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MicroRNA-15b Modulates Japanese Encephalitis Virus—
Mediated Inflammation via Targeting RNF125

Bibo Zhu,*"* Jing Ye,*™* Yanru Nie,*"* Usama Ashraf,*" Ali Zohaib,*"
Xiaodong Duan,*’m Zhen F. Fu,*’m’§ Yunfeng Song,*’*’fF Huanchun Chen,*’“t and
Shengbo Cao*"'*

Japanese encephalitis virus (JEV) can target CNS and cause neuroinflammation that is characterized by profound neuronal damage
and concomitant microgliosis/astrogliosis. Although microRNAs (miRNAs) have emerged as a major regulatory network with pro-
found effects on inflammatory response, it is less clear how they regulate JEV-induced inflammation. In this study, we found that
miR-15b is involved in modulating the JEV-induced inflammatory response. The data demonstrate that miR-15b is upregulated
during JEV infection of glial cells and mouse brains. In vitro overexpression of miR-15b enhances the JEV-induced inflammatory
response, whereas inhibition of miR-15b decreases it. Mechanistically, ring finger protein 125 (RNF125), a negative regulator of
RIG-I signaling, is identified as a direct target of miR-15b in the context of JEV infection. Furthermore, inhibition of RNF125 by
miR-15b results in an elevation in RIG-I levels, which, in turn, leads to a higher production of proinflammatory cytokines and type I
IFN. In vivo knockdown of virus-induced miR-15b by antagomir-15b restores the expression of RNF125, reduces the production of
inflammatory cytokines, attenuates glial activation and neuronal damage, decreases viral burden in the brain, and improves sur-
vival in the mouse model. Taken together, our results indicate that miR-15b modulates the inflammatory response during JEV
infection by negative regulation of RNF125 expression. Therefore, miR-15b targeting may constitute an interesting and promising

approach to control viral-induced neuroinflammation. The Journal of Immunology, 2015, 195: 2251-2262.

mune defense against host invasion by microbial pathogens

(1). It is a protective process by the body to ensure clear-
ance of detrimental stimuli. However, an excessive inflammatory
response to overwhelm pathogens can be fatal (1). Japanese en-
cephalitis virus (JEV) is an ssRNA virus belonging to the genus
Flavivirus of the Flaviviridae family (2). JEV-induced encephalitis
is the most prevalent viral encephalitis in the Asia-Pacific region of
the world (3). Approximately, 35,000-50,000 cases of Japanese
encephalitis are reported annually in Asia, with 10,000 deaths;
nearly half of the survivors suffer from permanent neuropsychiatric
sequelae (4, 5). Japanese encephalitis is characterized by profound

r I \ he inflammatory response constitutes an important im-
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neuronal damage along with substantial activation of glial cells,
including microglias and astrocytes (6). During infection, JEV tar-
gets the CNS and generates a rapid inflammatory response, result-
ing in increased levels of cytokines, such as TNF-o, IL-6, IL-1f3,
MCP-1, and RANTES, in the cerebrospinal fluid. The increased
levels of inflammatory mediators appear to play a protective role or
to initiate an irreversible immune response leading to neuronal
death (7). Microglias and astrocytes are the resident immune cells in
the CNS and represent critical effectors of CNS inflammation (8, 9).
It was reported that microglias and astrocytes can be directly in-
fected by JEV and act as a reservoir for the virus (8, 10). The
production of various proinflammatory mediators has been impli-
cated in the process of activation of microglias and astrocytes fol-
lowing JEV infection (6, 8, 11). However, the regulation of JEV-
induced CNS inflammation is not well documented.

MicroRNAs (miRNAs) are noncoding, tiny (~22 nt) RNAs that
play a crucial role in posttranscriptional gene regulation by tar-
geting 3’ untranslated regions (UTRs), which results in transla-
tional tuning, repression, or degradation (12). Their regulatory
potential is vast: as many as 60% of all mRNAs are predicted to be
regulated by miRNAs to some extent (13). The role of miRNAs
has been widely studied in the regulation of a broad spectrum of
cellular processes, including proliferation and differentiation,
cancer, apoptosis, and viral infections (14-17). Recently, these
small RNAs also were found to be involved in the TLR and RIG-I
signaling pathways of the innate immune system (18). In addition,
miR-146a, miR-21, and miR-155 are regarded as regulators of
IFN signaling and inflammatory responses at multiple levels (19—
21). TLR4-mediated activation of NF-kB induces a negative
feedback by upregulating miR-21 and miR-146, which ultimately
dampen TLR-induced signaling and cytokine expression (22). In
contrast, miR-155 shows anti- and proinflammatory effects by
regulating TAB2 and SOCSI, respectively (23, 24). Although these
miRNAs are associated with fine-tuned inflammatory responses,
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miRNA-mediated regulation of neuroinflammation during viral in-
fection has not been investigated in detail.

miR-15b belongs to the miR-15/16 family, and the miR-15b/16-
2 cluster is highly conserved among mammalian species (25).
miR-15b is widely expressed and plays diverse roles in different
tissues and cell types. This miRNA was found to be highly
expressed in hepatocellular carcinoma (26) and other tumors (27),
indicating the potential importance of miR-15b in cancers. miR-
15b also was shown to play very important roles in the regulation
of cell proliferation and apoptosis by targeting cell cycle proteins
and Bcl-2 protein (28, 29). In hepatocytes, miR-15b promotes
hepatitis B virus (HBV) replication by directly targeting HNFla,
whereas HBV replication represses the expression of miR-15b
(30). In addition, miR-15b is involved in the expansion and dif-
ferentiation of neural progenitor cells through cooperation with
TET3 (31). In this study, miR-15b was found to regulate JEV-
induced inflammation. It is demonstrated that virus-mediated
induction of miR-15b increases RIG-I expression by direct sup-
pression of ring finger protein 125 (RNF125), resulting in the
aggravation of JEV-induced production of inflammatory media-
tors. In vivo treatment of JEV-infected mice with antagomir-15b
alleviates overall neuroinflammation and improves survival. To
the best of our knowledge, this is the first study to elucidate the
role of miR-15b as a regulator of JEV-induced inflammation
through the targeting of RNF125.

