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ABSTRACT

West Nile virus (WNV) is a mosquito-transmitted flavivirus that naturally circulates between mosquitos and birds but can also
infect humans, causing severe neurological disease. The early host response to WNV infection in vertebrates primarily relies on
the type I interferon pathway; however, recent studies suggest that microRNAs (miRNAs) may also play a notable role. In this
study, we assessed the role of host miRNAs in response to WNV infection in human cells. We employed small RNA sequencing
(RNA-seq) analysis to determine changes in the expression of host miRNAs in HEK293 cells infected with an Australian strain of
WNV, Kunjin (WNVKUN), and identified a number of host miRNAs differentially expressed in response to infection. Three of
these miRNAs were confirmed to be significantly upregulated in infected cells by quantitative reverse transcription (qRT)-PCR
and Northern blot analyses, and one of them, miR-532-5p, exhibited a significant antiviral effect against WNVKUN infection. We
have demonstrated that miR-532-5p targets and downregulates expression of the host genes SESTD1 and TAB3 in human cells.
Small interfering RNA (siRNA) depletion studies showed that both SESTD1 and TAB3 were required for efficient WNVKUN repli-
cation. We also demonstrated upregulation of mir-532-5p expression and a corresponding decrease in the expression of its tar-
gets, SESTD1 and TAB3, in the brains of WNVKUN -infected mice. Our results show that upregulation of miR-532-5p and subse-
quent suppression of the SESTD1 and TAB3 genes represent a host antiviral response aimed at limiting WNVKUN infection and
highlight the important role of miRNAs in controlling RNA virus infections in mammalian hosts.

IMPORTANCE

West Nile virus (WNV) is a significant viral pathogen that poses a considerable threat to human health across the globe. There is
no specific treatment or licensed vaccine available for WNV, and deeper insight into how the virus interacts with the host is re-
quired to facilitate their development. In this study, we addressed the role of host microRNAs (miRNAs) in antiviral response to
WNV in human cells. We identified miR-532-5p as a novel antiviral miRNA and showed that it is upregulated in response to
WNV infection and suppresses the expression of the host genes TAB3 and SESTD1 required for WNV replication. Our results
show that upregulation of miR-532-5p and subsequent suppression of the SESTD1 and TAB3 genes represent an antiviral re-
sponse aimed at limiting WNV infection and highlight the important role of miRNAs in controlling virus infections in mamma-
lian hosts.

West Nile virus (WNV) is a mosquito-transmitted flavivirus
associated with outbreaks of encephalitis in humans and

horses around the world (1). The most significant WNV out-
breaks have occurred in North America, where a highly patho-
genic strain of WNV emerged in New York in 1999. This strain
rapidly spread to all the states and by 2011 had infected an esti-
mated 1.8 million people, causing close to 360,000 illnesses and
�1,300 deaths (2). The majority of these cases occurred between
2002 and 2007, followed by a period of relatively low activity in
2008 to 2011 (http://www.cdc.gov/westnile/statsmaps/). How-
ever, the infection rates in the United States increased again in
2012 to 2014, causing a total of 10,265 diagnosed infections and
502 deaths (http://www.cdc.gov/westnile/statsmaps/). In Austra-
lia, a relatively benign strain of WNV, Kunjin (WNVKUN), has
been circulating since the 1960s without causing noticeable out-
breaks in either humans or horses (3). However, in 2011, a large
outbreak of neurological disease in horses occurred in southern
states, mainly in New South Wales (NSW), that was caused by an
emerging pathogenic WNVKUN strain that likely evolved from the
less pathogenic WNVKUN strains (4). As no specific treatment or
approved vaccine is currently available for WNV, deeper insights

into how the virus interacts with the host are essential for devel-
oping effective vaccines and/or antiviral drugs.

The early host response to WNV infection in vertebrates pri-
marily relies on a type I interferon pathway (5). However, there is
growing evidence suggesting that RNA-mediated pathways and,
in particular, microRNA (miRNA)-related mechanisms play an
important role in establishing and regulating the antiviral re-
sponse against WNV infection (6, 7). miRNAs are 20- to 25-nu-
cleotide (nt)-long RNAs that regulate gene expression by guiding
the RNA-induced silencing complex (RISC) to partially complemen-
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tary sites within the 3= untranslated regions (UTRs) of mRNAs, in-
ducing their destabilization, degradation, or translational inhibition
(8). miRNAs are involved in the regulation of diverse processes,
including apoptosis, metabolism, cell fate determination, and
host-pathogen interactions (9). miRNAs have been shown to reg-
ulate the host antiviral response by altering the expression of host
genes required for virus replication and antiviral response (10–12)
or by directly targeting viral genomes and/or transcripts (13–17).

Flaviviruses have been shown to induce significant changes in
the expression of host miRNAs. Dengue virus (DENV) infection
was shown to alter the expression of numerous miRNAs in mos-
quito (18) and human (19) cells. In particular, DENV strongly
induced the expression of miR-146a in human monocytes, with
significant benefit to virus replication (20). miR-146a inhibits the
expression of tumor necrosis factor (TNF) receptor-associated
factor 6 (TRAF6), a key molecule in the NF-�B signaling pathway
(21). This inhibition of TRAF6 decreases the production of beta
interferon (IFN-�) and facilitates DENV replication (20). Roles
for other miRNAs in the antiviral response to DENV have also
been demonstrated. For example, the expression of the host
miRNA aae-miR-2940 was shown to restrict DENV replication in
mosquitos by inhibiting expression of the methyltransferase gene
AaDnmt2 (22), whereas miR-281 was shown to enhance DENV
replication in the mosquito gut (23). miR-30e (24), miR-223 (25),
miR-548g-3p (26), and let-7c (27) were all shown to significantly
inhibit DENV-2 replication in human cells by altering the expres-
sion of various host genes. In addition, roles of a number of mam-
malian miRNAs in response to Japanese encephalitis virus (JEV)
infection have also been reported. miR-15b and miR-155 were
shown to induce an inflammatory response in JEV-infected mi-
croglial cells via suppression of RNF125 (28) and SHIP1 (29),
respectively, whereas miR-146a was shown to inhibit the immune
response against JEV by suppressing the JAK/STAT pathway in
mouse monocytes (30). WNV infection has been shown to alter
the expression of the inflammatory miRNAs miR-196a, miR-202-
3p, miR-449c, and miR125a-3p in the mouse brain (31). The
downregulation of these miRNAs following infection was shown
to contribute to WNV pathogenesis by promoting inflammation
and neuronal cell death (31). Similarly, miR-6124 was found to be
substantially upregulated in response to WNV infection in the
neuronal epithelioma SK-N-MC cell line (6). miR-6124 has a pro-
apoptotic role, repressing the expression of the antiapoptotic pro-
teins CTCF and ECOP, which are important for WNV pathogen-
esis (6).

Previously, we demonstrated that the host response against
WNVKUN in mosquito cells involves the downregulation of the
miRNA aae-miR-2940-5p, which is required for viral replication
(32). Increased miR-2940-5p expression inhibited virus replica-
tion via suppression of a host metalloprotease, m41 FtsH, required
for virus replication (32). In the current study, we investigated the
role of host miRNAs in WNVKUN infection of human cells. We
show that expression of miR-532-5p is upregulated in response to
WNVKUN infection, which results in the suppression of the
SESTD1 (SEC14 and spectrin domains 1) and TAB3 genes re-
quired for virus replication. Thus, we conclude that upregula-
tion of miR-532-5p with subsequent suppression of the
SESTD1 and TAB3 genes represents a host response aimed at
limiting WNVKUN infection.

MATERIALS AND METHODS
Cell culture and infection. Human embryonic kidney cells (HEK293),
green monkey kidney epithelial cells (Vero), and baby hamster kidney
fibroblasts (BHK-21) were grown in high-glucose Dulbecco modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(Bovogen, Australia) and 2 mM L-glutamine. The cells were maintained in
a humidified atmosphere of air and 5% CO2 at 37°C.

Passage 0 (P0) WNVKUN was generated from an FLSDX infectious
cDNA clone as described previously (33) and amplified in Vero cells to
produce high-titer passage 1 (P1) virus. Vero cells were infected with P0
WNVKUN at a multiplicity of infection (MOI) of 0.1, and culture fluid was
collected at 3 days postinfection (dpi). Virus titers were determined by
plaque assay on BHK-21 cells. The resulting P1 virus stock was then used
in all infection experiments.

All infections were carried out by incubation of cells with a small
volume of medium (45 �l/cm2 of growth area) containing virus at the
indicated MOI; then, the inoculum was removed, the cells were washed
twice, and fresh medium was added. Infections were performed, and the
infected cells were maintained in DMEM supplemented with 2% FBS. All
cell culture reagents were from Gibco, Life Technologies Inc. (USA) un-
less otherwise specified.

