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ABSTRACT Japanese encephalitis virus (JEV) infection alters microRNA (miRNA) ex-
pression in the central nervous system (CNS). However, the mechanism contributing
to miRNA regulation in the CNS is not known. We discovered global degradation of
mature miRNA in mouse brains and neuroblastoma (NA) cells after JEV infection. In-
tegrative analysis of miRNAs and mRNAs suggested that several significantly down-
regulated miRNAs and their targeted mRNAs were clustered into an inflammation
pathway. Transfection with miRNA 466d-3p (miR-466d-3p) decreased interleukin-1�

(IL-1�) expression and inhibited JEV replication in NA cells. However, miR-466d-3p
expression increased after JEV infection in the presence of cycloheximide, indicating
that viral protein expression reduced miR-466d-3p expression. We generated all the
JEV coding proteins and demonstrated NS3 helicase protein to be a potent miRNA
suppressor. The NS3 proteins of Zika virus, West Nile virus, and dengue virus sero-
type 1 (DENV-1) and DENV-2 also decreased miR-466d-3p expression. Results from
helicase-blocking assays and in vitro unwinding assays demonstrated that NS3 could
unwind pre-miR-466d and induce miRNA dysfunction. Computational models and an
RNA immunoprecipitation assay revealed arginine-rich domains of NS3 to be crucial
for pre-miRNA binding and degradation of host miRNAs. Importantly, site-directed
mutagenesis of conserved residues in NS3 revealed that R226G and R202W reduced
the binding affinity and degradation of pre-miR-466d. These results expand the
function of flavivirus helicases beyond unwinding duplex RNA to degrade pre-
miRNAs. Hence, we revealed a new mechanism for NS3 in regulating miRNA path-
ways and promoting neuroinflammation.

IMPORTANCE Host miRNAs have been reported to regulate JEV-induced inflamma-
tion in the CNS. We found that JEV infection could reduce expression of host
miRNA. The helicase region of the NS3 protein bound specifically to miRNA precur-
sors and could lead to incorrect unwinding of miRNA precursors, thereby reducing
the expression of mature miRNAs. This observation led to two major findings. First,
our results suggested that JEV NS3 protein induced miR-466d-3p degradation, which
promoted IL-1� expression and JEV replication. Second, arginine molecules on NS3
were the main miRNA-binding sites, because we demonstrated that miRNA degrada-
tion was abolished if arginines at R226 and R202 were mutated. Our study provides
new insights into the molecular mechanism of JEV and reveals several amino acid
sites that could be mutated for a JEV vaccine.
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Japanese encephalitis virus (JEV) is a single-strand, positive-sense RNA virus belong-
ing to the genus Flavivirus of the family Flaviviridae. Its genome encodes three

structural proteins in the order envelope (E), capsid (C), and premembrane (prM) and
seven nonstructural (NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. During
the JEV life cycle in cells, the RNA genome replicase complex (of which NS3 and NS5 are
major components required for genome replication and capping) initiates replication
(1). The JEV polyprotein NS3 belongs to the superfamily 2 helicases, which have
protease, nucleoside triphosphatase, and ATP-dependent RNA helicase activities and
unwind double-stranded genomes during viral replication (2).

JEV is a neurotropic virus causing neuroinflammation and neuronal damage that
results in Japanese encephalitis (JE) (3). Even though vaccines are available to control
JEV, �67,900 cases of JE are reported worldwide each year, half of which occur in
mainland China (4). Due to a lack of efficacious antiviral drugs against JEV, the fatality
rate of JE is about 25 to 32%, and 50% of survivors suffer from neuropsychiatric
sequelae (5). JEV causes neuroinflammation and neuronal damage in mammalian hosts
by modulating cytokine/chemokine production (6) and causing the activation and
migration of neuroglial cells (7, 8). JEV infection increases the production of inflamma-
tory cytokines and microglial activity, which facilitates viral pathogenesis and dissem-
ination of the virus into the central nervous system (CNS) (9, 10). Most studies on the
innate immune response in the CNS have focused on the molecular components of JEV
recognition and signaling regulators. Recent studies have revealed that Toll-like recep-
tor 7 (TLR7) in neurons and TLR3 in microglial cells recognize JEV (11, 12). Following JEV
recognition, the adapter proteins of TLRs activate myeloid differentiation primary
response 88. Furthermore, JEV infection triggers protein kinases, such as kinase B,
phosphoinositide 3-kinase, p38 mitogen-activated protein kinase, and signal-regulated
kinase (13). However, the involvement of JEV components in modulating the inflam-
matory response is not known.

Several recent studies have shown that during infection with Zika virus, NS5 of Zika
virus facilitates inflammasomes to induce interleukin-1� (IL-1�) secretion (14). NS3 of
JEV interacts with the Src protein tyrosine kinase to promote secretion of inflammatory
cytokines (15). NS1 of dengue virus (DENV) has been reported to interact with signal
transducer and activator of transcription 3 to enhance the secretion of tumor necrosis
factor alpha (TNF-�) and IL-6 (13). Hence, the NS proteins of the Flaviviridae play an
important part in the inflammatory response. However, the specific signaling pathway
and target sites of the NS proteins of JEV are not known.

MicroRNAs (miRNAs) are small noncoding RNAs containing �22 nucleotides (nt)
that control posttranscriptional gene regulation by targeting mRNAs. In animal cells,
following transcription by RNA polymerase II (RNA Pol II), nuclear RNA polymerase III
(RNA Pol III) Drosha processes the primary transcripts of miRNAs (pri-miRNAs) into
precursors 60 to 100 nt in size (pre-miRNAs). Then, the pre-miRNAs are shuttled into the
cytoplasm and processed further by RNA Pol II Dicer into double-stranded RNA (dsRNA)
products �22 nt in size containing the mature miRNA “guide” strand and the “passen-
ger” miRNA strand. The mature miRNA is loaded onto the RNA-induced silencing
complex (RISC) and binds 3= untranslated regions (UTRs) of the target mRNA, which
leads to translation repression and/or mRNA degradation.

Through the repression of a target, miRNA modulates a broad range of gene
expression programs during development, immunoreactions, and pathogen infection.
Accumulating evidence also suggests that an abundance of cellular miRNAs are in-
volved in multiple stages of the JEV replication cycle. For instance, JEV infection induces
miR-155, miR-15b, miR-19b, and miR-29b and activates the innate immune response
(16–19). JEV infection also reduces expression of miR-33a and miR-432 to facilitate virus
replication (20, 21). Therefore, regulation of miRNA expression is important for cellular
biological processes and mRNA homeostasis during JEV infection.

Unlike the biosynthesis of miRNA, under physiological or pathological conditions,
some miRNA decays rapidly. Most studies on miRNA degradation have demonstrated
the mechanisms involved to be sequence organization, RNase activity, transcription
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rates, and energy metabolism. For example, several 3= ¡ 5= or 5= ¡ 3= miRNA-
degrading ribonucleases degrade different miRNAs in various cell types (22, 23). A
sequence target-dependent mechanism has also been identified, in which cleavage is
mediated by miRNA and high complementary interaction, such as viral noncoding
transcripts (24, 25), miRNAs, and miRNA hybrids (26), or the extent of sequence
complementarity (27). Although miRNA function during viral replication is well defined,
the turnover dynamics of miRNA and the mechanisms involved are poorly defined.

Numerous studies have shown that viruses regulate host miRNA to control cellular
protein expression, suggesting a critical role for host miRNAs in immune evasion and
the viral replication cycle. DNA and RNA viruses have developed several mechanisms to
degrade or promote cellular miRNA to benefit viral infection and replication. Specifi-
cally, herpesvirus saimiri (HVS) and murine cytomegalovirus (MCMV) degrade host
miR-27 directly using a virus-encoded noncoding RNA (ncRNA) containing a miR-27
sequence-specific binding site (24, 28). Similarly, human cytomegalovirus (HCMV)
decreases expression of mature miR-17 and miR-20a using a 15-kb miRNA decay
element in the UL/b= region of the viral genome (29). Conversely, vaccinia virus (VACV)
degrades host miRNA by adding tails using viral poly(A) polymerase (30). Kaposi’s
sarcoma-associated herpesvirus represses MCPIP1 (monocyte chemotactic protein-
induced protein 1) expression to facilitate expression of viral miRNA (31).

The direct interaction between host miRNAs and viral components is poorly under-
stood. There are two approaches to predicting RNA-protein interactions (RPIs). One
cost-effective approach is a computational method that could predict RPIs and protein-
RNA-binding sites. Another method, RNA-protein immunoprecipitation, provides a
specific and accurate predication of RPIs. A combination of these two approaches is
especially valuable for mapping miRNA-protein binding sites and characterizing the
biologic function of viral components in viral replication.