Materials and Methods

Reagents

Abs against RNF125, GAPDH, RIG-I, NF-kB p65, and Lamin A were
purchased from Abclonal Technology (Wuhan, China). Abs against
phospho-IRF3 and IRF3 were obtained from Cell Signaling Technology
(Beverly, MA). HRP-conjugated anti-mouse/rabbit secondary Abs (Boster,
Wuhan, China) were used. Abs against the NS5 protein of JEV were
prepared as previously described (32). Hsa—miR-15b mimics (dsRNA
oligonucleotides), inhibitors (single-stranded oligonucleotides chemically
modified by 2'-Ome), and control oligonucleotides were commercially
synthesized by GenePharma (Shanghai, China). Their sequences are as
follows: hsa-miR-15b mimics, sense: 5'-UAGCAGCACAUCAUGGUU-
UACA-3’, antisense: 5'-UAAACCAUGAUGUGCUGCUAUU-3’; mimics
control, sense: 5'-UUCUCCGAACGUGUCACGUTT-3', antisense: 5'-A-
CGUGACACGUUCGGAGAATT-3'; hsa—miR-15b inhibitors, 5'-UGUA-
AACCAUGAUGUGCUGCUA-3"; and inhibitors control, 5'-CAGUA-
CUUUUGUGUAGUACAA-3'. Cholesterol-conjugated and chemically
modified mmu—miR-15b inhibitors (antagomir-15b) were synthesized by
GenePharma. The sequence of antagomir-15b is 5'-UGUAAACCAUGAU-
GUGCUGCU A,-Chol-3". The subscript “s” represent a phosphorothioate
linkage, and “Chol” represents cholesterol linked through a hydroxyprolinol
linkage. All nucleotides are 2'-Ome modified.

Constructs and plasmids

The psiCheck-2 dual-luciferase reporter vector (Promega) harboring the 3’
UTR of RNF125, which was inserted into the Xhol and Notl restriction
sites 3 to the end of the Renilla gene, was used to check the effect of
miR-15b on Renilla activity. The 3’ UTR of RNF125 was amplified from
HeLa cell genomic DNA with the specific primers (forward: 5'-CCC-
TCGAGCCTTGGACAAGTCTCGTAA-3' and reverse: 5'-TTGCGGCC-
GCTCGTGCCTAACCATGATG-3"). The psiCheck-2 mutant RNF125 3’
UTR construct was generated by introducing a point mutation with
overlap-extension PCR (33). The following primers were used for overlap-
extension PCR: forward: 5'-ATTTAAGATGGACGTTGAACAAATGG-
GAGGGAAG-3' and reverse: 5'-CATTTGTTCAACGTCCATCTTAA-
ATGGTGCAATTC-3'. To construct the RNF125 expression vector, the
coding regions were amplified from cDNA derived from HeLa cells by PCR
using the primers forward, 5'-CCCTCGAGATGGGCTCCGTGCTGAGC-
ACC-3' and reverse, 5'-GCTCTAGATTATGTGGTGTTCGAGTGATTCA-
CAT-3" and cloned into pCDNA4 to yield pCDNA-RNF125. To generate
RNF125 expression constructs with wild-type (WT) and mutated 3" UTRs, the
3’ UTR and mutated 3’ UTR were cloned into pCDNA-RNF125 to yield
pCDNA-RNF125-3" UTR WT and pCDNA-RNF125-3" UTR mutant. All
constructs were verified by sequencing.

miR-15b MODULATES JEV-INDUCED INFLAMMATION

RNA interference

Small interfering RNAs (siRNAs) and the control siRNA were purchased
from GenePharma. siRNAs were used to knock down human RNF125 (5’-
CCGUGUGCCUUGAGGUGUU-3") (34) and RIG-I (5'-GAGGUGCA-
GUAUAUUCAGG-3') (35), as well as mouse RNF125 (5'-CAGUCACA-
CUUUGUUUUAU-3") and RIG-I (5'-GCCCAUUGAAACCAAGAAA-3")
(36). The nonspecific control siRNA sequence used was 5'-UCCUCC-
GAACGUGUCACGU-3'. Transfection was performed with Lipofectamine
2000. Cells were transfected with 50 nM each siRNA.

Virus titration

The JEV WT strain P3 used in this study was propagated in suckling mouse
brain. The titer of virus was determined by plaque assay on BHK-21 cells, as
previously described (37).

Cell culture and treatment

BV-2 cells (mouse microglia cell line), U251 cells (human astrocytoma cell
line), and HeLa cells (American Type Culture Collection) were cultured and
maintained in DMEM supplemented with 10% heat-inactivated FBS, 100
U/ml penicillin, and 100 pg/ml streptomycin sulfate at 37°C in 5% CO,.
BV-2 cells or U251 cells were plated in six-well plates (6 X 10° cells/well)
and grown to 80% confluence. Cells were subsequently transfected with
plasmids and/or RNAs using Lipofectamine 2000 (Invitrogen), according
to the manufacturer’s instructions. After 24 h, the cell medium was re-
moved and the cells were infected with medium or JEV (multiplicity of
infection [MOI] of 5) for the indicated times.

miRNA target prediction

Putative miRNA target genes were identified using an miRNA database
(http://www.mirbase.org/) and target prediction tools: PicTar (http://pictar.
mdc-berlin.de/), TargetScan (http://www.targetscan.org/), RNAhybrid (http://
bibiserv.techfak.uni-bielefeld.de/rnahybrid/), and MicroCosm (http://www.
ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/).

3" UTR luciferase reporter assays

U251 cells were cotransfected with 100 ng psiCheck-2 RNF125 3" UTR
luciferase reporter plasmid or psiCheck-2 mutant RNF125 3’ UTR lucif-
erase reporter plasmid, along with miR-15b mimics, inhibitors, or controls
(final concentration, 50 nM). After 24 h, the cells were collected and
assayed for reporter activity using the Dual-Luciferase Reporter System,
following the manufacturer’s instructions.