Plaque assay for WNVKUN titers. Serial dilutions of culture fluids
were prepared, and 200 �l of each dilution was used to infect BHK-21 cells
grown in 6-well plates, followed by incubation for 2 h and overlaying with
DMEM containing 0.5% low-melting-point agarose (Rio-Rad, USA) and
2% FBS. At 72 h postinfection, cells were fixed with 4% phosphate-buff-
ered saline (PBS)-buffered formaldehyde, stained with crystal violet, and
washed with water. Plaques were then counted, and titers were calculated
based on the dilution factor.

RNA isolation. Total RNA was isolated from HEK293 cells using TRI
Reagent (Sigma-Aldrich, USA). Enriched small-RNA fractions were iso-
lated using a mirVana miRNA isolation kit (Ambion, USA). All manipu-
lations were performed according to the manufacturers’ instructions.

MicroRNA sequencing. Enriched small-RNA fractions isolated from
infected and uninfected HEK293 cells were used to construct libraries of
mature miRNAs and pre-miRNAs. A mature miRNA library was gener-
ated using a Truseq small-RNA preparation kit (Illumina, USA) accord-
ing to Illumina’s sample preparation guide. The purified cDNA library
was used for cluster generation on Illumina’s Cluster Station and then
sequenced on an Illumina GAIIx following the vendor’s instructions. Raw
sequencing reads (40 nt) were obtained using Illumina’s Sequencing Con-
trol Studio software version 2.8 (SCS v2.8) following real-time sequencing
image analysis and base calling with Illumina’s Real-Time Analysis ver-
sion 1.8.70 (RTA v1.8.70). A proprietary pipeline script, ACGT101-miR
v4.2 (LC Sciences, USA), was used to trim the adaptor sequences, remove
various unmappable sequencing reads, and map the remaining unique
reads with the reference database files of mature miRNAs (ftp://mirbase.
org/pub/mirbase/CURRENT/). The RNA library for pre-miRNA se-
quencing was prepared using an mRNA-Seq Sample Prep kit (Illumina,
USA), and sequencing was conducted on an Illumina HiSeq 2000 instru-
ment according to the manufacturer’s protocol. The 3= adaptor for se-
quencing was removed from the raw reads, and reads with a length of less
than 10 nt were excluded. The remaining reads were aligned with human
pre-miRNAs (ftp://mirbase.org/pub/mirbase/CURRENT/) using Bowtie
v1.0.0. The number of read copies from each sample was tracked during
mapping of mature miRNAs and pre-miRNAs and normalized for com-
parison. The ACGT101-miR v4.2 script (LC Sciences, USA) was then used
to perform the differential-expression analysis. Normalization of se-
quence counts in each sample (or data set) was achieved by dividing the
read counts by a library size parameter of the corresponding sample. The
library size parameter was a median value of the ratio between the counts
in a specific sample and a pseudo-reference sample. A count number in
the pseudo-reference sample was the geometric mean count across all
samples. Library preparations, sequencing, and bioinformatic analysis
were performed by LC Sciences, LLC (Houston, TX, USA).
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Quantitative RT-PCR. The stem-loop reverse transcription (SL-RT)-
PCR method (34) was used to determine the expression of miRNAs in
infected and uninfected HEK293 cells. RT reactions were performed on
enriched small-RNA fractions using a TaqMan MicroRNA reverse tran-
scription kit (Applied Biosystems, USA), following the multiplex RT pro-
tocol. RT primers (Table 1) annealed to the stem-loop conformation by
heating to 100°C, followed by gradual cooling to room temperature, were
used for the RT reaction. The 40-�l reaction mixture containing 2 �g
small RNA, 400 units of Multiscribe RT enzyme, 10 units of RNase inhib-
itor, 2 mM deoxynucleoside triphosphates (dNTPs), and 4 pmol of each
RT primer was incubated at 16°C for 30 min and then at 42°C for 30 min
and 85°C for 5 min. The synthesized cDNA was diluted 10-fold, and 5 �l
of the diluted cDNA was used for quantitative RT-PCR (qRT-PCR),
which was carried out using the common reverse primer and miRNA-
specific forward primers (Table 1).

The cDNA for quantitative detection of mRNA levels was synthesized
with a qScript cDNA synthesis kit (Quanta Biosciences, USA) using total
cell RNA as a template. The RT reaction was performed according to the
manufacturer’s instructions. The resulting cDNA was diluted 1:50, and 3
�l of the diluted cDNA was used for quantitative PCR (qPCR) with the
primers listed in Table 2.

All qRT-PCRs were performed on a ViiA7 Real Time PCR instrument
(Applied Biosystems, USA) using SYBR green PCR master mix (Applied
Biosystems, USA) in a reaction volume of 20 �l with 10 pmol of each
primer. All reactions except amplification of miR-532-5p and miR-
1307-3p were performed using the following cycling conditions: 95°C for
10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min, followed by
melting-curve analysis. The annealing/extension temperature for ampli-
fication of miR-532-5p and miR-1307-3p was 65°C.

Gene expression analysis was performed by the ��CT method (35)
using ViiA7 software (Applied Biosystems, USA). Expression of miRNAs
was normalized to the miR-30e-5p level, and expression of mRNAs was
normalized to the TATA-binding protein (TBP) mRNA level and com-
pared to mock-infected samples. For each experiment, RNA from 3 bio-
logical replicates was used, RT reactions were performed in triplicate for
each RNA sample, and PCR amplification of each cDNA sample was done
in triplicate. No-RT controls were included for each RNA sample, and
no-template controls were included for each primer pair.

Northern blotting. Northern blot analysis of miRNA expression was
performed as described previously (32), using 5 �g of enriched small-
RNA fraction. The DNA oligonucleotides used as probes are listed in
Table 1.

Transfection of miRNA mimics and inhibitors. To assess the effect of
miRNAs on WNV replication and expression of potential target genes,
HEK293 cells were transfected with the synthetic miRNA mimics and
inhibitors listed in Table 3. MicroRNA-specific mimics and inhibitors, a
nonspecific miRNA mimic and inhibitor, and a 6-carboxyfluorescein
(FAM)-labeled nonspecific miRNA mimic and inhibitor were synthetized
by Shanghai GenePharma Co (China) and Dharmacon (USA). HEK293
cells were transfected with miRNA mimics or inhibitor in suspension
using Lipofectamine 2000 transfection reagent (Invitrogen, USA). For
each transfection, 60 pmol of miRNA mimic or 120 pmol of miRNA
inhibitor was diluted in 300 �l Opti-MEM reduced-serum medium
(Gibco, USA), mixed with 300 �l of the same medium containing 12.5 �l
Lipofectamine 2000, and incubated at room temperature for 30 min to
allow complex formation. Then, 1 ml of cell suspension containing 5 �
105 HEK293 cells in DMEM supplemented with 10% FBS was added to
the complex, mixed, and transferred to the wells of 6-well plates.

Computational prediction of miRNA targets. The potential target
sites for host miRNAs were predicted in the WNV genome (GenBank
accession number AY274504) using RNAhybrid software (36). miRNA/
target duplexes with a minimum fold energy of greater than or equal
to �27 kcal/mol and a maximum external bulge size of 5 nt were consid-
ered potential interactions.

The potential targets for miR-532 in the human transcriptome were T
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predicted using the TargetScanHuman (37), PicTar (38), RNA22 (39),
DIANA-MicroT (40), microRNA.org (41), miRDB (42), TargetMiner
(43), and Tarbase (44) algorithms. The lists of genes generated by the
programs were cross-checked, and targets predicted by at least 5 algo-
rithms were selected for further analysis.

MicroRNA sensor constructs and luciferase reporter assay. Lucifer-
ase reporter plasmids were constructed by cloning double-stranded syn-
thetic oligonucleotides (Table 4) containing miRNA target sequences
flanked by PmeI and XbaI sites into the PmeI/XbaI-digested pmirGLO
Dual-Luciferase miRNA Target Expression Vector (Promega, USA). Plas-
mids were transformed into chemically competent Escherichia coli XL10-
Gold cells (Agilent Technologies, USA). Positive transformants were se-
lected by colony PCR with primers specific to the pmirGLO vector
(pmirGLO F, 5=-TCGTGGACGAGGTGCCTAAA-3=; pmiRGLO R, 5=-T
TAGCAGCCGGATCAGCTTG-3=) and used to isolate the plasmids from
5 ml of overnight culture using a Wizard SV Miniprep kit (Promega,
USA). The extracted plasmid DNA was then subjected to Sanger sequenc-
ing to confirm the sequences of the inserts. Sequencing was performed by
the Australian Genome Research Facility (Brisbane, Australia) using an
AB3730xl DNA analyzer (Applied Biosystems, USA). Plasmid DNA for
transfection was isolated from 200 ml of overnight culture using an Endo-
Free Maxi Plasmid Isolation kit (Qiagen, USA).