In the present study, we demonstrated that JEV NS3 disrupts cellular pre-miRNA
directly and reduces levels of mature miRNA. Through computational and RNA immu-
noprecipitation (RIP) analyses, we showed that binding and turnover of miRNA by NS3
were dependent upon the arginine-rich domains of NS3: R226G and R202W. Also,
NS3-mediated miRNA degradation was critical in the inflammation-related pathway,
which may promote an irreversible inflammatory response leading to neuron death.
The present study provides insights into the role of flavivirus helicase in the regulation
of host miRNA turnover.

RESULTS
JEV mediates downregulation of global miRNA in the mouse nervous system.

We used miRNA microarrays to assess host miRNA expression profiles in mouse brains
infected by pathogenic JEV (strain P3). The miRNA expression profiles showed that JEV
infection altered an abundance of host miRNAs (Fig. 1A). Notably, expression of 33 out
of the 41 miRNAs (P � 0.05; change � 2.0-fold) in mouse brains was downregulated
during JEV infection. We also used small-RNA deep-sequencing analysis on miRNA
expression of P3-infected neuroblastoma (NA) cells at multiplicities of infection (MOI) of
1 and 0.1 for 48 h (Fig. 1B). The results confirmed that JEV infection led to a global
decrease in host miRNA. We used flow cytometry to determine the change in the
number of dendritic cells (DCs) (cluster of differentiation 11c [CD11c]), T cells (CD3 and
CD4) and plasma cells (CD138) in the brain after JEV infection but found no significant
change in the proportion of DCs, T cells, or plasma cells (Fig. 1C). Other cell types made
up a minority of the total cell population. Furthermore, the virus titer and NS3
expression of cells infected with P3 at an MOI of 1 was higher than that for cells infected
with P3 at an MOI of 0.1; infection at an MOI of 1 decreased miRNA expression
significantly more than infection at an MOI of 0.1, suggesting that the JEV-induced
global miRNA decrease was related to JEV replication (Fig. 1D and E). Quantitative
reverse transcription-PCR (qRT-PCR) in JEV-infected NA, BV2, and bEnd.3 cells confirmed
the miRNA profile data (Fig. 1F). To predict precisely the target mRNA, we also
measured mRNA expression in mouse brains after JEV infection (see “Data availability”
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FIG 1 JEV infection downregulates global miRNA expression in the mouse nervous system. (A) Changes in miRNA expression upon JEV infection of mouse
brains. Four-week-old BALB/c mice were infected with 103 PFU of P3 or medium control (Con). After 9 days of infection, miRNA expression of JEV-infected
mice was compared with that from the noninfected control. The color scale is based on log2 changes in expression. (B) Changes in miRNA expression
upon JEV infection of NA cells. NA cells were infected with P3 or medium control at an MOI of 0.1 and an MOI of 0.01. After 48 h of infection, miRNA
expression of JEV-infected cells was compared with that for the noninfected control. The color scale is based on log2 changes in expression. (C)
Fluorescence-activated cell sorter (FACS) analysis of the cell population in mouse brains. Four-week-old mice were infected with 103 FFU of JEV or mock
infected for 5 days intracerebrally. Brain cells were analyzed by FACS analysis with the indicated antibodies. FSC, forward scatter; SSC, side scatter. (D)
Western blot of NA cells infected with P3 or medium control at an MOI of 1 and an MOI of 0.1 after 48 h. (E) Virus titers of NA cells infected with P3 at
an MOI of 1 and an MOI of 0.1 after 48 h. (F) qRT-PCR analyses of mature miRNA levels in BV2, NA, and bEnd.3 cells after 48 h of JEV infection (at an
MOI of 1 and an MOI of 5). The results are shown as means and standard deviations (SD). (G) A protein interaction network was constructed by STRING
based on the candidate genes (42 genes) of common mRNA from the miRNA and mRNA expression profile. The light-blue lines indicate interactions from
curated databases. The purple lines denote experimentally validated interactions. The green lines show predicted interactions from gene neighborhoods.
The red lines indicate predicted interactions from gene fusions. The dark-blue lines show predicted interactions from gene cooccurrence. The yellow lines
represent interactions from text mining. The light-purple lines denote interactions from protein homology. The black lines show interactions from
coexpression. The network is divided into many groups according to the biological process (GO). The red nodes in the network represent the genes that
had a role in the immune and inflammatory process. The average number of connections per node is 2.81 (protein-protein interaction enrichment;
P � 1.015). Significance was assessed using Student’s t test; *, P � 0.05.
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below). Thirty-three miRNAs with downregulated expression and 580 mRNAs with
upregulated expression (P � 0.05; change � 2.0-fold) from miRNA and mRNA microar-
ray data sets were used to predict the major targets of miRNAs with downregulated
expression using integrative analysis. Of these, 42 significant miRNA-mRNA pairs were
identified, consisting of 32 miRNAs and 42 mRNAs. Gene ontology (GO) analysis
revealed that most of the target genes were enriched in terms of inflammation-based
signaling processes. Forty-two interacting proteins with 177 interactions were retrieved
from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database,
and eight proteins were segregated to one subgroup, which was related to the immune
process and the inflammation process. Of these eight proteins, IL-1� expression was the
most significantly upregulated and was in the middle of the protein interaction
network (Fig. 1G). Furthermore, IL-1� was a target of miR-466d-3p, which was also
significantly downregulated according to analysis by miRNA microarray and RNA deep
sequencing.

JEV infection induces incorrect processing of host miRNAs. Sequence-specific
reads were determined by deep sequencing of the nt 18 to 24 fraction and analyzed by
the miRDeep2 module using reads per million (RPM) (Fig. 2A and B) (32). The number
of reads for each miRNA was decreased significantly, but the total numbers for each
sample were similar, indicating that the numbers of reads obtained per sample
decreased as the number of samples in a multiplex increased. Furthermore, expression

FIG 2 JEV infection induces incorrect processing of host miRNAs. (A and B) Sequencing of multiplexed miRNA after JEV infection. (A) Read numbers of miRNAs
in NA cells infected with JEV at an MOI of 0.1 or 1 or mock infected. (B) Total numbers of reads per sample. (C) Schematic of pre-miR-466d-3p processing and
types of mature miRNAs (miR-466d-3p and miR-466h-3p). The black arrows indicate the processing direction of miRNA, the blue arrowheads represent
miR-466h-3p located in pre-miR-466d, and the red arrowheads represent miR-466d-3p located in pre-miR-466d. (D) Expression of mature miR-466d-3p,
miR-466h-3p, pre-miR-466d-3p, or pri-miR-466d-3p using qRT-PCR in NA or BV2 cells infected with P3 at the indicated MOI after 48 h of infection. (E) Detection
of miRNA by Northern blotting. Total RNA was isolated with RNAiso Plus and detected with a DIG-labeled probe. (F) Quantification of degradation of exogenous
miR-466d-3p mimic in NA cells by qRT-PCR. NA cells were infected with P3 at an MOI of 0.1 and transfected with miR-466d-3p at 36 hpi. After 48 h of infection,
the total RNA from NA cells was quantified. For all graphs, results are shown as means and SD. Significance was assessed using Student’s t test. *, P � 0.05; **,
P � 0.01.
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of some miRNAs from the same precursor were all downregulated. For example,
expression of miR-466h-3p and miR-466d-3p generated from the miR-466d-3p precur-
sor (Fig. 2C) was downregulated significantly in NA cells (Fig. 2D). Notably, expression
of pre-miR-466d-3p and mature miR-466d-3p was reduced in a dose-dependent man-
ner, but expression of pri-miR-466d-3p appeared unmodified. Expression of pre-miR-
466d-3p and mature miR-466d-3p was also confirmed by Northern blotting using
digoxigenin (DIG)-labeled probes (Fig. 2E). JEV significantly decreased the abundance of
miR-466d-3p derived from an exogenously constructed miRNA mimic compared with
the medium control in NA cells (Fig. 2F). Therefore, these experiments indicated that
JEV infection decreased expression of pre-miRNA to downregulate miR-466d-3p ex-
pression.