JEV infection and antagomir administration

Adult BALB/c mice (8 wk old) were purchased from the Hubei Provincial
Center for Disease Control and Prevention (Wuhan, China). For miR-15b
detection in mouse brain, mice were injected i.p. with 10° PFU JEV P3
strain in 200 wl PBS. The remaining mice were sacrificed on day 6 or day 23
postinfection, and brain samples were collected as described previously (38).
For the antagomir studies, mice were randomly assigned to three groups:
group 1, control group (PBS); group 2, the JEV-infected and antagomir
control-treated group (JEV+Ctrl); and group 3, the JEV-infected and antagomir-
15b—treated group (JEV-+antagomir). Mice in groups 2 and 3 were in-
oculated intracranially with 200 PFU JEV P3 strain in 20 pl PBS (39),
whereas mice in group 1 were injected intracranially with an equal volume
of PBS. Twenty-four hours postviral infection, mice in groups 2 and 3 were
administered antagomir control or antagomir-15b (60 mg/kg body weight,
i.v.) on two consecutive days (40—42). After 5 d, mice infected with JEV
developed signs of viral encephalitis; they were euthanized, and brain
samples were collected for further studies. The remaining mice were mon-
itored daily to assess behavior and mortality. All animal experiments were
performed in accordance with the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals, and the experimental protocols
were approved by the Research Ethics Committee of the College of Veter-
inary Medicine, Huazhong Agricultural University (No. S02914040M).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from treated cells or mouse brain tissue with
TRIzol reagent (Invitrogen), according to the manufacturer’s instruc-
tions, and 1 g RNA was used to synthesize cDNA with a first-strand
cDNA synthesis kit (TOYOBO, Osaka, Japan). Quantitative real-time
PCR (qRT-PCR) analysis was performed using a 7500 Real-time PCR
System (Applied Biosystems) and SYBR Green PCR Master Mix
(TOYOBO). Data were normalized according to the level of B-actin ex-
pression in each sample (43). Primers were as follows: human RNF125
forward, 5'-AGACAGGTGGTAGGCAAGTAGG-3' and reverse, 5'-AACAA-
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GAGCATTGGAGCAGATT-3'; human RIG-I forward, 5'-TTCCCA-
CAAGGACAAAAG-3' and reverse, 5'-GCCTGTAACTCTATACCCAT-3';
human IFN-B forward, 5'-TGCTCTGGCACAACAGGTAG-3' and reverse,
5'-AGCCTCCCATTCAATTGCCA-3'; human ISG15 forward, 5'-ACAGC-
CATGGGCTGGGA-3" and reverse, 5'-GATCTGCGCCTTCAGCTCT-3';
human ISG56 forward, 5'-AGCTTACACCATTGGCTGCT-3' and reverse, 5'-
CCATTTGTACTCATGGTTGCTGT-3"; human OASI forward, 5'-CTG-
GATTCTGCTGGCTGAAAG-3' and reverse, 5'-CTGGAGTGTGCTGGG-
TCTATG-3'; human MxA forward, 5'-GGGCTTTGGAATTCTGTGGC-3',
and reverse, 5'-CCTTGGAATGGTGGCTGGAT-3'; human B-actin forward,
5'-AGCGGGAAATCGTGCGTGAC-3" and reverse, 5'-GGAAGGAAG-
GCTGGAAGAGTG-3'; mouse RNFI125 forward, 5'-CCGTGTTCATTC-
TGGCTTAGA-3' and reverse, 5'-GCCTGTGTCGTGTCTCTTCC-3’; mouse
IFN-B forward, 5'-AACTCCACCAGCAGACAGTG-3' and reverse, 5'-
GGTACCTTTGCACCCTCCAG-3'; mouse ISG15 forward, 5'-AGCAAT-
GGCCTGGGACCTAAA-3" and reverse, 5'-CAGACCCAGACTGGAA-
AGGG-3'; mouse ISG56 forward, 5'-ACCATGGGAGAGAATGCTGATG-3’
and reverse, 5'-TGTGCATCCCCAATGGGTTC-3’; mouse OAS1 forward, 5'-
CTCTAAAGGGGTCAAGGGCA-3’ and reverse, 5'-TCTCTCATGCTGAA-
CCTCGC-3'; mouse MxA forward, 5'-TCATCAGAGTGCAAGCGAGG-3'
and reverse, 5'-GGCTGTCTCCCTCTGATACG-3'; and mouse B-actin for-
ward, 5'-CACTGCCGCATCCTCTTCCTCCC-3’ and reverse, 5'-CAA-
TAGTGATGACCTGGCCGT-3'".

To quantify miR-15b levels, we used a commercial All-in-One miRNA
qRT-PCR detection kit (GeneCopoeia). Briefly, 2 g total RNA was used as
the template and reverse transcribed using a miR-15b—specific stem-loop
primer (5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGACTGTAAA-3"). The resulting cDNA was subjected to qRT-
PCR with a forward primer (5'-AGCAGCACATCATGGTTTAC-3") and
reverse primer (5'-GTGCAGGGTCCGAGGT-3’). Similarly, U6 small
nuclear RNA was quantified using its reverse primer (5'-ATGGAAC-
GCTTCACGAAT-3") for the reverse-transcription reaction and its forward
primer (5'-TCGGCAGCACATATACTAA-3’) and reverse primer for qRT-
PCR. Amplification consisted of 2 min at 50°C and 5 min at 95°C, fol-
lowed by 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 s. The
relative level of miR-15b was normalized to that of internal control U6
small nuclear RNA within each sample using the 27A4C method (43).

Western blotting

Total cellular lysates or mouse brain tissues lysates were generated by lysing
cells in radioimmunoprecipitation assay buffer containing protease and
phosphatase inhibitors (Roche, Mannheim, Germany). Protein concen-
trations were measured with a BCA Protein Assay Kit (Thermo Scientific).
SDS-PAGE was performed, followed by protein transfer to polyvinylidene
fluoride membranes using a Mini Trans-Blot Cell (Bio-Rad). Blots were
probed with relevant Abs, and detection of proteins was conducted using
ECL reagent (Thermo Scientific).

ELISA

The culture supernatants were collected from treated cells at the indicated
time points and stored at —80°C. The protein levels of TNF-a, IL-13, IL-6,
CCL2, IL-12p70, and CCLS in cell cultures or mouse brain tissue lysates
were measured with ELISA kits (eBioscience), following the manu-
facturer’s instructions.