To assess the effect of miRNA on expression of the luciferase gene
containing the corresponding target site, the reporter constructs were
cotransfected into HEK293 cells, together with miR-532-5p-specific or
control miRNA mimic. For each well of a 96-well plate, 10 pmol of
miRNA mimic and 100 ng of plasmid were incubated with 0.5 �l Lipo-
fectamine 2000 (Invitrogen, USA) in 60 �l Opti-MEM reduced-serum
medium (Gibco, USA) for 30 min; 4.5 � 104 cells were then added in a
40-�l volume of DMEM supplemented with 10% fetal calf serum (FCS).
At 24 h posttransfection (hpt), the culture medium was replaced with 25
�l PBS, and luciferase expression was determined using the Dual-Glo

luciferase assay system (Promega, USA) and a Lucy 2 microplate lumi-
nometer (Anthos Labtec Instruments, United Kingdom). Measurements
were performed according to the manufacturer’s protocol with a 10-s
signal integration time for each luciferase, and the relative luciferase ex-
pression was calculated as a ratio of firefly to Renilla luciferase activity.

RNAi knockdown. HEK293 cells were transfected with a mixture of 3
individual Stealth RNA interference (RNAi) small interfering RNAs
(siRNAs) (20 �M each) to SESTD1 (Invitrogen, USA), siGenome Pool
siRNA to TAB3 (Dharmacon, USA), or corresponding negative-control
siRNAs (Dharmacon, USA) using Lipofectamine 2000 transfection re-
agent (Invitrogen). For each transfection, 120 pmol of siRNA was diluted
in 300 �l Opti-MEM reduced-serum medium (Gibco, USA), mixed with
300 �l of the same medium containing 12.5 �l Lipofectamine 2000, and
incubated at room temperature for 30 min. Then, 1 ml of the cell suspen-
sion containing 5 � 105 HEK293 cells in DMEM supplemented with 10%
FBS was added to the complex, mixed, and transferred to the wells of
6-well plates.

Western blotting. HEK293 cells cultured in 6-well plates were washed
with 1 ml of PBS per well and lysed in RIPA buffer (200 �l/well) supple-
mented with Complete proteinase inhibitor cocktail (Roche). The lysates
were centrifuged at 16,000 � g for 5 min at 4°C, the supernatants were
collected, and protein concentrations were determined by Bio-Rad Pro-
tein Assay (Bio-Rad, USA). To digest contaminating chromosomal DNA,
1 �l of Benzonase nuclease (Sigma, USA) was added to each sample and
incubated for 20 min at room temperature. Samples containing 25 �g of
protein were mixed with Novex NuPAGE LDS sample buffer (Life Tech-
nologies, USA) and Novex Bolt sample reducing agent (Life Technologies,
USA) and denatured at 95°C for 5 min. Samples were loaded onto Novex
Bolt 4 to 12% Bis-Tris gels (Life Technologies, USA), and electrophoresis
was performed at 200 V for 35 min in Novex Bolt MES-SDS running
buffer (Life Technologies, USA). Proteins were then electroblotted to Am-
ersham Protran Premium 0.45-�m nitrocellulose blotting membranes

TABLE 2 Sequences of primers used for mRNA qRT-PCR

Gene symbol GenBank accession no. Forward primer (5=–3=) Reverse primer (5=–3=)
GAPDH NM_002046 GAAGGCTGGGGCTCATTTGC TAAGCAGTTGGTGGTGCAGG
Zfhx3 NM_001164766 TGCTACTACCACTGCGTTCTG CAATGGCTTCTTCTGGGTCCG
SESTD1 NM_178123 AGACTCACATCAGATTGGGCG TGCCATAGTCATAAGTGCTCTGT
TAB3 NM_152787 GCAAGGATGGAGAGGTTAGCA GTCATTTCCTCAGGCGTAGGG
DHX9 NM_001357 ACAAAGAAGAAGGAAGGAGAGACA GACCAAGGAACCACACCCAC
CPEB3 NM_001178137 TGTCAAAATGGGGAACGAGTAGA TGTCAAAATGGGGAACGAGTAGA
TRAPPC2P1 NM_014563 GCTTGGTTCCTTGTACGCAGA ATATGGCTCCTCGGGTTCTTC
METTL20 NM_001135864 CCAAGCCTCTAAGCCTCACAG AACCGGAACCTCTGACTCGGA
ZNF536 NM_014717 AGTGACCAAAACCTTGCTTGG TCGCTTCTTCCATCCCTTGAG
SMAD2 NM_001003652 GAAGGAACAAAAGGTCCCGGA TGAATGGCAAGATGGACGACA
FAM116A NM_152678 GCTTGGATGTTTTCCAGAGACATT GGCTTTCTGGGTCAGGAGTG
RASSF5 NM_182665 GGGACACGAAACCGCAGAG CCGTCCTTGTGTATCCGCTT
GBP1 NM_002053 CCCAGCCCTACAACTTCGG ATGTCCAGGCTGTTCCCTTG
ARMC8 NM_014154 GGTACTTGAGCGGTGTCCAG ATTCCTGGTCCGAAAGGACG
CPNE1 NM_152926 CCGACGGCCATTTTGTGAAG GCTGAACGGGGACTGAGAAA
WNV NS4A region AY274504 TTGAGTGTGATGACCATGGGAG TAGCTGGTTGTCTGTCTGCG

TABLE 3 Sequences of miRNA mimics and inhibitors

miRNA name

Sequence (5=–3=)

Mimic

InhibitorSense strand Antisense strand

miR-1271 UUGGCACCUAGCAAGCACUCA UGAGUGCUUGCUAGGUGCCAAGdTdT ACTAGACTGTGAGCTCCTCGA
miR-532 CAUGCCUUGAGUGUAGGACCGU ACGGUCCUACACUCAAGGCAUGdTdT ACGGTCCTACACTCAAGGCATG
miR-1307 ACTCGGCGTGGCGTCGGTCGTGG CCACGACCGACGCCACGCCGAGUdTdT AGCCGGTCGAGGTCCGGTCGA
Nonspecific GAACUGUAUGUCGGAAUAGGTT CCUAUUCCGACAUACAGUUCdTdT CCUAUUCCGACAUACAGUUC
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(GE Healthcare Life Science, USA) at 100 V for 1 h in Tris-glycine transfer
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 20% methanol) using a
Mini Trans-Blot electrophoretic transfer cell (Bio-Rad, USA). The mem-
branes were blocked for 1 h in 3% nonfat milk in PBS, incubated with
primary antibodies (Abs) overnight at 4°C, and then washed 4 times for 5
min each time in phosphate-buffered saline containing 0.05% Tween 20
(PBST) and incubated with secondary antibodies for 1 h at room temper-
ature. Then, the antibodies were removed and washing was repeated. An-
tibodies were diluted in 3% nonfat milk in PBS as follows: anti-TAB3
rabbit polyclonal Ab (Sigma, USA), 1:2,000; anti-SESTD1 rabbit poly-
clonal Ab (Sigma, USA), 1:500; anti-GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mouse monoclonal Ab (Sigma, USA), 1:10,000;
anti-WNV E protein mouse monoclonal Ab 3.91D (a gift from Roy Hall
[45]), 1:200; and anti-mouse and anti-rabbit IgG horseradish peroxidase
(HRP)-linked Abs (Cell Signaling, USA), 1:5,000. Chemiluminescent sig-
nal detection was performed using Pierce ECL Plus Western blotting sub-
strate (Thermo Scientific, USA) according to the manufacturer’s instruc-
tions, followed by exposure to SuperRX Fuji Medical X-Ray Film
(Fujifilm, Japan). The films were developed using an XP-9000 X-ray film
automatic processor (DLC Pty Ltd., Australia) and scanned. Densitome-
try was performed using ImageJ software (NIH).

For detection of multiple proteins on the same membrane, mem-
branes were stripped and reprobed. A mild stripping protocol was used.
The membranes were washed two times for 10 min each time with mild
stripping buffer (1.5% glycine, 0.1% SDS, 1% Tween 20) and then two
times for 10 min each time in PBS and two times for 5 min each time with
PBST.

Infection of mice and isolation of total mouse brain RNA. Groups of
five 21-day-old Swiss outbred mice (CD-1) were injected intraperitone-
ally with 10,000 PFU of WNVKUN NSW2011 in DMEM. As a control,
three mice were injected with DMEM. The mice were monitored three
times per day for 14 days for clinical symptoms of WNV infection (ruffled

fur, antisocial behavior, paralysis, and hunched posture). Mice that
showed symptoms of encephalitis were euthanized, and their brains were
collected. Total brains were homogenized in 1 ml of cold diethyl pyrocar-
bonate (DEPC)-PBS using a TissueLyser II homogenizer (Qiagen, USA).
The homogenate (250 �l) was used for RNA isolation with Tri Reagent LS
(Sigma-Aldrich, USA) according to the manufacturer’s protocol. All in-
fection experiments were conducted within a physical containment level 2
(PC2) animal house facility. All animal procedures had received prior
approval from the University of Queensland Animal Ethics Committee in
accordance with the guidelines for animal experimentation as set out by
the National Health and Medical Research Council, Australia.

