal control. As shown in Fig. 2D, the relative expression level of
miR-296-5p in cells transfected with mimics was 60-fold higher
than in the negative control at 0 hpi and showed a much higher
level (more than 30-fold) than the negative control during EV71
infection. Furthermore, the functional levels of hsa-miR-296-5p
assembled in RISC were quantified by Ago2-IP and qRT-PCR. In
the uninfected group, the miR-296-5p copy number in Ago2 im-
munoprecipitates of miR-296-transfected cells was much higher
(~1,000-fold) than that of the negative control. In the EV71-in-
fected group, the copy number of miR-296-5p in the transfected
cells was about 800-fold higher than that of the negative control,
although the miR-296-5p in Ago2 immunoprecipitates of the neg-
ative-control-transfected cells was slightly higher than in the un-
infected control (Fig. 2E). This result indicated that transfection of
miR-296-5p mimics significantly upregulated the amount of
functional miR-296-5p.

Inhibition of hsa-miR-296-5p facilitates EV71 replication.
To determine the phenotypic consequence of the inhibition of EV71
gene expression and production by hsa-miR-296-5p, cells were trans-
fected with the hsa-miR-296-5p inhibitor, a chemically synthetic oli-
gonucleotide with complete sequence complementarity to endoge-
nous hsa-miR-296-5p. Such oligonucleotide inhibitors have been
shown to sequester intracellular miRNAs and to inhibit their activity
in the RNA interference pathway (34). SK-N-SH cells transfected
with the hsa-miR-296-5p inhibitor and negative control subse-
quently were infected with EV71. Differences in viral titers and ex-
pression levels of viral genomic RNA and proteins were determined
by virus titration, gRT-PCR, and Western blotting, respectively.
These analyses revealed that the hsa-miR-296-5p inhibitor enhanced
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the EV71 titers at each time point postinfection, compared to the
negative control. The most significant enhancement of viral infection
was observed at 8 hpi when the inhibitor-transfected sample titer was
approximately 0.5 units higher than that of the negative-control sam-
ple (Fig. 3A). This result showed that the inhibition of hsa-miR-
296-5p could enhance the viral replication of EV71. Furthermore,
EV71 RNA levels in the various groups were examined by qRT-PCR
and normalized against human U6 rRNA expression. The level of
EV71 RNA in cells transfected with the hsa-miR-296-5p inhibitor
was higher than that of the negative-control group at each time point
evaluated (5, 8, and 12 hpi). EV71 RNA levels in the inhibitor-trans-
fected group were 3- and 2.5-fold higher than those of the negative
control at 8 and 12 hpij, respectively (Fig. 3B). Western blotting indi-
cated that the amounts of EV71 VP1 protein increased in hsa-miR-
296-5p inhibitor-transfected cells at 6 hpi and 12 hpi (Fig. 3C). Col-
lectively, these results indicate that inhibition of hsa-miR-296-5p may
facilitate EV71 infection.

hsa-miR-296-5p targets the EV71 genome. Identification of
functional target sequences of hsa-miR-296-5p is necessary in or-
der to define the regulatory mechanism of EV71 infection by this
miRNA. By using ViTa algorithms (35) to predict viral targets of
human miRNA, our analysis showed that the P1 region of the
EV71 genome carries two putative hsa-miR-296-5p binding sites
(nt 2115 to 2135 and nt 2896 to 2920) (Fig. 4A and B). The wild-
type (WT) target sequences and mutated target sequences were
cloned into the pCMV-luc vector. The resulting constructs (2115-
luc, m2115-luc, 2896-luc, and m2896-luc) were used to confirm
the binding sites of hsa-miR-296-5p by the luciferase reporter as-
say. These constructs were transfected into RD cells together with
a control Renilla luciferase-expressing plasmid (pRL-TK) as a
loading control in the presence of cotransfected synthetic hsa-
miR-296-5p or negative control. Compared with cells treated with
the negative-control mimic, luciferase activity was reduced in cells
transfected with the 2115-luc and treated with the hsa-miR-
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296-5p mimic (Fig. 4C, left panel). In contrast, treatment with the
hsa-miR-296-5p mimic had no effect on luciferase activity in cells
transfected with m2115-luc, which contained a mutation in the
target EV71 genome sequence of hsa-miR-296-5p (Fig. 4C, right
panel). Similarly, luciferase activity was reduced in cells trans-
fected with 2896-luc and treated with the hsa-miR-296-5p mimic,
but treatment with the hsa-miR-296-5p mimic had no effect on
luciferase activity in cells transfected with m2896-luc (Fig. 4D).
These results suggest that hsa-miR-296-5p may suppress EV71
gene expression by interacting with nt 2115 to 2135 and nt 2896 to
2920 of the EV71 genome.