H&E and immunohistochemical staining and TUNEL assay

Treated mice were anesthetized with ketamine-xylazine (0.1 m1/10 g body
weight) and perfused with PBS, followed by 4% paraformaldehyde. Brain
tissues were removed and embedded in paraffin for coronal sections. The
sections were used for H&E and immunohistochemical (IHC) staining and
TUNEL assays, as described previously (38). For IHC staining, sections
were incubated overnight at 4°C with primary Abs against ionized calcium
binding adapter molecule 1 (IBA-1; Wako, Osaka, Japan) or glial fibrillary
acidic protein (GFAP; Dako, Glostrup, Denmark). After washing, slides were
incubated with appropriate secondary Abs and washed, and diaminobenzidine
(Vector Laboratories) was used for color development. For TUNEL, an In
Situ Cell Death Detection Kit (Roche) was used, according to the manu-
facturer’s instructions.

Statistical analysis

All experiments were repeated at least three times with similar results.
Analyses were conducted using GraphPad Prism 5 (GraphPad Software, San
Diego, CA). Results are expressed as mean *= SD. Data were compared
with two-way ANOVA, with subsequent ¢ tests using a Bonferroni posttest
for multiple comparisons, or with a Student ¢ test. For all tests, p < 0.05
was considered significant.
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Results
Upregulation of miR-15b upon JEV infection

To determine the effect of JEV infection on the miRNA profile,
a comprehensive deep-sequencing analysis of astrocyte U251
cells challenged with JEV was performed. Deep-sequencing data
revealed that a group of miRNAs was differentially expressed
upon JEV infection. Among these miRNAs, miR-15b was found
to be significantly upregulated (>2-fold) following viral infec-
tion, and it was expressed at high levels in cells (data not shown).
Because miR-15b was reported to be involved in chemokine- and
cytokine-mediated inflammation pathways (44), it was selected
for further characterization during JEV infection. Further vali-
dation of miR-15b expression patterns upon viral infection was
analyzed in JEV-infected U251 cells using qRT-PCR. The results
revealed that miR-15b levels were significantly elevated in a
time- and dose-dependent manner (Fig. 1A, 1B). Furthermore,
the expression of miR-15b in JEV-infected microglial cells (BV-
2) was analyzed, which also showed significant time- and dose-
dependent upregulation (Fig. 1C, 1D). We also investigated the
expression of miR-15b in JEV-infected mouse brain samples.
The results were similar to those observed in JEV-infected cell
lines (Fig. 1E). These results strongly demonstrate that miR-15b
expression is upregulated after JEV infection.

Effects of miR-15b on JEV-triggered inflammatory cytokine
production

JEV-associated encephalitis is characterized by activation of resident
glial cells and excessive production of inflammatory cytokines, which
contributes to neuronal death (6, 45). To investigate whether miR-15b
could affect the JEV-triggered inflammatory response, its effect on
the regulation of inflammatory cytokine production after JEV
challenge was assessed. First, the effects of synthetic miR-15b
mimics and inhibitors on the expression of miR-15b were evaluated.
miRNAs mimics are dsSRNAs that are synthesized to simulate nat-
urally occurring mature miRNAs, whereas inhibitors are chemically
modified antisense ssSRNAs that block the activity of endogenous
miRNAs by complementarity. miRNA mimics and inhibitors can
change the abundance of the physiological miRNAs. As expected,
transfection of miR-15b mimics increased miR-15b levels signifi-
cantly in mock- or JEV-infected U251 cells and BV-2 cells at 36 h
postinfection, whereas miR-15b inhibitors reduced its levels
(Fig. 2A, Supplemental Fig. 1A). In addition, the effects of miR-15b
mimics and inhibitors on miR-15b levels were miR-15b specific,
because no effect was observed on the levels of other miRNAs, such
as miR-155 or miR-16-2 (data not shown). Interestingly, certain
cytokines of JEV-associated neuroinflammation, including TNF-a,
IL-1B, IL-6, CCLS, IL-12p70, and CCL2 (46), were significantly
upregulated by the introduction of miR-15b mimics in both U251
cells (Fig. 2B) and BV-2 cells (Supplemental Fig. 1B). In contrast,
the inhibition of endogenous miR-15b significantly decreased JEV-
triggered cytokine production (Fig. 2B, Supplemental Fig. 1B). We
further investigated the role of miR-15b in type I IFN and IFN-
stimulated gene (ISG) expression induced by JEV. Similar to its
effect on inflammatory cytokines, miR-15b increased JEV-induced
production of IFN-3, ISG56, OAS1, MxA, and ISG15 in both U251
cells (Fig. 2C, 2D) and BV-2 cells (Supplemental Fig. 1C, 1D).
Taken together, these data indicate that miR-15b is involved in the
regulation of JEV-induced inflammation. Further, we found that
treatment of miR-15b mimics or inhibitors did not show any antiviral
capacity in JEV-infected U251 cells or BV-2 cells, because the viral
load was equivalent to that in control cells (Fig. 2E, Supplemental
Fig. 1E). Therefore, regulation of the JEV-induced inflammatory
response by miR-15b was not due to changes in JEV replication.
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miR-15b targets RNF125

To understand the mechanism by which miR-15b regulates in-
flammation, the specific target of miR-15b was investigated further.
By using several public miRNA target-prediction algorithms (47—
49), RNF125, an important negative regulator of RIG-I, displayed
potential seed matches for miR-15b. To confirm the possibility that
RNF125 can be repressed posttranscriptionally by miR-15b, a lu-
ciferase reporter carrying a putative binding site along with a mu-
tant construct containing the miR-15b target sequence with 4 bp
mutations in the seed region were generated (Fig. 3A). A marked
reduction in luciferase levels was found in U251 cells cotransfected
with miR-15b mimics and wild-type RNF125 3" UTR luciferase
reporter plasmid, whereas significantly increased luciferase activity
was observed following application of miR-15b inhibitors at 24 h
posttransfection (Fig. 3B). Moreover, mutation of 4 bp in the miR-
15b target sequence led to a complete abrogation of the negative
effect of miR-15b on the expression of RNFI125 3" UTR reporter
constructs (Fig. 3B). These results indicate that the nucleotide se-
quence in the 3’ UTR of RNFI125 is a potential miR-15b targeting
site. To further validate RNF125 as a target of miR-15b, the ex-
pression of endogenous RNF125 was examined in U251 cells
treated with miR-15b mimics or inhibitors. As expected, the ectopic
expression of miR-15b significantly suppressed RNF125 protein
and mRNA levels (Fig. 3C), whereas the suppression of RNF125
could be restored in the presence of miR-15b inhibitors (Fig. 3D),
suggesting that RNF125 expression could be inhibited by miR-15b
via both translational repression and mRNA decay. Interestingly,
like most known and functionally established miRNA binding sites,
the miR-15b binding site within RNF125 3’ UTR was broadly
conserved, whereas the miR-15b sequence itself is also conserved
among vertebrates (Fig. 3E, 3F). Consistently, miR-15b also af-