JEV NS3 mediates miR-466d-3p degradation in neurons. Expression of the NS
protein or noncoding subgenomic RNA of a virus is required for viral pathogenicity,
which affects miRNA processing in the host (33). JEV infection of neurons results in the
release of viral genomic RNA, followed by translation of viral protein. The transcription
inhibitor actinomycin D, �-amanitin, or the translation inhibitor cycloheximide (CHX)
was used to identify the viral components induced by miR-466d-3p degradation (34,
35). All early treatments with �-amanitin, actinomycin D, and CHX 12 h postinfection
(hpi) severely blocked JEV replication and inhibited miR-466d-3p degradation in NA
cells. In contrast, late treatment with CHX, but not �-amanitin or actinomycin D, at 42
hpi blocked miR-466d-3p degradation (Fig. 3A). Total RNA biosynthesis in cells treated
with �-amanitin and actinomycin D was significantly lower than that in nontreated cells
(Fig. 3B and C). Total protein synthesis in cells treated with CHX was significantly lower
than that in nontreated cells. These data suggested that the posttranscriptional mod-
ification or inappropriate processing of host miRNAs was dependent upon production
of viral proteins or viral proteins with host miRNA interaction in mouse neurons. JEV
transcription did not suppress host miRNA, so to determine which viral protein was
sufficient to confer host miRNA degradation, 10 pcDNA 3.1 vectors encoding each
structural protein (E, C, and PrM) and each NS protein (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) of JEV were constructed. miR-466d-3p expression was measured 48 hpi.
Only NS3 induced a significant decrease in mature miR-466d-3p expression (40%
reduction compared with the pcDNA 3.1 control) (Fig. 3D). Several other NS proteins of
JEV associate with NS3 to facilitate RNA assembly and viral replication (36, 37). However,
cotransfection of NS2B, NS4A, and NS5 with NS3 did not significantly change miR-
466d-3p expression compared with that in the NS3-only transfection group. The effect
of NS3 was confirmed further by Northern blotting (Fig. 3E). Expression levels of NS1,
NS2A, NS2B, NS3, NS4A, NS4B, NS5, and C protein were similar to that of �-tubulin (Fig.
3F). Moreover, NS3 expression in NA cells induced global downregulation of expression
of endogenous miRNAs (Fig. 3G) and the same miRNAs shown in Fig. 1E (as confirmed
by qRT-PCR) (Fig. 3H). We further assessed the miR-466d-3p degradation induced by
NS3 with small interfering RNA (siRNA). JEV infection and NS3 transfection induced
miR-466d-3p degradation, which could be blocked significantly by siRNA targeting NS3
but not siRNA targeting the other proteins of JEV (Fig. 3I). Similarly, JEV infection and
NS3 transfection also reduced miRNA expression in SK-N-SH cells (Fig. 3J). JEV NS3
played a critical role in the turnover of host miRNA. Hence, we constructed several
pcDNA 3.1 vectors carrying NS3 plasmids of Zika virus, West Nile virus (WNV), DENV
serotype 1 (DENV-1), DENV-2, classical swine fever virus (CSFV), bovine viral diarrhea
virus (BVDV), and hepatitis C virus (HCV) to identify whether helicases from other
flaviviruses could degrade host miRNAs. NS3 from Zika virus, WNV, and DENV-1
decreased miR-466d-3p expression (Fig. 3K). Furthermore, an exogenously constructed
miRNA mimic that contained a mature miRNA guide strand and a passage (miRNA*)
strand was synthesized. Transfection of the miRNA mimic increased miR-466d-3p
expression in NA cells significantly, and NS3 could severely block the miR-466d-3p
derived from the miRNA mimic (Fig. 3L).

miR-466d-3p blockade enhances IL-1� secretion and promotes JEV replication.
We verified the in silico analysis of miRNA-mRNA interactions using enzyme-linked
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immunosorbent assays (ELISAs) to measure IL-1� expression in JEV-infected mouse
brains and cells. IL-1� expression in mouse brains was enhanced significantly at 9 days
postinfection (dpi) (Fig. 4A). IL-1� expression was increased significantly in a dose-
dependent and time-dependent manner in NA, BV2, and bEnd.3 cells (Fig. 4B and C).

The sequences of miR-466d-3p and its target site on the 3= UTR of IL-1� were
aligned using TargetScan (www.targetscan.org/mmu_72/) (Fig. 4D). To determine if

FIG 3 NS3 of JEV mediates miR-466d degradation in neurons. (A) Transcription and translation inhibition assay. NA cells were mock treated with medium or
infected with P3 at an MOI of 5, and actinomycin D (10 m�), �-amanitin (10 m�), or CHX (100 nM) was added to the NA cells at 12 hpi or 42 hpi. After 48
h of infection, total RNA from the NA cells was used to quantify the expression of miR-466d-3p. (B and C) FACS analysis of RNA and protein synthesis. (B) NA
cells (106 cells/ml) were treated with vehicle or CHX (100 nM) for 30 min at 37°C. Subsequently, the cells were incubated for an additional 30 min with fresh
aliquots of medium containing protein label or protein label and CHX. FACS analysis of the negative-control (red line), background (azide only; blue line),
positive-control (protein label; green line), and CHX-treated (yellow line) cell populations was performed. (C) NA cells (106 cells/ml) were pretreated with vehicle,
�-amanitin (10 m�), or actinomycin D (10 m�) for 4 h at 37°C. Subsequently, the cells were incubated with EZClick RNA label for 1 h. FACS analysis of
negative-control (red line), positive-control (RNA label), �-amanitin-treated (blue line), and actinomycin D-treated (yellow line) cells was done according to the
protocol. (D) Relative analyses of miR-466d-3p expression in NA cells transfected with the indicated expression plasmids with and without JEV infection. After
48 h of transfection/infection, the total RNA from NA cells was used to quantify relative expression of miR-466d-3p (versus pcDNA 3.1 control) by qRT-PCR. (E)
Detection of miRNA by Northern blotting. Total RNA was isolated with RNAiso Plus and detected with a DIG-labeled probe. (F) Western blotting of expression
of NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5, and C protein. (G) Changes in miRNA expression upon transfection of NS3 in NA cells. NA cells were transfected
with NS3 or pcDNA 3.1 control (Con). After 48 h of transfection, miRNA expression of NS3-transfected cells was measured by RNA deep sequencing and
compared with that for the pcDNA 3.1-transfected control. The color scale is based on log2 changes in expression. (H) qRT-PCR of levels of mature miRNA in
NA cells after 48 h of transfection of NS3. (I) qRT-PCR of miR-466d-3p in NA cells after 48 h of infection with P3 at an MOI of 0.1 and transfection with the
indicated siRNAs. (J) qRT-PCR of human miRNA in NA cells after 48 h of transfection with NS3 or infection with P3 at an MOI of 0.1. (K) qRT-PCR of miR-466d-3p
in NA cells after 48 h of transfection with NS3 proteins of ZIKA virus, WNV, DENV-1, DENV-2, CSFV, BVDV, and HCV. (L) Quantification of degradation of
exogenous miR-466d-3p mimic in NA cells by qRT-PCR. NA cells were transfected with NS3, and after 48 h, the NA cells were transfected with miR-466d-3p
mimic. After 54 h of transfection of NS3, the total RNA from the NA cells was used for quantification. For all graphs, results are shown as means and SD.
Significance was assessed using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant (P � 0.05).
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miR-466-3p targeted IL-1� mRNA, expression of IL-1� was measured in BV2 and NA
cells after transfection with miR-466d-3p mimics or miR-466d-3p inhibitors. Overex-
pression of miR-466d-3p suppressed expression of IL-1� mRNA and protein significantly
in BV2 and NA cells, and similar results were observed in BV2 and NA cells after JEV
infection or treatment with lipopolysaccharide (LPS) (Fig. 4E to G, top). In contrast, the
miR-466d-3p inhibitor significantly increased expression of IL-1� mRNA and protein
secretion in BV2 and NA cells, respectively (Fig. 4E to G, bottom). Moreover, miR-
466d-3p expression in cells treated with LPS or poly(I·C) was similar to that in medium-
treated cells and significantly higher than that in JEV-infected cells. However, the
miR-466d-3p mimic could continue to inhibit LPS- or poly(I·C)-induced IL-1� overtran-
scription and overexpression, indicating that miR-466d-3p was a common regulator of
IL-1� but not specific to JEV infection. Interestingly, comparison of miRNA and JEV
genes indicated that miR-466d-3p also targeted the coding sequences of the E, NS3,
and NS5 genomes of JEV (Fig. 4D). There was a substantial reduction of the viral titer
in NA cells transfected with miR-466d-3p. Moreover, inhibition of miR-466d-3p expres-
sion led to a small increase in JEV replication (Fig. 4H). To determine whether miR-
466d-3p targeted the seed sequence of JEV directly, we constructed a miR-466d-3p
vector containing two miR-466-3p target seed sequences of JEV NS3 and E fused to
green fluorescent protein (GFP). As expected, transfection by the miR-466d-3p mimic
resulted in complete loss of fluorescence in miR-466d-3p target site-fused GFP-

FIG 4 miR-466d blockade enhances IL-1� secretion and promotes JEV replication (A) Homogenized mouse brains were collected at 9 dpi, and IL-1� expression
in the mouse brains was determined by ELISA. (B and C) Cell supernatants from NA cells were collected at the indicated infection time points and infection
doses, and IL-1� expression was determined by qRT-PCR and ELISA. (D) Introduction of miR-466d-3p binding sites in IL-1�, NS3, NS5, and E. miR-466d-3p
sequences complementary to the coding sequences of IL-1�, NS3, NS5, and E are indicated in boldface italic. (E to G) The synthetic mimic of miR-466d-3p
reduced IL-1� expression and blocked JEV replication, and the inhibitor of miR-466d-3p had the opposite effect. NA or BV2 cells were infected/treated with
JEV at an MOI of 0.01, LPS (100 ng/ml), or medium control. After 48 h of infection/treatment, the cells were transfected with a mimic of miR-466d-3p or inhibitor
of miR-466d-3p. (E) After 6 h of transfection, total RNA from NA cells was used to quantify the relative expression of miR-466d-3p (versus the negative control)
by qRT-PCR. (F) After 6 h of transfection, total RNA from NA cells was used to quantify the relative expression of IL-1� (versus the negative control) by qRT-PCR.
(G) After 6 h of transfection, cell supernatants were collected to quantify IL-1� expression by ELISA. (H) After 24 h of transfection, cell supernatants were
collected to determine the JEV titer. (I) miR-466d target site-fused GFP was cotransfected with NS3 and/or miR-466d-3p mimic, and after 48 h of transfection,
the cells were stained with DAPI (4=,6-diamidino-2-phenylindole). Fluorescence was observed under a fluorescence microscope. For all graphs, results are shown
as means and SD. Significance was assessed using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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expressing cells, whereas cotransfection of NS3 recovered some expression of GFP,
suggesting that NS3 cleaved miR-466d-3p to block the miRNA function (Fig. 4I). Our
data indicated that IL-1� was a possible target of miR-466d-3p, which was also a
negative regulator of JEV replication.