Statistic analysis. The results of qRT-PCR (Fig. 1B; see Fig. 4A) and
luciferase reporter assays (see Fig. 3B and 5B) were analyzed by Student’s
t test. Virus growth kinetics (Fig. 2; see Fig. 6C and D) were analyzed by
two-way analysis of variance (ANOVA) on data linearized by taking nat-
ural logarithms of titers (46). Bonferroni correction was applied for
multiple comparisons. Analysis was performed using Prism 6 software
(GraphPad Software, USA).

RESULTS
MicroRNAs miR-1271-5p, miR-532-5p, and miR-1307-3p are
differentially expressed in WNVKUN-infected cells. In order to
identify the miRNAs involved in the host response to WNVKUN

infection, we examined the expression of mature miRNAs and
their precursors (pre-miRNAs) in infected and uninfected
HEK293 cells. Mature miRNAs are the primary effector molecules
in the miRNA pathways, regulating the expression of target genes
by guiding RISC to complementary mRNAs. As miRNAs bind to
target mRNAs stoichiometrically, the level of mature miRNAs in
cells determines the degree of their regulatory effect on the tar-
geted mRNAs. Therefore, the levels of mature miRNAs are most

TABLE 4 Sequences of the synthetic inserts for reporter constructs

Name

Sequence (5=–3=)

Sense strand Antisense strand

WNV putative target 1 AAACTAGCGGCCGCCATGGTCCATCCACGCTGGAG
GAGAGTGGT

CTAGACCACTCTCCTCCAGCGTGGATGGACCATGGC
GGCCGCTAGTTT

WNV putative target 2 AAACTAGCGGCCGCCCGAGCCTGGAACTCAGGGT
ATGAT

CTAGATCATACCCTGAGTTCCAGGCTCGGGCGGCCGCT
AGTTT

WNV scrambled target AAACTAGCGGCCGCGCCCCTACGAGCTAAGTGTACAT CTAGATGTACACTTAGCTCGTAGGGGCGCGGCCGCTAGTTT
miR-532-5p positive

control
AAACTAGCGGCCGCACGGTCCTACACTCAAGGCATGT CTAGACATGCCTTGAGTGTAGGACCGTGCGGCCGCTAGTTT

TAB3 target TAGAGCTCATTTGTAGCAGTCAGGAACTAGGCATA
TCATGCCTATTTGTTCTGACAGTATAAACAAA
AAGAATATAAGGCATAGAAGAATTGTCCAATC
ATTTTGAGATGAAATTGTACAAAGGCATTT
TAAAAGTCTAGAAT

ATTCTAGACTTTTAAAATGCCTTTGTACAATTTCATCTCAA
AATGATTGGACAATTCTTCTATGCCTTATATTCT
TTTTGTTTATACTGTCAGAACAAATAGGCATGAT
ATGCCTAGTTCCTGACTGCTACAAATGAGCTCTA

TAB3 scrambled TAGAGCTCTTAAGTATAGGAAAATTCCAAACACAC
TTACAATTAATCTGTTATAGGGTTATTTGATGG
GGAATATACATAACATGAGTTAGTATA
GATAAAAGCATATTAAGACCACGGCGA
CTTCGAAAAGTCTAGAAT

ATTCTAGACTTTTCGAAGTCGCCGTGGTCTTAATATGC
TTTTATCTATACTAACTCATGTTATGTATATTCCCC
ATCAAATAACCCTATAACAGATTAATTGTAAGTGTGT
TTGGAATTTTCCTATACTTAAGAGCTCTA

SESTD1 target TAGAGCTCCTCTTTACATGTTAACACCTTGCTACT
ACCAAGGCATAATTACTTAACATTTTGTCTTT
AGGGGAGGAGGGCTGAGGAAGAAGGCATACATA
ATTACTTCAGTGTTCCTACTGAGAAGTCC
ATTTTTAAGGCATCAAAGGTGAATTCTAGATT

AATCTAGAATTCACCTTTGATGCCTTAAAAATGGACTTCTC
AGTAGGAACACTGAAGTAATTATGTATGCCTTCTTCC
TCAGCCCTCCTCCCCTAAAGACAAAATGTTAAGTA
ATTATGCCTTGGTAGTAGCAAGGTGTTAACATGT
AAAGAGGAGCTCTA

SESTD1 scrambled TAGAGCTCTCTCTAGCGTTCTATTCTCGCTTGTAT
TCTCTCGCACGGACAAGTTAATAGAAATAGGT
GCGAAGTTATGTATGTGAAGAATTACTTGGCA
GAGAAACACAATAAGTCGAGCACTGTTGAATATA
CGAGCTATAGACTCTTCTATTCTAGATT

AATCTAGAATAGAAGAGTCTATAGCTCGTATATTCAACAGT
GCTCGACTTATTGTGTTTCTCTGCCAAGTAATTCTT
CACATACATAACTTCGCACCTATTTCTATTAACT
TGTCCGTGCGAGAGAATACAAGCGAGAATAGAACG
CTAGAGAGAGCTCTA
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commonly used as indications of the host responses to various
conditions, including virus infections. However, WNVKUN infec-
tion was shown previously to inhibit Dicer activity, involved in
miRNA processing (47). This is likely to result in general and
nonspecific alterations in the levels of processed mature miRNAs,
which makes identification of miRNAs specifically modulated by
infection less informative if only the levels of mature miRNAs are
measured. Therefore, in addition to mature miRNAs, we also de-
termined the expression levels of pre-miRNAs in WNVKUN-in-
fected cells. Unlike mature miRNAs, which are usually very stable,
pre-miRNAs have very fast turnover (48) and thus provide a more
direct indication of the changes in transcriptional activation of the
host miRNA genes in response to infection. Only miRNAs that

showed comparable responses, i.e., up- or downregulation, in
both mature miRNAs and pre-miRNAs were considered to be
potentially involved in the host response to infection in this study.

To examine the effect of WNVKUN infection on miRNA ex-
pression, HEK293 cells were infected with WNVKUN at an MOI of
1 PFU/cell, RNA was collected at 24 and 48 h postinfection (hpi),
and the expression of miRNAs and their precursors was deter-
mined by Illumina sequencing (transcriptome sequencing [RNA-
seq]). RNA isolated from uninfected cells was used as a control.
We observed differential expression of multiple miRNAs in in-
fected cells compared to the uninfected control at 24 and 48 hpi.
Taking into account that only miRNAs contributing at least 0.1%
of the total miRNA pool are likely to exhibit biological activity
(49), only differentially expressed miRNAs represented by more
than 1,000 reads per million in the RNA-seq results were consid-
ered for further analysis. As a result, only 7 upregulated and 17
downregulated miRNAs in WNVKUN-infected cells satisfied our
criteria (Fig. 1A).

Analysis of the expression of corresponding pre-miRNAs re-
vealed that 23 of these 24 pre-miRNAs (the exception was miR-
10a) were actually expressed at higher levels in infected cells de-
spite the fact that expression of 17 of their processed miRNA
products was downregulated (Fig. 1A). This inconsistency be-
tween the expression of mature miRNAs and their precursors in-
dicates that WNVKUN infection may either supress pre-miRNA
processing into mature miRNAs or enhance degradation of ma-
ture miRNAs. The former is likely explained by the inhibition of
Dicer in WNVKUN-infected cells, while the latter may involve an
as-yet-unidentified mechanism. We therefore focused on anal-
ysis of 7 miRNAs that we upregulated at the levels of both
mature miRNA and pre-miRNA, i.e., miR-25-3p, miR-151b,
miR-24-3p, miR-1307-3p, miR-532-5p, miR-1271-5p, and
miR-22-3p (Fig. 1A).

In order to validate the results of RNA-seq analysis, qRT-PCR
analysis was used to determine the levels of these 7 miRNAs in
WNVKUN-infected and uninfected HEK293 cells. The expression
of each individual miRNA was determined at 24 and 48 hpi (Fig.
1B), with normalization to miR-30e, whose expression was not
significantly altered as a result of infection (Fig. 1A and C). The
results demonstrated that miR-1271-5p was the most upregulated
miRNA, with a 4-fold increase in expression in infected cells at 48
hpi, while expression of miR-1307-3p and miR-532-5p was up-
regulated approximately 2-fold (Fig. 1B). The observed differ-
ences in miR-1271-5p, miR-1307-3p, and miR-532-5p expression
between WNVKUN-infected and mock-infected cells were statisti-
cally significant. The expression of miR-151b, miR-24-3p, miR-
22-3p, and miR-25-3p was not significantly altered upon infec-
tion.

To further validate the results of RNA-seq and qRT-PCR anal-
yses, small-RNA fractions from WNVKUN-infected and unin-
fected HEK293 cells were subjected to Northern blot analysis us-
ing radioactive probes complementary to the corresponding
miRNA sequences. The results revealed that miR-1307-3p, miR-
1271-5p, and miR-532-5p were indeed upregulated in infected
cells compared to mock-infected cells, with a notable increase at
48 hpi (Fig. 1C). Consistent with the qRT-PCR results, Northern
blot analysis did not identify notable changes in the expression of
miR-151b, miR-25-3p, miR-22-3p, and miR-24-3p (Fig. 1C).