fected endogenous RNF125 expression at both the mRNA and
protein levels in microglia BV-2 cells (Fig. 3G, 3H). Taken together,
these data suggest that RNF125 is a direct target of miR-15b, and its
expression is regulated by miR-15b.

miR-15b promotes RIG-I expression through suppression of
RNF125

Previous studies showed that RNF125, a ubiquitin ligase, targets
RIG-I for proteasomal degradation and, in turn, negatively reg-
ulates RIG-I signaling (34, 50, 51). To study the correlation be-
tween RNF125 and RIG-I during JEV infection, the expression
patterns of RNF125 and RIG-I were determined. Following JEV
infection, increased expression of RIG-I, as well as decreased
expression of RNF125, was observed in a time-dependent manner
(Fig. 4A). In contrast, the expression of RNF125 and RIG-I
remained unchanged in cells inoculated with UV-inactivated
JEV (Fig. 4A). These results, along with previous data, suggest
that the expression of miR-15b and RIG-I is inversely correlated
with RNF125 expression during JEV infection.

The repressive activity of miR-15b on its target, RNF125, becomes
physiologically relevant if it is able to sustain the expression of RIG-I
that is negatively modulated by RNF125. To test this hypothesis, the
expression of RIG-I in mock- or JEV-infected U251 cells pretreated
with miR-15b mimics or inhibitors was assessed. RIG-I expression
was upregulated when miR-15b was overexpressed, and it was re-
duced when miR-15b was depleted (Fig. 4B). To better understand
the role of miR-15b in RIG-I signaling, IRF3 and NF-kB activation
was analyzed with miR-15b mimic or inhibitor treatment. Trans-
fection of miR-15b mimics enhanced JEV-induced IRF3 phosphor-
ylation and NF-kB p65 nuclear translocation. In contrast, treatment
of cells with miR-15b inhibitors markedly attenuated the signals for
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IRF3 and NF-kB activation (Fig. 4B, 4C). These observations sug-
gest that miR-15b could enhance the expression level of RIG-I and
promote RIG-I signaling during JEV infection.

To further substantiate that miR-15b is involved in the regulation
of RIG-I via RNF125, U251 cells were cotransfected with miR-15b
mimics and RNF125 expression vector with WT or mutant 3" UTR,
and the expression of RIG-I was determined in both mock- and
JEV-infected cells. As shown in Fig. 4D, overexpression of miR-
15b enhanced the levels of RIG-I in cells transfected with WT
RNF125, whereas RNF125 with mutant 3 UTR decreased miR-
15b responsiveness. A similar enhancement of JEV-induced acti-
vation of IRF3 and NF-kB by miR-15b was observed in cells
overexpressing RNF125 with WT 3’ UTR. However, when ec-
topically introduced, RNF125 with mutant 3’ UTR rescued miR-
15b-mediated activation of IRF3 and NF-kB (Fig. 4D, 4E).

To establish the proteasome-mediated disintegration of RIG-I via
RNF125, RIG-I protein and mRNA were detected in cells transfected
with RNF125, followed by MG132 (a proteasome inhibitor) treatment.
As illustrated in Fig. 4F, RIG-I expression was reduced in cells
transfected with RNF125. When cells were treated with MG132, the
level of RIG-I expression was partially restored (Fig. 4F). However,
mRNA levels of RIG-I remained unchanged (Fig. 4F). Next, we
examined whether miR-15b could inhibit degradation of RIG-I. As
shown in Fig. 4G, knockdown of endogenous miR-15b by specific
inhibitors reduced the levels of RIG-I, but this effect was reverted

when cells were treated with MG132 (Fig. 4G). These results suggest
that miR-15b inhibitors reduce the levels of RIG-I through protea-
somal degradation. Therefore, there is a specific relationship between
miR-15b and RIG-I during JEV infection: miR-15b-mediated
RNF125 repression leads to positive regulation of RIG-I signaling.

miR-15b regulates JEV-induced inflammatory cytokine
expression via targeting RNFI125

To determine whether the observed effects of miR-15b on inflam-
matory cytokine production in response to JEV infection were
mediated, at least in part, through RNF125, we analyzed the effects
of overexpression of RNF125 with intact or mutant 3’ UTR in U251
cells and BV-2 cells. The results showed that the addition of miR-
15b mimics increased JEV-triggered production of TNF-a, IL-1p3,
IL-6, CCLS, IL-12p70, and CCL2 in U251 cells and BV-2 cells
transfected with RNF125 harboring the WT 3" UTR plasmid. Of
note, miR-15b—-mediated proinflammatory effects were abrogated
by overexpressed RNF125 with mutated 3" UTR in U251 cells and
BV-2 cells (Fig. 5A, Supplemental Fig. 2A). However, treatment of
miR-15b mimics did not change the viral load in U251 cells and
BV-2 cells overexpressing RNF125 (Fig. 5B, Supplemental Fig.
2B). To further verify the role of RNF125 in the JEV-induced in-
flammatory response, the effects of silencing RNF125 expression
by siRNA were analyzed in U251 cells and BV-2 cells. Knockdown
of RNF125 significantly increased the JEV-induced production of
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FIGURE 3. miR-15b directly targets RNF125. (A) Schematic diagram showing 3’ UTR of RNF125 luciferase reporter constructs containing the putative
miR-15b binding site. The alignment of miR-15b and its target site in the 3’ UTR of RNF125 are shown below. Four mutated nucleotides of the target site
are indicated in bold italic type. (B) U251 cells were transfected with miR-15b mimics, miR-15b inhibitors, or their control oligonucleotides along with
a WT or mutated RNF125 3" UTR luciferase reporter plasmid and assessed for luciferase activity at 24 h after transfection. Data are presented as relative
Renilla luciferase activities normalized to the value of firefly luciferase. Similar results were obtained in three independent experiments. (C and D) U251
cells were transfected with miR-15b mimics or inhibitors for 48 h. RNF125 protein levels and mRNA levels were measured by Western blotting and qRT-
PCR, respectively. Similar results were obtained in three independent experiments. (E) Alignment of RNF125 3’ UTR from different species for the miR-
15b binding region. (F) Alignment of miR-15b seed sequence from different species. (G and H) BV-2 cells were transfected with miR-15b mimics, miR-15b
inhibitors, or their control oligonucleotides for 48 h. The levels of RNF125 mRNA and RNFI125 protein were determined. In all experiments, control
oligonucleotides were used as a transfection control. Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, Student ¢ test.