NS3 helicase activity blocks the silencing function of miR-466d-3p. JEV NS3 has
been identified as an RNA helicase that “unwinds” dsRNA (2). Transactivating response
RNA-binding protein and Argonaute 2 contain several dsRNA-binding domains, which
help dsRNA fragments go into the RISC to target mRNA (38, 39). We hypothesized that
host pre-miRNAs might also be unwound into a single-strand RNA by NS3, in which the
RISC could not recognize the single-strand fragment or target mRNA. In vitro unwinding
assays revealed that a synthesized pre-miR-466d-3p containing a hairpin structure (Fig.
5A, top) was unwound into a single-strand RNA in a dose-dependent manner (Fig. 5B,
lane 2 to lane 5). We used an in vitro degradation assay to determine whether NS3
could unwind the miR-466d-3p mimic directly, like endogenous host miRNAs. NS3
unwound the synthetic double-stranded miR-466d-3p mimic (Fig. 5A, bottom) into a
single strand in a dose-dependent manner (Fig. 5C, lane 2 to lane 5).

We wondered if unwound miRNA could continue to be transported into the RISC
and execute the normal function of RNA silencing with host mRNA. Fragments of
unwound miR-466d-3p mimic and pre-miR-466d-3p were recycled with TRIzol reagent
after the in vitro unwinding assay. After transfection with the unwound miR-466d-3p
mimic, expression of mature miR-466d-3p was similar to that in the negative-control
group, indicating that the unwound miR-466d-3p mimic was unstable in host cells (Fig.
5D). mRNA expression and protein secretion of IL-1� did not decrease after transfection
of the unwound miR-466d-3p mimic, with or without JEV infection (Fig. 5E and F). Our
data demonstrated that NS3 of JEV contributed to miR-466d-3p dysfunction in host
cells.

NS3 has a specific binding affinity with pre-miRNA. Many viral suppressors of
RNA silencing (VSRs) have been reported to block RNA interference (RNAi) by binding

FIG 5 NS3 helicase activity blocks the silencing function of miR-466d-3p. (A) Schematic of the synthetic double-
stranded pre-miR-466d-3p mimic and double-stranded miR-466d-3p mimic. The sequence of miR-466d-3p in
pre-miR-466d-3p is highlighted in boldface italics. (B and C) The synthetic double-stranded pre-miR-466d-3p and
double-stranded mimic of miR-466d-3p were unwound by purified NS3 generated from NA cells. The FLAG-tagged
NS3 was expressed in NA cells and purified with an affinity gel. The indicated concentrations of NS3 (0, 50, 150, and
250 �g/ml) were incubated with 20 pmol of pre-miR-466d-3p mimic (B) or miR-466d-3p mimic (C). After 2 h of
incubation at 37°C, the pre-miR-466d-3p mimic or miR-466d-3p mimic was determined by 10% native polyacryl-
amide gel electrophoresis. (D) The miR-466d-3p mimic and pre-miR-466d-3p mimic were degraded after unwinding
with NS3. After 24 h of transfection, total RNA of NA cells was used to quantify the relative expression of
miR-466d-3p (versus the negative control) by qRT-PCR. (E and F) Unwinding of the miR-466d-3p mimic by NS3
reduced IL-1� expression. (E) Total RNA of NA cells was used to quantify the relative expression of IL-1� (versus the
negative control) by qRT-PCR. (F) Supernatants of NA cells were used to determine IL-1� expression by ELISA. For
all graphs, results are shown as means and SD.

miRNA Degradation by JEV NS3 Journal of Virology

August 2020 Volume 94 Issue 15 e00294-20 jvi.asm.org 9

https://jvi.asm.org


siRNA or miRNAs (40, 41). Several ribonucleoproteins create posttranscriptional regu-
latory networks that are mediated by RPIs, and some computational models help
identify RPIs and predict the RNA- and protein binding sites (42–45). We assessed
whether the binding ability of miRNAs was required for NS3-induced miRNA degrada-
tion using the RPISeq Web server (http://pridb.gdcb.iastate.edu/RPISeq/) (43). RPISeq
calculated a random forest (RF) for the indicated miRNAs between the NS proteins of
JEV to evaluate the RPI. The probability threshold of RF used for positive RPIs was �0.5,
and the values of pre-miRNAs or mature miRNAs that interacted with NS3 were �0.5.
The mean RFs of NS3 with pre-miRNA and mature miRNA were 0.675 and 0.69,
respectively, significantly higher than those of all other JEV proteins (Fig. 6A).

We confirmed the in silico analysis using an RIP assay with a FLAG-fused protein to
identify the binding affinity of NS3 and miRNA. The fold enrichment of NS protein over
pcDNA 3.1 was used to determine the RIP value (see Materials and Methods for details).
NS3 had a significantly higher pre-miRNA (i.e., miR-466d-3p, miR-199a-5p, miR-674-5p,
miR-574-5p, and miR-467a-3p) binding affinity than pcDNA 3.1 (Fig. 6B). In contrast to
NS3, the miRNA-binding ability of NS4A was similar to that of pcDNA 3.1. However,

FIG 6 NS3 binds specifically with pre-miRNA. (A) The binding affinities of pre-miRNA and mature miRNA of the
indicated NS proteins of JEV were predicated with a Web server named RPISeq (http://pridb.gdcb.iastate.edu/
RPISeq/), and the RF calculated by RPISeq was used to evaluate the RPI. The probability threshold of RF used for
positive RPIs was �0.5. (B) Expression of pri-, pre-, and mature miRNAs of miR-466d-3p, miR-199a-5p, miR-674-5p,
miR-574-5p, and miR-467a-3p was selected to determine the binding affinity between NS3 and miRNA by RIP. NA
cells were transfected with the plasmid encoding FLAG-tagged NS3, NS4A, or pcDNA 3.1, and the FLAG-tagged
proteins were purified on an affinity gel after 48 h of transfection. After purification, total RNA on the FLAG-tagged
protein was used to quantify the relative binding affinity of the indicated pri-, pre-, and mature miRNAs (versus the
pcDNA 3.1 control) by qRT-PCR. The fold change of each RIP reaction from qRT-PCR data was calculated as follows:
fold enrichment � 2(�ΔΔCT [experimental/pcDNA 3.1]), where ΔΔCT [experimental/pcDNA 3.1] � ΔCT [experimental] � ΔCT

[pcDNA 3.1] and ΔCT � CT [RIP] � [CT [input] � log2(input/RIP dilution factor)]. (C) The pre-miR-466d-3p mimic and
NS3 were colocalized in NA cells. After 48 h of transfection, the CY3-labeled miR-466d-3p mimic and NS3 stained
with fluorescein isothiocyanate (FITC) in NA cells were detected by fluorescence microscopy. The images are
representative of the results of three independent experiments. For all graphs, results are shown as means and SD.
Significance was assessed using Student’s t test. *, P � 0.05.
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contrary to these in silico analyses, the RIP assay revealed that the binding ability of
pre-miR-466d-3p on NS3 was 9-fold more than that for miR-466d-3p, and there was no
significant difference in binding affinity between NS3, pcDNA 3.1, and NS4A (Fig. 6B).
Furthermore, a CY3-labeled miR-466d-3p mimic colocalized with NS3 expression in the
cytoplasm of NA cells (Fig. 6C). However, the miR-466d-3p mimic was evenly distributed
in NA cells without NS3 expression. These results indicated that NS3 was bound
specifically to pre-miRNA and that its binding ability may be essential for miRNA
degradation.