Because nt 2115 to 2135 and nt 2896 to 2920 are located in the
coding regions for the VP3 and VP1 proteins, respectively, we
cloned the VP1 and VP3 ORFs into the pCMV-FLAG vector
(Sigma) and generated hsa-miR-296-5p-resistant mutations in
corresponding sites of hsa-miR-296-5p target sites (Fig. 4E and F).
The resulting constructs, Flag-VP1, Flag-VP1m, Flag-VP3, and
Flag-VP3m, were cotransfected into RD cells with the hsa-miR-
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296-5p mimic or negative-control mimic. At 24 h posttransfec-
tion, the cells were harvested, lysed, and analyzed by Western blot-
ting. Upon treatment with the hsa-miR-296-5p mimic, levels of
both FLAG-tagged VP1 and VP3 decreased, whereas the mutant
FLAG-tagged proteins (Flag-VP1m and Flag-VP3m) showed no
change (Fig. 4G and H), suggesting that hsa-miR-296-5p inhibits
EV71 replication by targeting the two viral sequences at nt 2115 to
2135 and nt 2896 to 2920.

Synonymous mutations impair viral inhibitory effects of
hsa-miR-296-5p and facilitate infection of mutant EV71. To de-
termine whether the two putative hsa-miRNA-296-5p binding
sites (nt 2115 to 2135 and nt 2896 to 2920) on the EV71 BrCr-TR
genome are conserved in other strains of EV71, a sequence align-
ment was constructed with viral genomes of different subtypes.
Among the mutations found in other EV71 subtypes, two synon-
ymous mutations (Fig. 5A, boxed), which did not change the en-
coded amino acids, were found in the seed region of the hsa-miR-
296-5p binding sites. To further determine the effects of the
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synonymous mutations on EV71 infection and inhibitory effects
of hsa-miR-296-5p on the virus, the corresponding mutations
were introduced into an EV71 infectious clone pEV71 (BrCr-TR)
(Fig. 5B). RD cells infected with the rescued mutant virus were
collected, and total RNA was extracted, reverse transcribed into
c¢DNA, and inserted into a cloning vector. The expected mutated
sites were confirmed by sequencing (ABI 3730 sequencer; Invitro-
gen) (Fig. 5C). One-step growth curves for each of the mutants as
well as the WT virus were performed to determine the effects of
the mutations on virus replication in SK-N-SH cells. Viruses con-
taining single mutations (2115mt and 2896mt) showed enhanced
growth at each time point compared to the WT virus (BrCr). The
double mutant virus (double mut) grew better than any other
viruses at each time point, and titers of the double mutant were
significantly higher than those of the other three viruses at later
time points (12 and 24 hpi) (Fig. 5D). These results indicated that
mutations in both of the miRNA target sites may enhance EV71
replication in SK-N-SH cells. To confirm the effects of the muta-
tions on inhibition of EV71 replication by miRNA-296, RD cells
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transfected with hsa-miR-296-5p mimics were infected with each
of the mutant viruses (2115mt, 2896mt, and double mut) or WT
virus (BrCr) at an MOI of 5. At 12 hpi, virus titers were deter-
mined and expressed as TCIDs,. The titer of the WT virus (BrCr)
was significantly decreased by hsa-miR-296-5p, while all of the
mutant viruses were insensitive to treatment by the hsa-miR-
296-5p mimic (Fig. 5E). This result indicated that hsa-miR-
296-5p inhibits EV71 replication by targeting the two putative
binding sites on the viral genome.