inflammatory cytokines, which produce effects similar to those of
miR-15b overexpression. In line with previous data, JEV-induced
expression of TNF-a, IL-1[3, IL-6, CCLS, IL-12p70, and CCL2 was
decreased by anti-miR-15b. Importantly, silencing of RNF125
rescued the suppressive effect of anti-miR-15b on these cytokines
(Fig. 5C, Supplemental Fig. 2C). JEV replication was repressed by
knockdown of RNF125, but this effect was not changed in the
presence of anti-miR-15b in U251 cells (Fig. 5D) or BV-2 cells

(Supplemental Fig. 2D). These results suggest that silencing of
RNF125 phenocopied the proinflammatory effect of miR-15b and
counteracted the effect of anti-miR-15b.

Because RNF125 is a direct target of miR-15b, and RNF125
negatively regulates RIG-I signaling, we tested whether altering
the abundance of RIG-I influenced the effect of miR-15b on the
cytokine production induced by JEV. Knockdown of RIG-I in
cells expressing mimics control markedly reduced the cytokine
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production induced by JEV. More importantly, the miR-15b—
mediated proinflammatory effect was inhibited in cells transfected
with RIG-I siRNA (Fig. SE, Supplemental Fig. 2E). In addition,
treatment with RIG-I-specific siRNA led to an increase in viral
load, which was not affected by miR-15b (Fig. 5F, Supplemental
Fig. 2F). Collectively, these results demonstrate that virally in-
duced miR-15b regulates JEV-triggered cytokine production
through suppression of endogenous RNF125.

Antagomir-15b treatment regulates neuroinflammation and
lethality in JEV-infected mice

To characterize the role of miR-15b in JEV-induced encephalitis
in vivo, a mouse model of JEV infection was established. A
chemically modified antisense oligonucleotide specific for miR-15b
(antagomir-15b) was delivered to mice via tail vein injections at 24 h
post-JEV infection to silence endogenous miR-15b expression. This
chemically modified antagomir can cross the blood—brain barrier
into the CNS via i.v. routes, as described previously (40, 41). Mice
tolerated antagomir-15b well, without signs of illness or discomfort.
Five days postinfection, JEV-infected mice developed typical
symptoms, including restriction of movement, limb paralysis, and
marked ataxia. Mice were sacrificed, and brain tissues were col-
lected for further experiments.

Consistent with the in vitro data, brain samples from JEV-
infected mice showed a reciprocal correlation between miR-15b
levels and the expression of RNF125: higher miR-15b expres-
sion was associated with lower expression of RNF125 (Fig. 6A-C).
In JEV-infected mice, antagomir-15b treatment resulted in specific
inhibition of miR-15b expression (Fig. 6A) and reversed changes
in RNF125 expression (Fig. 6B, 6C). The expression of RNF125
was verified with IHC staining in the mouse brain (Fig. 6D).
Furthermore, we found that inflammatory cytokines, including IL-
1B, IL-6, and CCL2, were increased significantly after JEV-
infected mice were treated with the control antagomir, whereas
these cytokine levels were attenuated by antagomir-15b treatment
(Fig. 6E). Because inflammatory cytokines are responsible for the
cytotoxic and neuropathological conditions during JEV infection
(45, 52), reduced cytokine levels following antagomir-15b treat-
ment would be helpful for limiting neuronal death.

At day 5 postinfection, brain sections from mice challenged with
JEV or PBS were examined for pathological changes. Brains of
antagomir control-treated mice showed the typical histopathological
features of viral encephalitis, whereas pathological alterations were
alleviated by antagomir-15b treatment (Fig. 7A). Moreover, JEV in-
fection caused astrocytosis and microgliosis. An abnormal increase in
the number of astrocytes and microglias was detected by IHC
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FIGURE 5. Regulation of JEV-triggered inflammatory cytokine production by miR-15b is achieved through RNF125. (A and B) U251 cells were
cotransfected with miR-15b mimics and RNF125 expression vector with WT or mutant 3" UTR for 24 h and then infected with JEV. At 36 h postviral
infection, TNF-a, IL-13, IL-6, CCLS5, IL-12p70, and CCL2 secretion was detected by ELISA. The titers of infectious virus in the culture supernatants were
detected by plaque assay. (C and D) U251 cells were cotransfected with miR-15b inhibitors or inhibitors control and siRNA against RNF125 or nonspecific
control siRNA, as indicated, for 24 h and then infected with JEV. At 36 h postviral infection, cytokines and viral titers were determined by ELISA and
plaque assay, respectively. (E and F) U251 cells were transiently cotransfected with control or miR-15b mimics together with control siRNA or RIG-I
siRNA for 24 h. At 36 h postviral infection, the cytokines and viral titers were analyzed by ELISA and plaque assay, respectively. In all experiments, similar
results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