NS3-mediated miRNA degradation is dependent on arginine-rich motifs (ARMs).
Computational methods have been used to predict the amino acid binding sites of PRIs.
However, sequence-based predictors usually have high sensitivity but low specificity;
conversely, structure-based predictors tend to have high specificity but low sensitivity
(44). To combine the advantages of the two methods, we used four types of software
(RPISeq, aaRNA, Pprint, and PRIdictor) to predict the RPI binding sites of NS3 (analysis
available online) (42–45). The RNA-binding sites on the NS3 protein of JEV were
analyzed using a Protein Data Bank (PDB) format of NS3 (PDB entry 2Z83) with aaRNA
(http://sysimm.ifrec.osaka-u.ac.jp/aarna/). Four arginines (R202, R226, R388, and R464)
on NS3 had higher scores (�0.5) than all other amino acid sites (data not shown).
Furthermore, Pprint (http://www.imtech.res.in/raghava/pprint/) and PRIdictor (http://
bclab.inha.ac.kr/pridictor) predicted that R202, R226, or R464 was located in the heli-
case region of NS3, which has high miRNA-binding ability. Similarly, previous studies
have reported that arginine is a stronger RNA-binding amino acid than other amino
acids (46). Interestingly, almost all amino acid (aa) 202, 226, or 464 sites are arginine on
the NS3 protein of Flavivirus, but not on that of Hepacivirus or Pestivirus (Fig. 7A).
Sequence alignment (Fig. 3G) confirmed that only Flavivirus species had reduced
miRNA expression. When these arginine sites were mutated into other amino acids, the
binary propensity (data analyses by aaRNA) or RF value (data analyses by RPISeq) of
R202W, R226G, and R464Q decreased sharply (Fig. 7B and C). We constructed three
mutant substitution vectors of NS3 named R202W, R226G, and R464Q to confirm the in
silico analyses. The mutants or parent plasmids were used to investigate the role of
miRNA-binding affinity in inducing miRNA turnover in NA cells by RIP analyses and
miRNA expression. Compared with pcDNA 3.1, the mutants of NS3 were also bound
specifically to pre-miR-466d-3p (Fig. 7C), and the pre-miR-466d-3p binding abilities of
R226G and R202W were significantly lower than that of wild-type NS3 (Fig. 7D).
Furthermore, R226G and R202W, but not R464Q, reduced miR-466d-3p degradation
significantly (Fig. 7E). Thus, the arginine sites at positions 202 and 226 of NS3 contrib-
uted to pre-miRNA binding and promoted miRNA degradation.

Arginine mutations at NS3 positions 202 and 226 of P3 reduce viral replication
and pathogenicity. To test whether the Arg202 ¡ Trp202 or Arg226 ¡ Gly226
mutation alone was responsible for the effect on viral replication, miRNA expression, or
viral pathogenicity, we introduced mutations in JEV strain P3 using site-directed
mutagenesis. The mutant viruses were named P3-NS3(R202W) and P3-NS3(R226G) (Fig.
8A). T replaced A at nt 4531 in the P3-NS3(R202W) genome. G replaced C at nt 4,603
in P3-NS3(R226G) (Fig. 8B). The growth curves of P3-NS3(R202W) and P3-NS3(R226G)
were lower than those of the parental JEV strain P3 in NA cells (Fig. 8C). miR-466d-3p
expression was measured at 48 hpi in NA cells at an MOI of 0.1, and P3 showed a
decrease in miR-466d-3p expression compared with that of P3-NS3(R202W) or P3-
NS3(R226G) (Fig. 8D). These results indicated that Arg202 and Arg226 in NS3 were
essential for suppression of JEV-mediated miRNA expression and viral replication.

The pathogenicity of P3-NS3(R202W) and P3-NS3(R226G) was evaluated in C57BL/6
mice via different inoculation routes. We injected (intramuscularly [i.m.]) 4-week-old
mice with 103 focus-forming units (FFU) of the indicated JEV. For 21 days, we observed
the development of clinical symptoms of JEV infection (limb paralysis and encephalitis).
Survival was evaluated using a log-rank (Mantel-Cox) test. Significantly more mice
infected with P3-NS3(R202W) (50%) and P3-NS3(R226G) (40%) survived the challenge
than mice infected with parental P3 (0%) (Fig. 8E). Intracerebral inoculation with 102
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FFU of mutant or P3 JEV induced death in all the mice, but the average day of death
for mice infected with P3-NS3(R202W) and P3-NS3(R226G) was significantly later than
that for parental P3 (Fig. 8F). In mice that succumbed to JEV, viral titers reached �103

PFU/ml [P3, 104 PFU/ml; P3-NS3(R202W), 103 PFU/ml; P3-NS3(R226G), 103.25 PFU/ml],
and JEV was not found in the brains of survivors (Fig. 8G). These results supported the
importance of Arg202 and Arg226 in NS3 for viral pathogenicity.

DISCUSSION

Increasing numbers of studies have shown that miRNAs play an important part in
the replication and propagation of viruses, including defense against pathogenic viral
infections and promotion of viral replication through complex regulatory pathways
(47). In the early steps of viral infection, innate virus detection sensors of host cells, such
as pathogen recognition receptors, recognize a wide spectrum of pathogens and
activate downstream antiviral pathways that include miRNAs (48). However, the de-
fense function of host miRNAs can be counteracted by VSRs that inhibit host antiviral
responses by interacting with the critical components of cellular RNA-silencing ma-
chinery or participating in host RNA degradation (47, 49). Recent studies have sug-
gested that JEV infection can regulate functional miRNAs (16–21). Several scholars have
examined the host biogenesis regulating miRNA during viral infection, but relatively
little is known about miRNA regulation by JEV. Given the importance of miRNA in
establishing JEV infection, we explored the interplay between JEV and host miRNAs.

An intriguing finding of our study was that JEV globally decreased expression of

FIG 7 NS3-mediated miRNA degradation is dependent on arginine-rich motifs. (A) Phylogenetic tree and alignment based on the full-length NS3 sequences
of 37 Flaviviridae strains. The phylogenetic tree was deduced from a full-length alignment of NS3 sequences from the indicated viruses using the
neighbor-joining method as implemented in MEGA7 (left). Phylogenetic analysis of 37 NS3 gene nucleotide sequences from Flaviviridae included the JEV
vaccine strain SA-14-14-2 (GenBank accession number M55506.1), a lineage II WNV strain (GenBank accession number M12294.2), Dengue virus serotype 1
isolate TM100 (GenBank accession number KU666942.1), Dengue virus serotype 2 isolate TM26 (GenBank accession number KU666944.1), Zika virus strain MR
766 (GenBank accession number AY632535.2), classical swine fever virus strain C (GenBank accession number Z46258.1), hepatitis C virus QC69 subtype 7a
(GenBank accession number EF108306.2), and bovine viral diarrhea virus type 1 isolate MA_101_05 (GenBank accession number LT968777.1). (Right) Alignment
of amino acid sequences of NS3 proteins of 37 Flaviviridae. The three conserved amino acids are highlighted in yellow, and arginine is indicated with a blue
spot. (B and C) RNA-binding sites on NS3 were predicted with aaRNA and PRIdictor. (B) The sequences of these predicted RNA-binding sites were changed to
another amino acid as indicated, and we evaluated the RNA-binding affinity by binary propensity. (C) After changing all three amino acid sites (R202W, R226G,
and R464Q), the probability threshold of RF was evaluated. The probability threshold of RF used for positive RPIs was �0.5. (D) The pri-, pre-, and mature
miR-466d-3p binding affinities of the substitution mutant of NS3 were determined by the RIP assay. Three substitution mutant vectors of NS3 named R202W,
R226G, and R464Q were constructed by overlap extension PCR. After 48 h of transfection, FLAG-tagged NS3 was purified with affinity gel, and total RNA on
NS3 was used to quantify the relative binding affinity of pre-miR-466d-3p (versus the pcDNA 3.1 control) by qRT-PCR. The fold change of each RIP reaction from
qRT-PCR data was calculated as follows: fold enrichment � 2(�ΔΔCT [experimental/pcDNA 3.1]). (E) Relative analyses of miR-466d-3p expression in NA cells transfected
with the indicated expression plasmids. After 48 h of transfection, total RNA from NA cells was used to quantify the relative expression of miR-466d-3p (versus
the pcDNA 3.1 control) by qRT-PCR. For all graphs, results are shown as means and SD. Significance was assessed using Student’s t test. *, P � 0.05; **, P � 0.01.
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host miRNA independently of Dicer or the RISC. We demonstrated that JEV NS3 could
unwind pre-miR-466d and induce miR-466d-3p dysfunction. We also observed that
miR-466d-3p degradation could enhance JEV replication. Taken together, these results
suggest a role for miRNA degradation in enhancement of JEV replication. Similarly,
poly(A) polymerase of VACV and the 3= UTR of MCMV degrade host miRNA via different
mechanisms (28, 30). Although this is the first report of a link between degradation of
host miRNA and JEV infection, several studies have reported a role of miRNA machinery
in the replication of flaviviruses, especially DENV and Kunjin virus (33, 50). Some
analogous systems in the degradomes of bacteria and exosomes of eukaryotes have
revealed that RNA helicases are involved in RNA degradation (51, 52). Similarly, JEV
helicase seems to be involved in degrading host miRNA.