The combined results of RNA-seq, qRT-PCR, and Northern
blot analyses of miRNA expression showed that 3 host miRNAs,

FIG 1 WNVKUN infection alters expression of host miRNAs in HEK293 cells.
(A) Heat map representation of miRNA and pre-miRNA expression in
HEK293 cells at 24 h and 48 h after WNVKUN infection. miRNAs are ranked in
descending order based on the fold change in mature miRNA levels in infected
cells compared to the uninfected control. Only miRNAs representing more than
0.1% of the total mappable miRNA reads are shown. (B) Quantitative RT-PCR
analysis of miRNA expression in HEK293 cells infected with WNVKUN expressed
as relative fold changes compared to mock infection. The values represent the
means of 3 biological replicates, with the error bars showing standard deviations.
*, P 	 0.05; ****, P 	 0.0001. (C) Northern blot analysis of miRNA expression
in HEK293 cells before (M) and at 24 h and 48 h after WNVKUN infection.
Ethidium bromide-stained tRNA (upper gels) and 5S rRNA (lower gels)
served as RNA loading controls and indicators of RNA integrity in the samples.
L, molecular weight ladder.
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miR-1271-5p, miR-532-5p, and miR-1307-3p, were signifi-
cantly upregulated in response to infection. Therefore, these
miRNAs were selected for further analysis of their potential
roles in WNVKUN infection.

MicroRNA miR-532-5p inhibits WNVKUN replication. In or-
der to examine the effects of miR-1271-5p, miR-532-5p, and miR-
1307-3p on WNVKUN replication, miRNA gain-of-function and
loss-of-function experiments were performed. HEK293 cells were
transfected with either an miRNA-specific or a nonspecific mimic
or inhibitor and then infected with WNVKUN at an MOI of 1. The
detection of FAM-labeled nonspecific mimics and inhibitors at
each of these time points showed that approximately 90% of the
cells were transfected with miRNA mimics and inhibitors and that
these were retained at high levels at 24 and 48 hpt (Fig. 2A and B).
At 72 hpt, intracellular levels of transfected mimics and inhibitors
started to decrease and became almost undetectable at 96 hpt (Fig.
2A and B). The viral titers in culture fluids from cells transfected
with the control mimic or inhibitor increased before reaching a
peak of 2.75 � 107 PFU/ml at 48 hpi (Fig. 2C, D, and E), indicating
that transfection of small RNAs does not interfere with viral rep-
lication. Following transfection with miR-1271-5p and miR-
1307-3p mimics and inhibitors, WNVKUN titers at all time points
were similar to those of the control, indicating that the miRNAs
did not influence viral replication (Fig. 2D and E). In contrast, the
WNVKUN titer was significantly reduced in cells transfected with
the miR-532-5p mimic and increased in cells transfected with the
miR-532-5p inhibitor (Fig. 2C). Virus replication in cells trans-
fected with the miR-532-5p mimic was inhibited by approxi-
mately 10-fold at 48 hpi and enhanced by �8-fold in cells trans-
fected with the corresponding miRNA inhibitor at 24 hpi (Fig.
2C). The differences in both cases diminished by 72 hpi (96 hpt)
(Fig. 2C), likely due to the observed decline in the intracellular
levels of the mimic and inhibitor (Fig. 2A and B). The observed

changes in WNVKUN replication efficiency in cells transfected
with miR-532-5p mimic or inhibitor provide strong evidence for
the antiviral activity of miR-532-5p.

The antiviral effect of miR-532-5p is not mediated by inter-
actions between the miRNA and putative complementary sites
in WNVKUN genomic RNA. Host miRNAs were shown to influ-
ence the life cycles of RNA viruses either by altering the host gene
expression (50, 51) or by binding directly to viral RNA (13, 16, 52).
To determine whether miR-532-5p inhibits WNVKUN replication
via direct interaction with viral RNA, computational screening of
viral RNA for the potential miR-532-5p binding sites was per-
formed. Analysis conducted using RNA Hybrid software identi-
fied two potential miR-532 binding sites in WNVKUN genomic
RNA (Fig. 3A). These predictions were then experimentally vali-
dated using a luciferase reporter assay. Nucleotide sequences from
WNVKUN RNA predicted to interact with miR-532-5p were in-
serted into the 3= UTR of f-luc in the pmirGLO target vector.
Constructs containing insertions with 100% complementarity to
miR-532-5p and a scrambled miR-532-5p target sequence were
also generated and used as a positive and a negative control, re-
spectively.

HEK293 cells were cotransfected with reporter constructs and
miR-532-5p mimics, followed by a luciferase activity assay at 24
hpt. In cells transfected with the positive-control reporter con-
struct, luciferase expression was reduced by �60% in the presence
of the miR-532-5p mimic compared to cells transfected with a
nonspecific mimic. Transfection of the miRNA mimic had no
effect on expression of luciferase from the scrambled reporter
construct (Fig. 3B). These results demonstrate that the miR-
532-5p mimic was efficiently incorporated into RISC and guided
it to the complementary region of the target mRNA in a sequence-
specific manner. However, transfection of miR-532-5p mimics
did not alter the expression of luciferase from reporter constructs

FIG 2 Effects of miRNA mimics and inhibitors on WNVKUN replication. (A and B) Transfections with FAM-labeled miRNA mimic (A) and inhibitor (B) were
performed to estimate transfection efficiency and to monitor for the presence of RNA oligonucleotides in the cells in time course experiments. (C to E) HEK293
cells were transfected with synthetic mimics or inhibitors specific to miR-532-5p (C), mir-1271-5p (D), or miR-1307-3p (E). Cells transfected with nonspecific
mimic or inhibitor were used as a negative control (NC). At 24 h posttransfection, the cells were infected with WNVKUN at an MOI of 1, and virus titers in the
culture fluids at the indicated times postinfection (hpi) were determined by plaque assay on BHK-21 cells. Titers are shown as means of biological replicates, with
the error bars showing standard deviations. *, P 	 0.05; ****, P 	 0.0001.
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bearing either of the predicted miR-532-5p target sites from the
WNVKUN RNA (Fig. 3B). Therefore, the mechanism by which
miR-532-5p inhibits virus replication is likely to involve miR-532-
5p-mediated regulation of host genes.

MicroRNA miR-532-5p inhibits expression of SESTD1 and
TAB3 in WNVKUN-infected cells. To elucidate which host genes
are targeted by miR-532-5p, genome-wide computational predic-
tion of all potential miR-532-5p targets was performed. To mini-
mize the number of false-positive predictions, the analysis was
performed using 6 different prediction algorithms, and only in-
teractions predicted by at least 5 of them were considered for
further analysis. The algorithms used were based on evolutionary
conservation of sites (miRDB and TargetScanHuman), seed com-
plementarity (DIANA-MicroT and microRNA.org), and the ther-

modynamics of duplexes (TargetMiner and RNA22). Each of the
algorithms predicted a substantial number of putative miR-
532-5p targets, ranging from 215 to 19,195 targets; however,
only 10 of these (CPEB3, FAM116A, SESTD1, RASSF5, GBP1,
ZNF536, RAB11A, ARMC8, SMAD2, and TAB3) were simul-
taneously predicted by at least 5 different algorithms (Table 5).
These putative targets of miR-532-5p, together with previously
characterized target genes listed in the MirTarBase database
(TRAPPC2P1, METTL20, ZFHX3, and CPNE1), were selected for
experimental analysis of their contributions to the miR-532-5p-
mediated antiviral effect.

Taking into account that miRNAs typically inhibit the expres-
sion of target genes, the inverse correlation between the expres-
sion of an miRNA and interacting mRNAs can be used for exper-

FIG 3 WNVKUN genomic RNA is not the target of miR-532-5p. (A) Predicted interactions between miR-532-5p and WNVKUN genomic RNA. (B) Effect of
miR-532-5p mimic on expression of the firefly luciferase gene (f-luc) from miRNA sensor constructs. Sequences of predicted target sites in the WNVKUN genome
(putative target 1 or 2) were inserted into the 3= UTR of the f-luc gene in the pmirGLO dual-luciferase reporter vector. Sequences with full complementarity to
miR-532-5p sequence or with scrambled (random nucleotides) sequence were inserted into the same region to create positive and negative (scrambled) control
vectors. HEK293 cells were cotransfected with reporter constructs and the miR-532-5p or nonspecific miRNA mimics. The values are expressed as relative f-luc
expression calculated as a ratio of f-luc to r-luc (Renilla luciferase) activity (RLU, relative light units). The values are the means of three independent experiments,
with the error bars showing standard deviations. **, P 	 0.01.

TABLE 5 miR-532-5p putative target sites in the 3= UTRs of human mRNA transcripts predicted using different algorithms

Gene
GenBank
accession no.