staining using GFAP and IBA-1. Plentiful star-shaped, activated
astrocytes were observed in the antagomir control-treated group,
whereas antagomir-15b treatment significantly downregulated astro-
cyte proliferation (Fig. 7B). Similarly, reactive microgliosis was de-
creased in the antagomir-15b—treated group (Fig. 7C). To determine
whether antagomir-15b could reduce neuronal damage, brain sections
were processed for TUNEL assay. The number of surviving cells was
increased significantly with antagomir-15b treatment in JEV-infected
mice compared with antagomir control-treated mice (Fig. 7D). These
results suggest that antagomir-15b treatment could reduce the acti-
vation of astrocytes and microglia and prevent neuronal death.
Based on reduced neuroinflammation in antagomir-15b-treated
JEV-infected mice, we next evaluated the potential of antagomir-
15b to protect against a lethal intracranial challenge with JEV. High
mortality was observed in mice that succumbed to JEV infection 6 d
postinfection (Fig. 7E). All mice in the PBS groups survived. JEV
challenge in the antagomir control treatment group resulted in
typical symptoms of viral encephalitis, and all mice died by the
sixth day. In contrast, administration of antagomir-15b protected
mice from early lethality (within 5 d postinfection), and 60% of
mice survived for the entire 23-d observation period (Fig. 7E). Due
to the difference in mortality between antagomir control treatment
and antagomir-15b treatment, viral titers in the brain were measured
by plaque assays. Brain homogenates from antagomir control—

treated mice revealed high levels of viral replication, whereas the
homogenates from antagomir-15b—treated mice showed lower lev-
els of viral titers (Fig. 7F). Taken together, the reduction in neu-
roinflammation and viral titers in antagomir-15b—treated mice could
explain the improved survival seen in JEV-infected mice. Thus, our
study demonstrates therapeutic efficacy for silencing of miR-15b by
antagomir-15b in JEV-induced neuroinflammation and lethality.

Discussion

Neuroinflammation with activation of glial cells and neural infiltration
of peripheral immune cells is a common feature of Japanese en-
cephalitis (6, 52). Following JEV invasion, glial cells play an essential
role in the immune response against pathogens; however, viral rep-
lication within glial cells leads to bystander neuronal death by se-
cretion of inflammatory mediators (6). miRNAs have emerged as
a major class of gene-expression regulators implicated in the immune
response during inflammation and/or infections (17, 18). Thus, in this
study, we aimed to address the role of miRNA-regulated pathways in
the JEV-induced neuroinflammation model. Recently, the roles of
miR-29b and miR-155 in microglial activation during JEV-induced
neuroinflammation were studied (42, 53, 54). In this study, we
demonstrated that miR-15b is stimulated both in vitro and in vivo,
and miR-15b regulates the inflammatory response following JEV
infection by targeting RNF125.
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FIGURE 6. Antagomir-15b treatment
restores RNF125 expression and attenuates
the production of inflammatory cytokines in
the JEV-infected mouse model. Mice were
treated with antagomir control or antagomir-
15b (60 mg/kg) after JEV infection, and
brain samples were collected at day 5
postviral infection. (A) The increase in miR-
15b expression was neutralized in JEV-in-
fected mice by administration of antagomir-
15b. (B and C€) Suppression of RNF125 was
restored by antagomir-15b injection in JEV-
infected mice. RNF125 mRNA and protein
levels were evaluated by qRT-PCR and
Western blotting, respectively. (D) RNF125
expression was evaluated using IHC staining
of brain sections from JEV-infected mice
treated with antagomir control, antagomir-
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miR-15b was found to be highly expressed in hepatocellular
carcinoma (26) and other tumors (27), indicating its potential
importance in cancers. miR-15b promotes HBV replication by
targeting HNFlo, and miR-15b expression in hepatocytes is
downregulated by HBV in the early stages of HBV infection (30).
In this study, modulation of JEV-induced inflammatory cytokine
production could be a novel function of miR-15b, suggesting that
the miRNA regulates tumor cell apoptosis, as well as regulates
inflammation and innate immune responses.

miRNAs function primarily by binding to the 3" UTR of target
mRNAs to achieve posttranscriptional regulation of gene expres-
sion (12). Several studies showed that miRNAs regulate genes
related to inflammatory pathways following JEV infection. miR-
29b is a potent regulator of JEV-induced neuroinflammation by
the targeting of TNFAIP3, a negative regulator of NF-«kB signaling
in microglia cells (54). miR-155 modulates the neuroinflammatory
response during JEV infection via negative regulation of SHIP1
expression (42). Consistently, we found that miR-15b also par-
ticipates in the JEV-associated inflammatory response. The mo-
lecular mechanisms by which miR-15b regulates inflammatory
cytokine production during JEV infection were explored in the
current study. Because miR-15b is overexpressed during JEV in-
fection, and miR-15b functions as a positive regulator of the in-
flammatory response, we hypothesize that miR-15b represses
important suppressors in inflammatory signaling. In this study, we
found that miR-15b directly targets RNF125, which was shown to
be a negative regulator of RIG-I signaling (34, 51). Our data
showed that miR-15b markedly inhibits RNF125 expression and

promotes the production of inflammatory cytokines by the regu-
lation of RNF125. Furthermore, RNF125 with mutated 3’ UTR
overexpression abrogated miR-15b—mediated proinflammatory
effects on JEV-treated glial cells, suggesting that RNF125 is
a target of miR-15b in the modulation of JEV-induced production
of inflammatory cytokines. Although we showed that RNF125 was
targeted by miR-15b to regulate the JEV-induced inflammatory
response, RNF125 is not the only target of miR-15b. Given that
RIG-I plays essential roles in JEV-induced inflammation (46, 55,
56), we focused our current study on miR-15b-regulated RIG-I
pathways. Further exploration of other potential targets of miR-
15b and more detailed mechanisms are required in future studies.

RIG-1, a cytoplasmic sensor for viral RNA, was shown to be
essential in the mediation of the proinflammatory response fol-
lowing JEV infection (46, 55, 56). Many proteins are known to
modify the RIG-I pathway and the subsequent cytokine signal
transduction (34, 51, 57, 58), but the role of miRNA-mediated
regulation is only beginning to emerge. Thus, the level of recep-
tor expression is the first and likely effective point at which
miRNAs exert their functions, but few studies have focused on the
regulation of RIG-I expression by miRNAs (18). In this study,
JEV infection induced miR-15b expression, and miR-15b in-
creased JEV-induced expression of RIG-I, coincident with en-
hanced IRF3 signaling and NF-kB signaling, by targeting
a regulon of RIG-I, RNF125. Therefore, we report the discovery
of a potentially new class of RIG-I regulators: miR-15b. In ad-
dition, knockdown of miR-15b decreased RIG-I expression, but
the negative effects of miR-15b inhibitors on RIG-I expression

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

2260

PBS

JEV+Ctrl

D TUNEL DAPI Merge

-- -
-- .