FIG 8 The changes at NS3 positions 202 and 226 of P3 affect viral replication and pathogenicity. (A) Schematic of construction of pMW219-P3, P3-NS3(R202W),
and P3-NS3(R226G). (B) Viral genome RNAs isolated from NA cells infected with P3-NS3(R202W) and P3-NS3(R226G) were used as templates to carry out RT-PCR
and sequencing. (C) Multistep growth curves of pMW219-P3, P3-NS3(R202W), and P3-NS3(R226G) in NA cells. NA cells were infected with the indicated viruses
at an MOI of 0.1, and the virus titers in infected cell supernatants were determined at 1, 2, 3, 4, and 5 dpi. (D) Relative analyses of miR-466d-3p expression in
NA cells transfected with the indicated expression plasmids with or without JEV infection. After 48 h of transfection/infection, total RNA from NA cells was used
to quantify the relative expression of miR-466d-3p (versus the pcDNA 3.1 control) by qRT-PCR. (E and F) Four-week-old C57BL/6 mice were inoculated with 103

FFU of the indicated virus (i.m.) (E), and 1-day-old C57BL/6 mice were inoculated with 102 FFU of the indicated virus intracerebrally (F). Survival was observed
for 21 days; the asterisks indicate that the differences between survival curves was significant using the log rank (Mantel-Cox) test (***, P � 0.001; *,
0.01 � P � 0.05). (G) Virus titers in the brains of dead and surviving mice inoculated with the indicated virus by the intramuscular or intracerebral route. For
all graphs except survivorship analysis, results are shown as means and SD. Significance was assessed using Student’s t test. *, P � 0.05.
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How did JEV evolve an miRNA degradation process during viral infection in the CNS?
There are two possible reasons why the JEV infection-induced global degradation of
host miRNA might promote viral infection and replication. First, the host cell miRNA
binds to miRNA-binding sites of viral genomes to influence viral function (53, 54).
Consistent with this phenomenon is our observation that restoration of miR-466d-3p
expression during JEV infection reduces viral replication. Conversely, the virus-induced
degradation of host miRNA blocks the cleavage of the viral genome and viral proteins.
Second, changes in expression of host miRNA could also lead to enhanced antiviral
effectors, resulting in reduced viral replication (16, 55). However, some viral infections
mediate the degradation of host miRNAs, leading to downstream changes in the host
transcriptome that can benefit virus replication and pathogenicity (30). Our hypotheses
were also confirmed with NS3 proteins of other flaviviruses, including Zika virus, which
could reduce miR-466d-3p expression, resulting in enhanced inflammation.

Eubacteria, archaebacteria, and eukaryotes have developed dedicated pathways and
complexes to check the accuracy of RNAs and “feed” undesired RNA into exoribonu-
cleases to degrade the RNA. Furthermore, these complexes usually contain adaptor
proteins, such as RraA (a regulator of RNase E and DEAD box helicases), RhlB (a DEAD
box RNA helicase) (51), Ski2-like RNA helicases (52, 56), and Suv3 RNA helicase (57). In
addition to RNA degradation, Up-frameshift protein 1 (UPF1) helicase can dissociate
miRNAs from their mRNA targets and promote miRNA degradation by Tudor
staphylococcal/micrococcal-like nuclease (58). P68 helicase promotes unwinding of the
human let-7 microRNA precursor duplex, which helps let-7 microRNA load into the
silencing complex. p72 (DDX17) interacts with the Drosha-containing microprocessor
complex and facilitates processing of a subset of pri-miRNAs in the nucleus and
miRNA-guided mRNA cleavage (59). Although the host helicase may initially seem to
benefit only the processing and immune systems of a cell, multiple studies have shown
that viral helicase promotes viral replication and disrupts the immune system. The NS3
proteins of flaviviruses can unwind double-stranded DNA or RNA, which were not
produced by flaviviruses themselves (2, 60). Similarly, we observed that NS3 of JEV
could reduce exogenously constructed ds-miRNA mimics and disable an miRNA mimic.

Some single mutations of amino acids in arginines R538, R225, and R268 of DENV
affect DENV replication (61, 62). Another study reported that the Asp285 ¡ Ala
substitution of the JEV NS3 protein abolished ATPase and RNA helicase activities (2).
Furthermore, the helicase domains of NS3 induce neuron apoptosis (63, 64). These
findings suggested that NS3, particularly the helicase domain, contributes to the
efficient replication of flaviviruses. We used miRNA deep sequencing to investigate the
details of NS3 involvement in miRNA degradation. Subtype sequence analysis of
miR-466d-3p during JEV infection and NS3 overexpression showed that the percentage
of incorrect splicing products of mature miRNA was higher than normal. Furthermore,
in vitro unwinding assays demonstrated that NS3 could unwind pre-miR-466d-3p and
induce miRNA dysfunction. However, the molecular mechanism of miRNA degradation
after unwinding by NS3 has yet to be determined.

We showed that the arginine molecules of NS3 were critical for host pre-miRNA
binding and promoted global miRNA turnover in the host. We constructed three
arginine variants of NS3 that had single amino acid substitutions on R202W, R226G, and
R464Q which reduced the pre-miRNA-binding affinity of NS3 and abrogated miRNA
degradation. Interestingly, these sites were located in the helicase region of NS3,
spanning the protein sequence of NS3 from positions 163 to 619. Similar to our
findings, several proteins containing ARMs are known to bind RNA and are involved in
regulating RNA processing in viruses and cells. For example, the ARM of lambdoid
bacteriophage N protein and the human immunodeficiency virus type 1 (HIV-1) Rev
protein bind RNAs and regulate RNA transport and splicing (65, 66). Four single-amino-
acid substitutions of arginine on the HIV-1 Rev protein strongly decreased RNA-binding
ability. Our results extend the function of flavivirus helicases beyond that of unwinding
duplex RNA to regulate miRNA pathways by decay of pre-miRNAs—a new mechanism
for helicases. We suggest that the helicases of flaviviruses may be able to regulate
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various cellular miRNAs as part of a general viral response to overcome host defense
mechanisms. Furthermore, we consider investigations of JEV helicase in miRNA degra-
dation during viral propagation to be important for the development of efficacious
vaccines and antiviral drugs.

MATERIALS AND METHODS
Cells, viruses, and reagents. The mouse microglial cell line BV2, the mouse neuroblastoma cell line

NA, and the mouse brain endothelial cell line bEnd.3 were gifts from Huazhong Agricultural University
(Wuhan, China). The cell lines were maintained in RPMI 1640 medium (Thermo Fisher, Boston, MA, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) at 37°C in an atmosphere
of 5% CO2. The Syrian baby hamster kidney cell line BHK-21 was a gift from Huazhong Agricultural
University. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (high glucose;
Thermo Fisher) containing 10% FBS. The human neuroblastoma cell line SK-N-SH was a gift from
Huazhong Agricultural University. The cells were cultured in minimum essential medium (MEM) (Thermo
Fisher) containing 10% FBS.

The P3 strain of JEV was propagated in suckling BALB/c mice (purchased from Vital River Laboratories,
Beijing, China) as described previously (37). Briefly, 1-day-old suckling mice were inoculated with 10 �l of
viral inoculum via the intracerebral route. When moribund, mice were euthanized, and brains were
removed. A 10% (wt/vol) suspension was prepared by homogenizing the brains in DMEM and centrif-
ugation at 10,000 � g for 5 min to remove cellular debris. The brain suspension was passed through
sterile filters (pore size, 0.22 �m; Millipore, Bedford, MA, USA) and subpackaged at �80°C until use. DRB
[5,6-dichloro-1-(�-D-ribofuranosyl) benzimidazole] and ivermectin were purchased from Apexbio (Hous-
ton, TX, USA).

miRNA and mRNA microarray analyses. Total RNA was isolated from mouse brains with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and quantified using a 2100 Bioanalyzer (Agilent Technologies,
Wilmington, DE, USA). miRNA and mRNA microarray hybridization was carried out by the Shanghai Bio
Analysis System (Shanghai, China) with 8,000-by-15,000 Agilent mouse microRNA microarrays (Agilent
Technologies) and 4,000-by-44,000 Agilent whole-mouse genome oligonucleotide microarrays (Agilent
Technologies), respectively. Data analyses were undertaken using GeneSpring GX (Agilent Technologies).
miRNA was designated as being expressed significantly if expression in JEV infection was �1.5-fold
compared with that in the control group. mRNAs that caused significant changes (�2.0-fold; P � 0.05) by
JEV infection in mouse brains were clustered using GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment tools (Shanghai Bio Analysis System).