Target site(s) for prediction algorithma:

miRDB TargetScan DIANA microRNA.org TargetMiner RNA22

CPEB3 NM_001178137 1025, 2156, 3005 1025, 2156, 3005 1003–1031, 2134–2162,
2983– 3011

1011, 2124, 2991

FAM116A NM_152678 2706, 223, 707,
1193

201–229, 887–915, 2684–2712,
685–713, 1171–1199

208, 693, 895,
1179, 2695

915, 2196, 2712, 1946,
713, 553, 229, 2229

223, 707, 1193

SESTD1 NM_178123 161, 919, 7813 161, 919, 4838,
7813, 7850

159–167, 917–925 926, 168 161, 919, 7813

RASSF5 NM_182663 684, 1891, 2002 684, 19891, 2002 1999–2027, 792–820,
2110–2138

669, 1873, 1987 1721, 1897, 2009, 691 684, 19891, 2002

GBP1 NM_002053 30,121 30, 121 28–36, 119–127, 1757–1765 18, 107 30, 121
ZNF536 NM_014717 717 717 715–723 717
RAB11A NM_001206836 1072, 1421 1160, 1509 1050–1078, 910–938,

1399–1427
1050

ARMC8 NM_014154 59 57–65, 124–132 66, 1386 59
SMAD2 NM_001003652 4083, 6655 6655, 4083 4500–4528, 4061–4089,

6633–6661
- 7826, 7782, 2090,

1625, 258, 7186,
1058, 662

4083, 6655, 662

TAB3 NM_152787 3271, 3886 3271, 3886, 627 612, 3257, 3873 3646, 2948, 633, 3892,
3278

3271, 3886, 627

DHX9 NM_001357 30 22–50 30 30
a The numbers represent nucleotide positions in the 3= UTRs of the respective mRNAs. For all algorithms but DIANA, the numbers indicate the first nucleotide of binding sites.
The numbers for the DIANA algorithm represent the first and last nucleotides of binding sites.
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imental validation of predicted targets. To this end, we first
determined the expression of predicted and previously validated
miR-532-5p target genes in WNVKUN-infected and uninfected
HEK293 cells using qRT-PCR. The analysis demonstrated that
WNVKUN infection resulted in a significant decrease in mRNA
levels for only two of the examined mRNAs, TAB3 and SESTD1
(Fig. 4A), suggesting that these mRNAs are likely to be targeted for
degradation by upregulated miR-532-5p. In contrast, expression
of the well-known antiviral genes (53) SMAD2 and GBP1 was
increased by �2-fold (Fig. 4A) and by �90-fold (data not shown),
respectively. Expression of the noncoding pseudoretrogene
TRAPPC2P1 was also increased by �4-fold (Fig. 4A). Therefore,
even if miR-532 targets these transcripts, the effect of miRNA-532
on their expression is negligible compared to those of other regula-
tory mechanisms that drive their upregulation during infection.
Thus, they are unlikely to be the miR-532 targets that mediate the
antiviral effect of this miRNA. The levels of CPNE1, RASSF5,
RAB11A, DHX9, ARMC8, and ZFHX3 mRNAs were not signifi-
cantly altered by infection (Fig. 4A), while FAM116A, METTL20P,

CPEB3, and ZNF536 mRNAs were below the limit of detection in
both infected and uninfected cells.

As miRNA-mediated gene repression occurs predominantly at
the translational level and has a more prominent effect on the level
of protein, we also determined the effect of WNVKUN infection on
TAB3 and SESTD1 protein levels. HEK293 cells were infected with
WNVKUN at an MOI of 1, and the TAB3 and SESTD1 proteins
were detected by Western blotting with specific antibodies at 24,
48, and 72 hpi. TAB3 protein levels were reduced in infected cells
compared to an uninfected control at all analyzed time points, and
SESTD1 protein levels were decreased at later time points (48 and
72 hpi) (Fig. 4B). These results provided additional evidence for
downregulation of putative miR-532-5p target genes, TAB3 and
SESTD1, in infected cells.

To determine if downregulation of TAB3 and SESTD1 in in-
fected cells was indeed mediated by miR-532-5p, we assessed the
effect of miR-532-5p mimic transfection on TAB3 and SESTD1
protein levels and also examined the ability of miR-532-5p inhib-
itor to restore diminished expression of these genes in infected

FIG 4 Experimental validation of predicted miR-532-5p targets. (A) Expression of predicted miR-532-5p targets in WNVKUN-infected HEK293 cells determined
by qRT-PCR. Relative expression is represented as log2-fold change compared to an uninfected control. The means of three biological replicates with technical
triplicates are shown. The error bars show standard deviations. *, P 	 0.05. (B) Western blot detection of TAB3 and SESTD1 in HEK293 cells at 24 h, 48 h, and
72 h after infection with WNVKUN at an MOI of 1. The GAPDH blot was used as a loading control, and WNVKUN E protein antibodies were used to detect virus
infection. (C) Effects of miR-532-5p mimic and inhibitor on expression of TAB3 and SESTD1 in mock- and WNVKUN-infected cells. HEK293 cells were
transfected with miR-532-5p mimic (532 mim.), miR-532-5p inhibitor (532 inhib.), or nonspecific control RNA mimic (NS mim.) or inhibitor (NS inhib.). At
24 h posttransfection, the cells transfected with mimics were lysed and the cells transfected with inhibitors were infected with WNVKUN at an MOI of 1 and then
lysed at 36 h postinfection. Expression of TAB3, SESTD1, GAPDH (loading control), and WNVKUN E protein (control for infection) was determined by Western
blotting with the corresponding antibodies.
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cells. HEK293 cells were transfected with miR-532-5p-specific or
nonspecific miRNA mimics, and at 24 hpt, expression of TAB3
and SESTD1 was analyzed by Western blotting, followed by quan-
tification of detected protein bands using digital densitometry.
Transfection of miR-532 mimic resulted in approximately 60%
and 40% reduction in SESTD1 and TAB3 expression, as deter-
mined by densitometry of two independent blots (Fig. 4C), which
was comparable to the corresponding reductions in the levels of
these proteins observed in infected cells at 24 hpi (Fig. 4B). The
results demonstrated that miR-532-5p also downregulated
SESTD1 and TAB3 expression in the absence of WNVKUN infec-
tion.

In order to confirm that the inhibitory effect of miR-532-5p on
TAB3 and SESTD1 expression is indeed responsible for their
downregulation in response to WNVKUN infection, HEK293 cells
were transfected with miR-532-5p inhibitor or a nonspecific in-
hibitor and subsequently infected with WNVKUN at 24 hpt. At 36
hpi (60 hpt), TAB3 and SESTD1 levels were determined by West-
ern blotting. Transfection with miR-532-5p inhibitor resulted in
restoration of both proteins to the levels observed in uninfected
cells (Fig. 4C, compare lanes NS mim. and 532 inhib.). The results
show that downregulation of TAB3 and SESTD1 expression by
WNVKUN infection can be reversed by inhibiting miR-532-5p
function using a miR-532-5p-specific inhibitor. Taken together,
these results demonstrate that upregulation of miR-532-5p ex-
pression in WNV-infected cells leads to mir-532-5p-specific inhi-
bition of TAB3 and SESTD1 expression.

Mir-532-5p targets the 3= UTRs of SESTD1 and TAB3 tran-
scripts. The suppressive effect of miR-532-5p on the expression of
TAB3 and SESTD1 is likely to result from direct miRNA interac-
tion with the binding sites located in the 3= UTRs of the corre-
sponding mRNAs with subsequent translational repression
and/or mRNA degradation. Alternatively, the effect could be in-
direct, mediated by miR-532-5p interaction with other potential
targets that in turn could influence the expression of TAB3 and
SESTD1. Our in silico analysis suggested three putative binding
sites for miR-532-5p in the 3= UTRs of each of the TAB3 and
SESTD1 mRNAs (Fig. 5A). To determine if miR-532-5p can di-
rectly interact with these sites and inhibit the expression of tar-
geted genes, a luciferase reporter assay was used. All three putative
miR-532-5p target sites from the TAB3 or SESTD1 3= UTR sepa-
rated by 20-nucleotide spacers were inserted into the 3= UTR of
the f-luc gene in the pmirGLO target vector. The scrambled target
sequences were used to create corresponding negative-control re-
porter plasmids. HEK293 cells were cotransfected with reporter
constructs and either miR-532-5p mimic or nonspecific miRNA
mimic, and at 24 hpt, luciferase activity was measured. Transfec-
tion of the miR-532-5p mimic significantly reduced the expres-
sion of the luciferase gene carried by the pmiRGLO-TAB3-Target
or pmiR-GLO-SESTD1-Target reporter construct, but not that
carried by the corresponding scrambled controls (Fig. 5B). Ap-
proximately 2- to 3-fold reduction in f-luc activity was observed in
cells transfected with pmiR-GLO plasmids bearing the putative
miR-532-5p target sites from each gene (Fig. 5B), which was com-
parable with the effect observed using a reporter construct encod-
ing a target site with 100% complementarity to the miR-532-5p
sequence (Fig. 3B). The results of reporter assays showed direct
interaction of miR-532-5p with predicted target sites in the 3=
UTRs of TAB3 and SESTD1 mRNAs. Collectively, the results of
the reporter assays discussed here and of the miR-532-5p mimic

and inhibitor assays discussed above demonstrate that SESTD1
and TAB3 represent novel targets of miR-532-5p that are down-
regulated by the miRNA in response to WNVKUN infection.