Compensatory mutation in the corresponding regions of the
hsa-miR-296-5p target sequence restores inhibitory effects of
the miRNA on EV71 replication. To further confirm that the pu-
tative binding sites were functionally responsible for the observed
inhibitory effects of hsa-miR-296-5p on EV71, we introduced
these hsa-miR-296-5p binding sites into an EV71 strain that did
not contain these sites in the corresponding region of its genome.
An infectious clone carrying the Renilla luciferase coding se-
quence and the full-length genome of the EV71 HeN strain
(GenBank accession number JN256064) were used to confirm the
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effects of hsa-miR-296-5p. The corresponding sequences were
mutated to match the potential binding sites of hsa-miR-296-5p
(Fig. 6A). Genomic RNA was isolated from RD cells infected with
the rescued virus, reverse transcribed to cDNA, cloned, and se-
quenced to confirm the mutation sites. The HeN-2115 and HeN-
2896 mutant viruses carried the mutant sites 1 and 2, respectively,
while the HeN-double mutant (HeN-MD) contained both sites
(Fig. 6B). RD cells transfected with the hsa-miR-296-5p mimic
were infected with the three mutant viruses (HeN-2115, HeN-
2896, HeN-MD) or WT (HeN) virus at an MOI of 5. At 12 hpi,
luciferase activities of the infected cells were measured. While the
luciferase activity of the WT virus (HeN) was not affected, all three
of the mutant viruses showed decreased luciferase activity upon
treatment with the hsa-miR-296-5p mimic compared to the neg-
ative control. These results indicated that the introduction of hsa-
miR-296-5p target sites into the genome of an EV71 strain can
confer sensitivity of the virus to inhibitory effects of this miRNA.

DISCUSSION

Recent studies have highlighted the role of miRNAs as critical
effectors in intricate networks of host-pathogen interactions (36,
37). To address whether cellular miRNAs are involved in the host
response to EV71 infection, miRNAs of EV71-infected cells were
comprehensively profiled, and the miRNA hsa-miR-296-5p was
found to be significantly increased in response to EV71 infection.
In this study, we confirmed this finding by qRT-PCR in RD and
SK-N-SH cells, which are both sensitive to EV71 infection. These
results showed that EV71 infection indeed increased the expres-
sion of hsa-miR-296-5p. It is known that hsa-miR-296-5p is ex-
pressed in some human tissues, and its expression level varies in
some tumors (34, 38—40). Pedersen et al. reported that type I IFN
induced by HCV infection increases the expression of hsa-miR-
296-5p and that the overexpression of hsa-miR-296-5p can sup-
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press the expression of HCV genomic RNA (21). A minimum of
100 miRNA copies per cell has been reported to be required to
produce biologically significant effects (32, 41). However, the
copy number of miRNA per cell was not analyzed in that report.
Subsequently, Sarasin-Filipowicz et al. demonstrated, by quanti-
fying the miRNA copy number per cell, that miR-296-5p is stim-
ulated by IFN in blood cells but not in perfused livers (32). We also
confirmed that EV71 upregulated miR-296-5p by qRT-PCR with
quantification of miRNA copy numbers per cell, and the results in
this study were consistent with previous observations. EV71 infec-
tion has been reported to cause the activation of type I IFN (42).
Antibody blockade of the IFN receptor led to a dramatic weaken-
ing of miR-296-5p upregulation caused by EV71 (Fig. 1E). This
result indicated that upregulation of miR-296-5p may be related
to IFN signaling. However, whether the IFN response or another
underlying mechanism is involved in the expression of hsa-miR-
296-5p requires further investigation. Because the genome of an
RNA virus has a structure similar to that of the host mRNA, it is
possible that cellular miRNAs are able to bind and degrade the
RNA virus genome via the cell host machinery (43). We speculate
that the elevated expression of miRNAs, including hsa-miR-296-
5p, during virus infection may be part of the host antiviral re-
sponse. The finding in this study that EV71 infection-induced
expression of hsa-miR-296-5p in the host cell may negatively af-
fect virus replication provides guidance for future studies of EV71
pathogenesis and host antiviral mechanisms.

To investigate the potential antiviral role of EV71-induced
hsa-miR-296-5p, chemically synthesized oligonucleotides were
used in our study to either overexpress or inhibit hsa-miR-
296-5p in EV71-infected cells. Overexpression of hsa-miR-
296-5p significantly inhibited replication of the EV71 virus,
while inhibition of hsa-miR-296-5p facilitated viral replica-
tion. It has been reported that hsa-miR-296 inhibits apoptosis
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and promotes growth in HeLa cells (44) and can promote tu-
mor angiogenesis by targeting hepatocyte growth factor-regu-
lated tyrosine kinase substrate (HRS) (40). The anti-EV71 ac-
tivity of hsa-miR-296-5p may be a novel function described for
cellular miRNA. Other cellular miRNAs have also been re-
ported to inhibit replication of DNA viruses or retroviruses.
For example, human miR-125-5p, miR-122, miR-210, and
miR-190 were found to suppress HBV replication (22, 23, 45).
miR-32 shuts down gene expression and viral replication of
PFV (19), while miR-29 can inhibit HIV-1 replication (24).
Meanwhile, replication of another RNA virus, VSV, can be
inhibited by miR-93 and miR-24 (20). Replication of CVB3,
which belongs to the same genus as EV71, has been shown to be
inhibited by hsa-miR-342-5p (30). Our present work shows
that cellular miRNAs can effectively exert antiviral activity dur-
ing the host immune response to the infection. However, in
other cases, cellular miRNA can facilitate virus replication.
Some viruses, such as HIV-1 and HCV, take advantage of cel-
lular miRNAs to facilitate their survival and propagation (36,
46, 47). Ultimately, an important role for hsa-miR-296-5p may
be established in host-pathogen interactions as with other an-
tiviral miRNAs (43).