Usually, there were hundreds of target genes for each miRNA. We used three miRNA target prediction
databases: TargetScan (67), miRDB (68), and microRNA (69). The integrative analysis of miRNAs and
mRNAs allowed us to predict the major target of miRNAs with decreasing expression. To accurately
elucidate the correlation between the pattern of mRNA expression and miRNA-targeted regulation,
miRNA expression files were measured with mRNA microarrays to predict the miRNAs with major
decreasing expression in mouse brains. First, 41 miRNAs (with a threshold of �2.0-fold change; P � 0.01)
were identified from the miRNA expression files, and these miRNA-targeted mRNAs were compared to
the mRNA expression profiles to find the common mRNAs. Using the common genes as “seeds,” a
protein-protein interaction network was constructed to discover the core gene of the miRNA target.
Forty-two interacting proteins with 177 interactions (enrichment of protein-protein interaction; P � 1.015)
were retrieved from the STRING database (70). The k-means clustering algorithm was applied to
segregate the network of interacting proteins into different subgroups.

RNA sequencing. Total RNA was extracted from cultured NA cells using a total-RNA extractor kit
(B511311; Sangon Biotech, Shanghai, China) according to the manufacturer’s protocols. RNA (2 �g) from
each sample was used for library preparation according to the instructions in the VAHTS mRNA-seq V2
library prep kit for Illumina (San Diego, CA, USA). The 3= adapter (TGGAATTCTCGGGTGCCAAGGAACTC)
and 5= adapter (GUUCAGAGUUCUACAGUCCGACGAUC) were ligated to each end of total-RNA samples.
Then, the adapter-ligated products were reverse transcribed with an RNA RT primer (5=-GCCTTGGCACC
CGAGAATTCCA) and library amplified by PCR using standard Illumina primers (5=-phosphate/AATGATA
CGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGACGATC-3= phosphate/) and a primer con-
taining barcode sequences. The amplified cDNA constructs were separated on 12% polyacrylamide gels,
and 140- to 150-bp bands were excised. The library fragments were purified with an AMPure XP system
(Beckman Coulter, Beverly, MA, USA). PCR products were purified (AMPure XP system), and library quality
was assessed on a Bioanalyzer 2100 (Agilent Technologies). Then, the libraries were quantified and
pooled. The paired-end sequencing of the library was done on HiSeq XTen sequencers (Illumina). FastQC
v0.11.2 (Babraham Institute, Cambridge, United Kingdom) was used for evaluating the quality of the
sequenced data. Raw reads were filtered with Trimmomatic v0.36 according to protocols. The remaining
“clean” data were used for further analyses. Gene expression of the transcripts was computed with
StringTie v1.3.3b. Principal-component analysis (PCA) and principal-coordinates analysis (PCoA) were
carried out to reflect the distance and difference between samples. Transcripts per million (TPM)
eliminates the influence of gene lengths and sequencing discrepancies to enable direct comparison of
gene expression between samples. DESeq2 v1.12.4 was used to determine differentially expressed genes
(DEGs) between two samples.

Analyses of mature miRNA and its isomiRs with miRDeep2. Expression profiling of miRNAs was
done by means of miRDeep2 (www.mdc-berlin.de/rajewsky/miRDeep) as described previously (32). The
miRDeep2 software package identifies miRNAs in small-RNA deep-sequencing data. miRDeep2 can
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convert raw sequencing reads to FASTA files and can make the data useful for downstream analysis.
miRDeep2 consists of a series of scripts that make use of other software, such as the short-read aligner
Bowtie and the prediction tool for RNA secondary structure RNA fold from the Vienna RNA package.
Before mapping to the reference genome, we used a mapper module to remove the adapter (TGGAA
TTCTCGGGTGCCAAGGAACTC) and redundant sequences. All reads were aligned to the mouse miRNA
miRBase to quantify the differential expression of all known miRNAs. The results of miRDeep2 show the
number of reads that map to natural sequences, the precursor-miRNA secondary structure, and a density
plot of reads mapped to the precursor. Based on the reads mapped to the precursor, we analyzed the
abundance of miRNA isoforms (isomiRs). Finally, we calculated the RPM expression value for one (71).
MicroRNA counts within each sample were normalized to RPM values by adding a pseudocount of one
to each microRNA, dividing by the total number of reads that aligned to all microRNA loci within that
sample, multiplying by 106, and then applying a log2 transformation. The RPM data for all samples are
available upon request.

Plaque assay. JEV was titrated on the BHK-21 cell line by a viral plaque formation assay as described
previously (20). A monolayer of BHK cells was cocultured with JEV (a serial 10-fold dilution prepared in
DMEM without FBS) at 37°C. After 2 h of incubation, DMEM containing 3% FBS and 4% sodium
carboxymethyl cellulose (Sigma-Aldrich, Saint Louis, MO, USA) was added to the cells, and the cells were
cultured for 5 days until the appearance of visible plaques. The cells were fixed with 10% formaldehyde
overnight, followed by staining with crystal violet for 2 h. Visible plaques were counted, and viral titers
were calculated. The data were expressed as means of triplicate samples.

siRNA, miRNA mimic, or miRNA inhibitor transfection. Mouse miR-466d-3p mimics, inhibitors,
mimic controls, and negative controls were purchased from GenePharma (Beijing, China). The sequences
of the mimics, inhibitors, mimic controls, and control oligonucleotides were as follows: miR-466d-3p
mimics, 5=-UAUACAUACACGCACACAUAG-3= (forward) and 5=-AUGUGUGCGUGUAUGUAUAUU-3= (re-
verse); mimic negative controls, 5=-UUCUCCGAACGUGUCACGUTT-3= (forward) and 5=-ACGUGACACGUU
CGGAGAATT-3= (reverse); miR-466d-3p inhibitor, 3=-CUAUGUGUGCGUGUAUGUAUA-5=; inhibitor negative
control, 3=-CAGUACUUUUGUGUAGUACAA-0.5=. All miRNA mimics (1.5 �mol/well), inhibitors (1.5 �mol/
well), and controls (3 �mol/well) were transfected into BV2 cells or NA cells (106 cells/well) in 12-well
plates using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. The JEV
protein siRNA and nontargeting control (NC) siRNA were purchased from GenePharma (Beijing, China),
and the sequences of the siRNAs are available upon request. All the siRNAs (0.5 �mol/well) were
transfected into NA cells (106 cells/well) in 12-well plates using Lipofectamine 3000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Viral infection. BV2 cells, NA cells, or bEnd.3 cells were seeded in 12-well plates (106 cells/well). Until
growth to 80% confluence, the cells were incubated with serum-free medium or JEV at an MOI of 0.1 at
37°C for 2 h. After discarding unbound virus and medium, the cells were cultured in RPMI 1640 with 10%
FBS, 1% penicillin-streptomycin liquid at 37°C in an atmosphere of 5% CO2 for 48 h. The cells and
supernatants were collected 48 hpi.

RNA isolation and qRT-PCR. Total RNA of cells was isolated with TRIzol reagent (Thermo Fisher)
according to the manufacturer’s recommendations and used for qRT-PCR in a 7500 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) as described previously. For mRNA evaluation and to obtain
cDNA, total RNA (1 �g) was reverse transcribed using a PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa Biotechnology, Shiga, Japan). IL-1� mRNA expression in NA cells was quantified with a SYBR
green quantitative-PCR (qPCR) kit (TaKaRa Biotechnology) using gene-specific primers according to the
manufacturer’s instructions. Amplification was undertaken at 95°C for 30 s, 95°C for 5 s, and 60°C for 34
s, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min, 95°C for 30 s, and 60°C for 15 s. IL-1� expression
was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the 2�ooCT

method as described previously (72). For miRNA expression, a specific stem-loop structure was added to
the 5= ends of the reverse-transcribed primers of all miRNAs. Pri-miRNA, pre-miRNA, and mature miRNA
expression of cells was quantified with the SYBR green qPCR kit using miRNA sequence-specific primers.
Amplification was done at 95°C for 30 s, 95°C for 5 s, and 60°C for 34 s, followed by 40 cycles of 95°C for
15 s, 60°C for 1 min, 95°C for 30 s, and 60°C for 15 s. Relative expression of microRNAs was normalized
to that of U6, determined by the 2�ooCT method as described previously (17). PCR primers for
amplification of DNA inserts were ordered from Huada (Beijing, China), and the sequences are available
upon request.

ELISA. The culture supernatants of the experimental group and control group cells or brain tissue
lysates were collected and stored at �80°C. Protein expression of IL-1� in cell cultures or mouse brain
tissue lysates was determined using ELISA kits (eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions.