SESTD1 and TAB3 are required for WNVKUN replication. In
order to elucidate the role of SESTD1 and TAB3 in WNVKUN

infection, we assessed viral replication in cells depleted of SESTD1
and TAB3 by siRNAs. HEK293 cells were transfected with three
siRNAs specific to SESTD1 or TAB3 or with nonspecific siRNAs.
The efficiency of siRNA-mediated SESTD1 and TAB3 knockdown
was first determined by Western blotting at 24, 48, 72, and 96 hpt.
SESTD1 knockdown was very efficient, with 80% decrease in
SESTD1 expression at 24 hpt and further decrease to an undetect-
able level at 48 and 72 hpt (Fig. 6A). TAB3 knockdown was some-
what less efficient, with no apparent reduction at 24 hpt and �50
to 60% reduction at 48 and 72 hpt (Fig. 6B). Expression of both

FIG 5 MiR-532-5p interacts with predicted target sites in the 3= UTRs of
TAB3 and SESTD1 mRNAs. (A) Predicted target sites for miR-532-5p in the 3=
UTRs of TAB3 and SESTD1. Nucleotide positions in the corresponding 3=
UTRs that are complementary to the miR-532-5p seed region are indicated.
Vertical lines show complementary interactions. (B) Effect of miR-532-5p
mimic on expression of the firefly luciferase gene (f-luc) from reporter con-
structs containing in the f-luc 3= UTR the putative miR-532-5p binding sites
from the TAB3 and SESTD1 3= UTRs. Constructs with scrambled TAB3 and
SESTD1 sequences inserted in the 3= UTR of f-luc were used as negative con-
trols. The values are the means of the results of three independent experiments,
with the error bars showing standard deviations. *, P 	 0.05.
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SESTD1 and TAB3 recovered by 96 hpt (Fig. 6A and B). To deter-
mine the effect of depletion on virus infection, cells transfected
with siRNAs were infected at an MOI of 0.1 with WNVKUN at 24
hpt. Samples of culture fluid from the infected cells were collected
at 24, 48, and 72 hpi (or at 48, 72, and 96 hpt, respectively), and
WNVKUN titers were determined by plaque assay on BHK-21 cells.
The most significant effect of SESTD1 depletion on virus infection
was observed at 48 hpi (72 hpt), when WNVKUN titers were re-
duced by �100-fold (Fig. 6C). The effect was largely gone by 72
hpi (96 hpt), when SESTD1 expression had already recovered (Fig.
6C). Following TAB3 depletion, statistically significant reduction
in WNVKUN titers was observed at 24 hpi (48 hpt), while the most
significant reduction (�10-fold) was observed at 72 hpi (96 hpt),
when TAB3 expression largely recovered (Fig. 6D). The results
show the roles of both SESTD1 and TAB3 in controlling WNVKUN

infection, with SESTD1 likely to play a more significant and direct
role, while the antiviral function of TAB3 appears to be less prom-
inent and/or may require another host factor influenced by TAB3.

Upregulation of miR-532 and downregulation of TAB3 and
SESTD1 in response to WNVKUN infection also occur in vivo. In
order to determine whether miR-532 upregulation by WNV in-
fection and its inhibitory effect on TAB3 and SESTD1 expression
also occur in other cells/tissues, we performed corresponding
analyses in brains of WNV-infected mice. Mouse miR-532 has
100% homology to the human miRNA. In addition, two out of
three miR-532 binding sites in TAB3 and SESTD1 mRNAs were
found to be evolutionarily conserved in vertebrates by computa-
tional analysis used for target prediction. A group of 21-day-old
mice (n 
 5) were infected with 104 PFU of WNVKUN (strain
NSW2011), with a group of uninfected mice (n 
 3) used as con-
trols. The infected animals showing symptoms of encephalitis
were euthanized, and RNA was isolated from their brains. Unin-
fected mice, where possible, were sacrificed on the same day as
encephalitic animals. Expression of miR-532, TAB3, and SESTD1

mRNAs and viral RNA in the brains was assessed by qRT-PCR
(Fig. 7). Elevated levels (by �2-fold) of miR-532 were detected in
the brains of 3 out of the 5 infected mice (Fig. 7A). These animals
were also the first to develop symptoms of encephalitis and had the
highest levels of viral RNA in the brain, whereas the animals that
did not show increased miR-532 expression had no or a low level
of WNV RNA (Fig. 7B). This indicates that upregulation of miR-
532 in response to WNV is not limited to HEK293 cells and also
occurs in vivo in infected mice. We also assessed the expression of
miR-532 targets, TAB3 and SESTD1, in the brains of infected and
uninfected animals. The decreased expression of TAB3 (by �3-
fold) and SESTD1 (by �4-fold) was observed in the brains with
elevated levels of miR-532 and high levels of WNV RNA. This
further confirms the effect of WNV infection on TAB3 and
SESTD1 expression and suggests a role of miR-532 in downregu-
lation of these genes in vivo.

DISCUSSION

In addition to their critical role in regulating normal cellular gene
expression, the significance of miRNAs in virus-host interactions
is becoming evident. The activity of host miRNAs can drastically
influence the virus life cycle, either by facilitating enhanced repli-
cation (20) or by mediating the host antiviral response (24).
Therefore, it is not surprising that viruses, including WNV, mod-
ulate the expression of specific cellular miRNAs (6, 7, 32). WNV is
a significant human pathogen causing disease outbreaks with fatal

FIG 6 Effect of SESTD1 or TAB3 depletion on WNVKUN replication. (A and
B) Knockdown of SESTD1 (A) and TAB3 (B) in HEK293 cells by siRNAs.
Nonspecific (NS) siRNAs were used as negative controls. (C and D) Effects of
SESTD1 (C) and TAB3 (D) knockdown on WNVKUN replication. At 24 h after
transfection with SESTD1 (B) or TAB3 (D) siRNA or NS siRNA, cells were
infected with WNVKUN at an MOI of 0.1, and virus titers in the culture fluid
collected at the indicated times after infection were determined by plaque assay
on BHK-21 cells. The values in panels C and D are means of three biological
replicates with technical duplicates. The error bars show standard deviations.
*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.

FIG 7 Effects of WNVKUN infection on expression of miR-532, TAB3, and
SESTD1 in mouse brains. Relative levels of RNAs in the total brain RNA of
infected mice were determined by the ��CT method with comparison to the
levels in the brains of uninfected animals. Normalized levels of RNAs in sam-
ples from individual animals and median levels in the groups are shown. (A)
Levels of miR-532 were determined by SL-qRT-PCR and normalized to the
miR-30e-3p level. (B to D) Levels of WNV genomic RNA (B), TAB3 mRNA
(C), and SESTD1 mRNA (D) were determined by qRT-PCR with normaliza-
tion to the TBP mRNA levels. All experiments included duplicates for RT
reactions and technical triplicates for qPCR.
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outcomes (3). Despite this, the roles of host miRNAs in WNV-
host interactions and pathogenesis have not been extensively
studied. Previously, we demonstrated that the mosquito miRNA
aae-miR-2940 is downregulated in response to WNVKUN infec-
tion, which results in inhibition of virus replication in insect cells.
In the current study, the role of miRNAs in response to WNVKUN

infection in mammalian cells was addressed.
In order to identify miRNAs that may be involved in WNV-

host interactions, we first compared the miRNA expression pro-
files in uninfected and WNVKUN-infected HEK293 cells at 24 and
48 hpi. The effect of WNV infection on expression of miRNAs in
HEK293 cells was previously evaluated using microarray (6) and
medium-throughput qRT-PCR (7) analyses. This resulted in
identification of somewhat different patterns of differentially ex-
pressed miRNAs in the two studies, which could be due to biases
and limitations of the methods implemented. In our study, we
employed RNA-seq analysis, which not only provides data on the
relative expression of each miRNA compared to the control sam-
ple, but also allows the absolute quantification of miRNAs in each
sample. We found that the majority of miRNAs that exhibited
differential expression in infected cells were represented by only
tens or hundreds of reads per million, which is less than 0.1% of
the total miRNA pool, the amount considered a cutoff for miRNA
levels that can exhibit any meaningful biological activity (49).
Only 24 cellular miRNAs that were expressed at levels equal to or
higher than 1,000 reads per million were shown to be differentially
expressed in WNVKUN-infected cells, with changes in expression
ranging from 0.5 to 2 log2-fold (1.5- to 4-fold). To gain better
insight into the molecular mechanisms involved in differential
expression of human miRNAs in response to WNVKUN infection,
we also determined the expression of pre-miRNAs. Interest-
ingly, the expression of the overwhelming majority of these 24
pre-miRNAs was upregulated in infected cells, while the expres-
sion of 17 of the 24 mature miRNAs processed from these pre-
miRNAs was downregulated. This indicates that a combination of
transcriptional and posttranscriptional mechanisms determine
the miRNA response to WNVKUN infection. We focused our at-
tention on seven miRNAs (miR-1271-5p, miR-151b, miR-24-3p,
miR-25-3p, miR-33-3p, miR-1307-5p, and miR-532-5p) that had
increased levels of both mature miRNAs and pre-miRNAs. The
rationale for choosing these miRNAs was based on our intent to
focus only on those miRNAs that were upregulated at the initial
transcriptional level as a consequence of direct host response to
infection rather than on those miRNAs for which the pre-miRNA-
to-miRNA processing could be affected by a rather nonspecific
mechanism that might involve previously shown WNV-mediated
inhibition of Dicer activity (54, 55). The expression of these seven
miRNAs was then validated using qRT-PCR and Northern blot
analyses, which demonstrated a significant increase in expression
for only 3 of the miRNAs—miR-1271-5p, miR-1307-5p, and
miR-532-5p.