'

miR-15b MODULATES JEV-INDUCED INFLAMMATION

JEV + antagomir

E

100 .
= 80
2
>
5 60 §
w
g 40 - PBS
g - JEV+Ctrl
o 20 - JEV+antagomir
0
0 5 10 15 20 25

Days post-infection

F

PFU/mL (logyg)
(=]

&

JEV+Ctrl JEV+antagomir

-- JEV+antag°mir

FIGURE 7. Antagomir-15b treatment alleviates neuroinflammation and improves survival in JEV-challenged mice. (A) Antagomir-15b treatment
improves histopathological changes in mice caused by JEV. H&E staining of brain sections was performed to observe pathological changes. Scale bars,
50 pm. (B and C) Antagomir-15b treatment reduces astrocytosis and microgliosis. Sections of brain were analyzed by IHC staining. (B) Activation of
astrocytes was detected by anti-GFAP Ab. (C) Activation of microglia was detected by IHC staining with anti-IBA-1 Ab. Scale bars, 100 pm. (D)
Antagomir-15b treatment decreases neuronal damage. The apoptotic cells in the brain sections were stained using the TUNEL assay kit. Scale bars, 100 pwm.
The figures are a representative of three mice with similar results. (E) Antagomir-15b treatment improves survival. Survival of mice in each group was
monitored for 23 d after intracranial injection with JEV (200 PFU/mice). Data were collected and are shown as Kaplan—-Meier survival curves (n = 5 mice).
(F) Viral titers in brain isolated from mice treated with antagomir at day 5 post-JEV challenge were determined by plaque assay. The viral titers are shown

as log PFU/ml (n = 3 mice). *p < 0.05, Student unpaired ¢ test.

were restored by MG132 treatment, suggesting that miR-15b en-
hances RIG-I expression by targeting RNF125 during JEV in-
fection, which might be due to inhibition of RIG-I proteasomal
degradation through ubiquitination.

Given that miR-15b modulates JEV-induced IFN-f3, as well as
downstream ISG, mRNA expression, we investigated the biolog-
ical significance of virally induced miR-15b upregulation by
measuring JEV replication. Interestingly, we found that miR-15b
did not limit JEV replication in glial cells. Thounaojam et al. (42)
showed similar results: JEV-induced miR-155 increased TBK1,
IRF3/7, and NF-kB phosphorylation and IFN-3 expression, but it
did not alter the viral load following JEV infection. They also
reported that miR-29b has a proinflammatory role during JEV-
induced microglial activation. They observed nonsignificant
changes in viral load after transfection with anti-miR-29b or miR-
29b mimic compared with JEV alone (54). Additionally, miR-451
knockdown increased IFN-f3 production and a panel of ISG ex-
pression during influenza infection, but it did not impact dendritic
cell antiviral capacity (59). This observation might be explained by
the fact that the expression levels of IFN-f3 and ISGs induced by
miR-15b may not be enough to exert effects on JEV replication.
Another explanation for the observed viral replication phenotype is
that JEV may evade the cellular immune response; however, the
possibility needs to be addressed in our future studies.

It was reported that glial cells are activated during JEV invasion
(52), leading to the production of numerous inflammatory cyto-
kines, such as TNF-a, IL-1f3, IL-6, CCL2, and CCLS5. The in-
creased levels of inflammatory mediators initiate an irreversible
immune response, leading to neuronal cell death (52). Therefore,
suppression of the extensive inflammatory response could poten-
tially halt the progression of events, leading to mortality and
morbidity caused by JEV infection, and it seems to be a practical
and curative measure against JEV infection (38, 42, 60). In this
regard, a JEV-infected mouse model was established to validate
the effects of miR-15b in vivo. In JEV-infected mouse brain,
RNF125 showed a reciprocal expression pattern with miR-15b,
which further supports a functional interaction between mRNA
and miRNA in vivo. Antagomir-15b treatment in an early stage of
virus infection has inhibitory effects on cytokine release in JEV-
infected mice; it can inhibit the activation of microglia and
astrocytes and reduce neuronal death. After antagomir-15b treat-
ment, ~60% of JEV-infected mice became asymptomatic and
survived for =23 d postinfection, whereas the antagomir control—
treated mice remained weak and died gradually within 6 d. Our
results indicate that JEV-induced neuroinflammation is the key
factor in predicting the progression of JEV infection and that
suppression of neuroinflammation in the acute stage is critical to
improve survival.
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Using in vivo data, we showed that inhibition of miR-15b resulted in
a reduction in brain viral titers. Compared with its anti-inflammatory
property, the antiviral effect of antagomir-15b in mouse brain is an
interesting phenomenon. It seems unlikely that antagomir-15b has
antiviral activity, because inhibition of miR-15b did not alter viral
replication in U251 cells or BV-2 cells. We propose that, rather than
exerting direct antiviral activity, antagomir-15b modifies the inflam-
matory environment by reducing neuroinflammation and neuronal
death, which, in turn, may benefit the host by clearing virus and
increasing protection against JEV. Consistently, several studies also
reported that impairment of inflammatory cytokine production during
JEV infection with minocycline (61) or rosmarinic acid (62) can
increase neuroprotection and decrease viral replication (63).

In summary, this study provides direct evidence for the association
of miR-15b with the JEV-induced inflammatory response, and miR-
15b plays a role as a positive regulator in constraining the production
of proinflammatory cytokines induced by JEV in vitro and in vivo.
Additionally, we observed that RNF125 is a novel target for miR-15b,
and miR-15b acts as a regulator of RIG-I. Finally, neutralization of
virus-induced miR-15b could attenuate neuroinflammation, thereby
relieving symptoms and reducing mortality in the mouse model.
Therefore, inhibition of miR-15b may be an attractive candidate for
the development of new therapeutic interventions. Moreover, this
study may also provide insight into the use of miRNA-based ther-
apeutics against other neuroinflammation-related diseases.
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