Western blotting. Cells were lysed with RIPA lysis and extraction buffer (Thermo Scientific). Protein
expression was measured with an enhanced bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich).
Extracts that contained 25 �g of total protein were subjected to SDS-PAGE using 10% gels. Protein blots
were transferred to nitrocellulose membranes after electrophoresis. The nitrocellulose membranes were
washed with Tris-buffered saline and Tween 20 (TBST) and blocked in 5% skim milk at 4°C overnight.
Primary antibodies were prepared at a dilution of 1:1,000 in 1% bovine serum albumin (BSA) in 1�
phosphate-buffered saline with Tween 20 (PBST), followed by mixing with horseradish peroxidase-
conjugated secondary antibodies (Sigma-Aldrich) for 1 h at room temperature. The blots were detected
with enhanced chemiluminescence reagent (Thermo Scientific) and developed by exposure in the Tanon
5200 imaging system (Tanon Science and Technology, Beijing, China) using Tanon MP software.
�-Tubulin was the internal control.
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RIP. RIP was carried out as described previously (73) with slight modification. Briefly, NA cells were
transfected with FLAG-tagged NS3, FLAG-tagged NS2B, or FLAG-tagged pcDNA 3.1 plasmid for 48 h. Cells
(107) expressing FLAG fusion protein were harvested with 2.5% trypsin and resuspended in 5 ml of
phosphate-buffered saline (PBS). Then, 143 �l of 37% formaldehyde was added to the resuspension to
cross-link for 10 min on a shaker, and 685 �l of 2 M glycine was used to block the formaldehyde. The cells
were washed twice with 5 ml of ice-cold PBS and centrifuged for 2 min at 400 � g to collect the cell
pellet. Then, 1 ml of CelLytic lysis buffer (Sigma-Aldrich) containing 20 �l of 0.1 M phenylmethylsulfonyl
fluoride, 20 �l of a protease inhibitor cocktail (Sigma-Aldrich), and 5 �l of 40 U/�l RNase inhibitor
(Invitrogen) was added to the cells. The cells were kept on ice and sonicated for 2 min (on for 10 s, off
for 10 s; amplitude, 15 �m) until the lysate was clear. The lysate was centrifuged for 3 min at 14,000 � g
to collect the supernatant. Each 1 ml of cell lysate was added to 40 �l of anti-FLAG M2 affinity gel
(Sigma-Aldrich) at 4°C for 4 h on a shaker at 10 rpm. The next step was centrifugation of the resin for 30
s at 8,200 � g and supernatant removal. After the resin had been washed thrice with 0.5 ml of TBS, total
RNA was extracted with TRIzol reagent and analyzed by RT-qPCR.

The fold change of each RIP reaction from RT-qPCR data was calculated by the 2�ooCT method as
described previously with minor modification (74) (the formulas are shown below). The cycle threshold
(CT) value of each specimen (FLAG-tagged NS3, FLAG-tagged NS2B, or non-FLAG-fused blank pcDNA 3.1)
was normalized to that of the input RNA to eliminate possible differences in preparation of RNA samples
(ΔCT). To obtain ΔΔCT, the normalized experimental RIP fraction (ΔCT) was normalized to the nonspecific
background as an internal control (ΔCT normalized to the pcDNA 3.1 sample). Finally, ΔΔCT [experimen-
tal/pcDNA 3.1] was undertaken with linear conversion to calculate the fold enrichment. The formulas are
as follows: ΔCT � CT [RIP] � [ΔCT [input] � log2 (input/RIP dilution factor)]; ΔΔCT [experimental/pcDNA
3.1] � ΔCT [experimental] � ΔCT [pcDNA 3.1]; fold enrichment � 2�ΔΔCT [experimental/pcDNA 3.1].

Construction of mutant NS3 plasmids. The plasmid encoding FLAG-tagged E, C, PrM, NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 cDNA clones in pcDNA 3.1(	) eukaryotic expression plasmid (Addgene
catalog number V790-20) was flanked by KpnI ribozyme and XbaI ribozyme sequences as described
previously (75). The amino acid residues at R202W, R226G, and R464Q of NS3 in the SA strain were
swapped individually or together by overlap extension PCR as described previously. PCR primers for
amplification of the DNA inserts were ordered from Huada, and the sequences are available upon
request. Briefly, in a PCR, 1 �l of full-length NS3 gene cDNA was mutated and amplified with 20 �M each
202, 226, or 464 site mutation forward and reverse primers and 20 �M each JEV-NS3 forward and reverse
primers using PrimeStar GXL DNA polymerase (TaKaRa Biotechnology) according to the manufacturer’s
instructions. The size of the PCR products was 1.86 kb, and the products were purified with a gel
purification kit. The PCR mixture was heated at 94°C for 2 min, followed by 35 cycles of amplification at
98°C for 10 s, 55°C for 30 s, and 68°C for 1 min 45 s and a final extension at 68°C for 10 min. All NS3
fragments with FLAG tags that included amino acid mutations and NS3 cDNA vectors were digested with
the enzyme set KpnI and XbaI (Thermo Scientific). Following digestion, the NS3 fragments with FLAG tags
and NS3 cDNA vectors were ligated together at an approximate molar ratio of 1:3 using a DNA ligation
kit (TaKaRa Biotechnology) according to the manufacturer’s instructions.

Northern blotting. A sensitive, nonradioactive Northern blotting method to detect miRNAs was
employed as described previously (76). Briefly, total RNA of cells was extracted using RNAiso Plus (TaKaRa
Biotechnology) according to the manufacturer’s instructions, eluted in RNase-free water, and stored at
�80°C. Total RNA (20 �g) was separated on a denaturing 10% polyacrylamide-8 M urea gel. Then, the
RNA was transferred to a nylon membrane (Solarbio Life Sciences, Beijing, China) in a semidry transfer
cell (Bio-Rad Laboratories, Hercules, CA, USA) for 30 min at 250 mA. The nylon membrane was blocked
and hybridized to DIG-labeled miR-466d-3p and pre-miR-466d-3p probes synthesized by Sangon Biotech
(77) and washed. The miR-466d-3p probe sequence was 5=-CTATGTGTGCGTGTATGTATA-DIG-3=. The
pre-miR-466d-3p probe sequence was 5=-DIG-CCTGTGTGTGTGTGTGCGTGCGTATCTATGTGTGCGTGTATG
TATATGTATATTCATATACACACATGTACATGTACGCACACACAAACACACATG-3=. CDP-Star chemilumines-
cent substrate (Sigma-Aldrich) was used for luminescence detection. The nylon membrane was exposed
to the Tanon 5200 imaging system (Tanon) using Tanon MP software at room temperature and analyzed
using Image-Pro plus 6 (Media Cybernetics, Rockville, MD, USA).

Construction of recombinant virus cDNA clones and virus rescue. The full-length cDNA clone
pMW219-P3 (pMW219 is a vector derived from pBR322) was kindly provided by Shengbo Cao (State Key
Laboratory of Agricultural Microbiology, Huazhong Agricultural University). The full-length cDNA clone
pMW219-P3 was flanked by a T7 promoter at the 5= end and poly(A) at the 3= end. The amino acid
residues at R202W and R262G of NS3 in the P3 strain were swapped individually with a Fast Mutagenesis
System kit (TransGen Biotech, Beijing, China). Briefly, in a PCR, 10 ng of full-length cDNA was mutated and
amplified with 200 �M each 202 or 226 site mutation forward and reverse primers (P3-R202W and
P3-R226G) according to the manufacturer’s instructions. PCR primers for amplification of DNA inserts
were ordered from Huada, and the primer sequences were as follows: P3-R202W(	), 5=-GGG AAA ACC
TGG AAA ATT CTG CCA C-3=, and P3-R202W(�), 5=-CAG AAT TTT CCA GGT TTT CCC TGA A-3=;
P3-R226G(	), 5=-GTG TTG GCA CCG ACG GGG GTG GTA G-3=, and P3-R226G(�), 5=-GCT ACC CCC GTC
GGT GCC AAC A-3=. The PCR mixture was heated at 94°C for 2 min, followed by 35 cycles of amplification
at 98°C for 10 s, 55°C for 30 s, and 68°C for 5 min and a final extension at 68°C for 10 min. The size of the
PCR products was 15,231 bp, and the products were purified with a GeneJET gel extraction kit (Thermo
Fisher Scientific). Rescue of the infectious virus was carried out as described previously (78). Parental
pMW219-P3 and mutant full-length cDNA were cotransfected with T7 RNA polymerase into VERO E6 cells
using Lipofectamine 3000 (Life Technologies). Five days posttransfection, the supernatants were col-
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lected and used to infect BHK cells. The recombinant viruses were passed twice, and virus stocks were
titrated by plaque assays.

Ethics statement. Experimental infection studies were carried out in strict accordance with the
Guide for the Care and Use of Laboratory Animals published by the Monitoring Committee of Hubei
Province, China. The study protocol was approved by the Scientific Ethics Committee of Huazhong
Agricultural University (Hzaumo-2015-018). All efforts were made to minimize animal suffering.

Statistical analyses. Experiments were carried out at least thrice and elicited similar results. The data
generated were analyzed using Prism 5 (GraphPad, San Diego, CA, USA). For all tests, a P value of �0.05
was considered significant.

Data availability. Transcriptome-sequencing (RNA-seq) data have been deposited in the Sequence
Read Archive (SRA) under accession number PRJNA616441. The data for mRNA microarrays and miRNA
microarrays have been deposited in the Gene Expression Omnibus (GEO) with accession number
GSE148031.
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