In order to determine the biological roles of these upregulated
miRNAs in the host response to infection, the effects of miR-1271-
5p, miR-1307-5p, and miR-532-5p on WNVKUN replication were
assessed using corresponding miRNA mimics. Only miR-532-5p
exhibited a significant antiviral effect, while miR-1271-5p and
miR-1307-5p did not affect viral replication. The fact that miR-
532-5p is an antiviral miRNA induced in response to WNVKUN

infection is the key new finding of our study. The differential ex-
pression of this miRNA was previously observed in response to

infection with chikungunya virus (CHIKV) (51) and simian im-
munodeficiency virus (SIV) (56). However, the direct antiviral
role of miR-532-5p against these and other viruses has not yet
been demonstrated.

Host miRNAs were previously shown to interact directly with
viral RNAs of RNA viruses such as hepatitis C virus (17, 57), east-
ern equine encephalitis virus (13), and enterovirus 71 (16) and to
modulate virus replication. However, whether biologically rele-
vant direct interactions between host miRNAs and viral genomic
RNAs occur widely in nature is currently the subject of debate (58,
59). Our data obtained using reporter assays showed that mir-
532-5p does not directly interact with the 2 predicted sites in
WNVKUN RNA, suggesting that the antiviral effect exhibited by
the miRNA is mediated by its interactions with the host mRNA
transcripts. Indeed, our data showed that two of the predicted host
targets of miR-532-5p, SESTD1 and TAB3, interacted with miR-
532-5p and that their expression was downregulated by these in-
teractions in reporter assays, as well as in WNVKUN-infected cells.
This is the first experimental identification and validation of
SESTD1 and TAB3 as miR-532-5p targets. The stringent criteria
used in target prediction and validation ensured the reliability of
identified targets. However, we cannot exclude the possibility that
some potential miR-532 targets with lower miRNA binding affin-
ity/evolutionary conservation could have been overlooked due to
the high data filtration stringency. Interestingly, the previously
characterized mir-532 target genes listed in the MirTarBase data-
base (TRAPPC2P1, METTL20, ZFHX3, and CPNE1) were not
predicted by 5 out of the 6 algorithms (the stringent selection
criteria used in our study), and their expression was also shown
not to be reduced in WNVKUN-infected cells (Fig. 4A).

In order to elucidate how the products of these genes influence
viral replication and if their suppression by miR-532-5p is respon-
sible for the antiviral activity of the miRNA, we employed siRNA
knockdown to assess WNVKUN replication in SESTD1- and
TAB3-depleted cells. The knockdown experiment demonstrated
that both proteins are required for WNVKUN replication in human
cells, with SESTD1 depletion having a more profound inhibitory
effect on virus replication than TAB3 depletion. We also demon-
strated that upregulation of miR-532 expression and downregu-
lation of TAB3 and SESTD1 occur in the brains of mice in re-
sponse to WNVKUN infection.

SESTD1 is a phospholipid-binding protein containing a lipid-
binding SEC14-like domain and two spectrin repeat cytoskeleton
interaction domains, localized in the plasma membrane, which
binds several phospholipid species and is essential for efficient
activation of the channels TRPC4 and TRPC5 (60). Calcium
transport was previously shown to be required for efficient prop-
agation of WNV (61). WNV infection was shown to lead to rapid
and sustained Ca2� influx through Ca2� channels and endocyto-
sis (61). Calcium transport depletion by specific inhibitors of
Ca2� channels and the Ca2�-binding protein CB-D28k were
shown to have a strong inhibitory effect on WNV replication (61,
62). Ca2� influx is thought to be required for early stages of virus
replication (possibly for virus-induced rearrangement of the en-
doplasmic reticulum membrane) and for later infection stages,
when Ca2�-dependent activation of caspase 3 cleavage leads to
decreased activation of the FAK and ERK1/2 pathways, extending
the survival of WNV-infected cells (62). Taking into account the
demonstrated role of SESTD1 in activation of Ca2� channels and
the previously demonstrated importance of Ca2� influx in WNV
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replication, it is likely that the main molecular mechanism of miR-
532-5p-mediated antiviral activity involves inhibition of Ca2� in-
flux through suppression of SESTD1 expression. We propose that
as a part of the host response to infection, downregulation of
SESTD1 by mir-532 may lower the influx of Ca2� but not com-
pletely block it. It is likely that SESTD1-independent Ca2� chan-
nels that also operate in cells can contribute to the overall Ca2�

influx observed in flavivirus-infected cells. Inhibition of SESTD1
by mir-532, however, may decrease Ca2� accumulation to a level
sufficient to inhibit or delay Ca2�-dependent processes required
for virus replication. However, validation of this hypothesis re-
quires further extensive experimentation.

TAB3/MAP3K7IP3 (transforming growth factor beta [TGF-
�]-activated kinase binding protein 3/mitogen-activated protein
kinase kinase kinase 7 interacting protein 3) is an adaptor protein
that forms a tertiary complex with the protein kinase MAP3K7/
TAK1 and TRAF2 or TRAF6 in the interleukin 1 (IL-1) and TNF
signaling pathways (63). It acts cooperatively with another adap-
tor protein from the TAB family, TAB1, and is functionally redun-
dant to TAB2. TAB3 mediates activation of TAK1 kinase, which in
turn phosphorylates c-Jun N-terminal kinases (JNKs) and the
IkB�/� subunit of NF-�B. This leads to activation of the tran-
scription factors AP-1 and NF-�B and their nuclear translocation
(64). TAK-1 signaling contributes to a variety of cellular and tissue
pathophysiologies, including cell survival, proliferation, differen-
tiation, embryonic development, inflammation, and carcinogen-
esis (65). Activation of the TAB/TAK/NF-�B pathway has been
shown to inhibit apoptosis and promote cell survival (66, 67).
Human immunodeficiency virus type 1 (HIV-1) activates TAK-1
in order to promote replication via NF-�B- and AP-1-dependent
induction of the cytokines IL-6, IL-8, and CCL5, as well as in-
creased transcription of viral genes (68). TAB3 was shown to be
essential for activation of TAK-1 by HIV-1 (68). Considering the
important role of TAB3 in regulation of cell survival and induc-
tion of anti-inflammatory cytokines, it is possible that miR-532-
5p-mediated suppression of TAB3 expression may promote apop-
tosis of WNV-infected cells, contributing to the antiviral effect of
miR-532-5p. Interestingly, in contrast to the observed profound
and immediate effect of SESTD1 depletion on WNVKUN replica-
tion, the antiviral effect of TAB3 depletion was less profound and
also appeared to be delayed. Notably, however, TAB3 depletion by
siRNAs was less efficient than SESTD1 depletion, which may ex-
plain, at least in part, the less efficient antiviral effect. It is also
possible that redundancy in the TAB family of proteins could con-
tribute to the less profound antiviral effect of TAB3 depletion,
while the delay in the antiviral effect of TAB3 depletion may be
caused by its indirect effect on activation of downstream host
factors in this signaling pathway.

In summary, this study demonstrates that miR-532-5p is up-
regulated in response to WNVKUN infection in human cells and
mouse brain tissue. Subsequently, upregulated miR-532-5p sup-
presses the expression of SESTD1 and TAB3 genes via targeting of
their 3= UTR sequences. These genes are required for efficient
WNVKUN replication, likely due to their roles in Ca2� influx and
regulation of cell survival. The overall effect of the miR-532-5p-
mediated host response is the suppression of virus replication.
These findings further highlight the important role of mammalian
miRNAs in antiviral response and may have important implica-
tions for understanding the molecular mechanisms that deter-
mine flavivirus-host interactions and pathogenesis.
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