Many miRNAs have been shown to interact directly with the
genome of a virus to inhibit its replication (20, 48). As an
important factor that regulates gene expression in host cells,
hsa-miR-296-5p targets HRS, IkB kinasee (IKKe), and Temd9
(49). However, whether hsa-miR-296-5p affects viral replica-
tion by interacting with these intracellular targets will require
further investigation. Our present results illustrate that in ad-
dition to cellular mRNAs, hsa-miR-296-5p can also function-
ally interact with the EV71 genome. When we introduced mu-
tations in its putative target sites in the EV71 genome, hsa-
miR-296-5p could no longer inhibit viral replication (Fig. 5).
Furthermore, these results showed that the effects of hsa-miR-
296-5p on intracellular targets had little effect on viral replica-
tion.

By alignment of the target sequences of hsa-miR-296-5p in the
genome of each EV71 subtype, we found synonymous mutations
in the seed region of the target sites in some strains (Fig. 5A) and
speculated that hsa-miR-296-5p would not be able to suppress the
replication of these viruses. Subsequent experiments using viruses
carrying mutations in these target sites (Fig. 5E) and the luciferase
reporter assays (Fig. 6C) confirmed that the synonymous muta-
tions in the target seed region were indeed responsible for the lack
of sensitivity of those viruses to hsa-miR-296-5p. It has been re-
ported that synonymous mutations may be a strategy by which
RNA viruses can evade the suppression of host miRNAs as well as
siRNAs (43, 50). Synonymous mutations in the viral genome can
affect the replicative properties of many viruses. For example, the
A426G mutation in a replication-competent HIV-1 clone dramat-
ically reduces virion production without affecting viral protein
synthesis in cells (51). Synonymous mutations artificially intro-
duced into the poliovirus genome can attenuate the virus to gen-
erate a vaccine strain (52). Here, our results showed that synony-
mous mutations in the target sites of hsa-miR-296-5p in EV71
strain BrCr could facilitate virus infection and impair the inhibi-
tory effects of hsa-miR-296-5p on the virus. This finding also sug-
gests that virus escape from miRNA-mediated suppression can
occur through mutations within the seed region of the miRNA
target sequence, which is in line with data obtained for other vi-
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ruses (53-56). Insertions in the miR-9, miR-124a, miR-128a,
miR-218, or let-7c target sites of the neurovirulent chimeric tick-
borne encephalitis/dengue virus (TBEV/DEN4) genome were
found to be sufficient to prevent the development of otherwise
lethal encephalitis in mice infected with a high dose of virus. No-
tably, all of those viruses isolated from the brains of mice con-
tained single-nucleotide mutations located within the miRNA tar-
get sequences (57). Mutations including synonymous mutations
of poliovirus, which also belongs to the human Enterovirus genus,
were found to accumulate in sequentially isolated specimens of
many individuals (58). Additionally, insertion of small miRNA
homology sequences into the poliovirus genome can restrict its
tissue tropism, prevent pathogenicity, and yield an attenuated vi-
ral strain (53). Therefore, we speculate that EV71 infection trig-
gers the upregulation of miR-296-5p expression, which in turn
suppresses viral replication; however, the virus can escape from
the miRNA-mediated suppression via synonymous mutations to
optimize cell tropism within the host or regulate viral replication
and virulence.

To date, roles for miRNAs have been established in the antivi-
ral defense of plants and invertebrates. Here, we provide evidence
that human miRNAs can inhibit EV71 replication by targeting the
EV71 genome. Our work reveals the existence of an intricate phys-
iological interplay between cellular miRNAs and EV71 replica-
tion. Additional investigations into the role of miRNAs in EV71
infection may shed greater light on the viral-host interaction, ul-
timately providing a deeper understanding of the pathogenesis of
EV71 infection and the host antiviral response.
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