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Downregulation of miR-155-5p facilitates enterovirus 71 replication through
suppression of type I IFN response by targeting FOXO3/IRF7 pathway
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ABSTRACT
Enterovirus 71 (EV71), the major cause of hand-foot-and-mouth disease (HFMD), has evolved diverse
strategies to counter the type I interferon (IFN-I) response during infection. Recently, microRNAs have
regulatory roles in host innate immune responses to viral infections; however, whether EV71 escapes the
IFN-I antiviral response through regulation of miRNAs remains unclear. Using a microarray assay,
microRNA-155-5p (miR-155-5p) was found to be significantly up-regulated in serum from patients
with EV71 infection and the increased expression of miR-155-5p was further confirmed in vivo and
in vitro in response to EV71 infection.miR-155-5p overexpression suppressed EV71 titers and VP1 protein
level, while miR-155-5p inhibition had an opposite result. Moreover, we found that miR-155-5p over-
expression enhanced EV71 triggered IFN I production and the expressions of IFN-stimulated genes
(ISGs), while inhibition of miR-155-5p suppressed these processes. Furthermore, bioinformatics analysis
and luciferase reporter assay demonstrated that miR-155-5p directly targeted forkhead box protein O3
(FOXO3) and negatively regulated FOXO3/IRF7 axis, an important regulatory pathway for type I IFN
production during EV71 infection. Inhibition of FOXO3 reversed the effects of miR-155-5p inhibitor on
EV71 replication and the type I IFN production. Importantly, in EV71 infection mice, agomir-155-5p
injection resulted in a significant reduction of viral VP1 protein expressions in brain and lung tissues,
increased IFN-α/β production and increased mice survival rate. In contrast, antagomir-155-5p enhanced
EV71 induced these effects. Collectively, our study indicates that weaken miR-155-5p facilitates EV71
replication through suppression of type I IFN response by FOXO3/IRF7 pathway, thereby suggesting
a novel strategy for developing effective antiviral therapy.
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Introduction

Enterovirus 71 (EV71) is one major causative patho-
gen of infant hand-foot-and-mouth disease (HFMD)
and its infection can result in severe cerebral and
pulmonary complications [1]. More than 7 million
children suffered from HFMD from 2008 to 2012
and about 90% of the reported cases below 10 years
old in China [2,3]. Despite some advances that have
been made to improve the diagnosis and therapy of
HFMD patients, all demonstrated limited efficacy
thus far. Therefore, it has become extremely impor-
tant to find novel means to completely suppress viral
replication.

During viral infection, the innate immune response
recognizes viral components and triggers downstream
signal transduction, leading to the expression of type
I interferons (IFNs) [4–6]. Binding of IFN-I to its
receptor results in activation of JAK-STAT signaling
cascades, consequently inducing more than 300 IFN-
stimulated genes (ISGs) expressions, which directly

inhibits viral replication and mediates protection
against viral infection [7]. Several studies have
demonstrated that Type I IFN could effectively pre-
vent the host from EV71 infection [2,8,9]. Among the
interferon regulatory factors (IRFs), IRF3 and IRF7,
are key regulators in the host response against EV71
infection due to the induction of the IFN-α/β genes
transcription [10,11]. Despite considerable under-
standing how EV71 triggers IFN-I production, how
EV71 fights the antiviral activity of IFN-I remains to
be fully elucidated.

MicroRNAs (miRNAs) are a family of short,
small, noncoding RNAs (an average size of 22
nucleotides) that negatively regulate target gene
expression through either translation repression
or RNA degradation [12]. Increasing evidence
has indicated host miRNAs participate in various
types of virus infection through modulating type
I IFNs [13,14]. For example, Ma et al. showed
that suppression of miR-30a-5p facilitated TGEV
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infection via modulation of IFN-I signaling by
directly targeting the suppressor of cytokine sig-
naling protein 1 (SOCS1), and SOCS3 [15]. Xie
et al. demonstrated that miR-373 was a negative
regulator of IFN-I response by directly targeting
IRF1, resulting in the suppression of ISG expres-
sions and enhancement of herpes simplex virus
type 1 (HSV-1) infection [16]. For EV71, Feng
et al. showed that miR-21 was upregulated in
response to EV71 infection, and EV71 replication
was enhanced by miR-21 through suppressing
type I IFN production [17]. However, the under-
lying mechanism employed by EV71 to escape
the IFN-I antiviral response via modulation of
miRNAs remains largely unknown.

In the present study, we analyzed the expression
profiles of miRNAs in serum samples from patients
infected with EV71 using miRNA microarray, and
found that miR-155-5p was significantly upregulated
in the process. Furthermore, the influences of miR-
155-5p on EV71 replication were examined, and the
role of FOXO3/IRF7 pathway in miR-155-5p
mediated type I IFN response and viral replication
was confirmed in vitro and in vivo. Our data highlight
the potential functions of miR-155-5p in the antiviral
therapy for EV71 infection.

Materials and methods

Clinical samples

Twenty serum samples were obtained from patients
with EV71 infection at the First Affiliated Hospital of
Xinxiang Medical University from January 2017 to
January 2018. Ten serum samples from healthy con-
trols were used as negative controls. Serum samples
were stored frozen at −20°C until analyzed. All experi-
ments were approved by Research Ethics Committee
of Xinxiang Medical University. Written informed
consent was obtained from each patient or the parents
of pediatric participants.

Cell culture and transfection

Vero, RD, HT-29, HeLa, and THP-1 cells were
maintained in Minimum essential medium
(MEM; Gibco, Shanghai, China) supplemented
with 10% (v/v) FBS (Gibco) plus 100 U/ml peni-
cillin/streptomycin at 37°C and 5% CO2 incubator.

When RD cells in six-well plate grown to about
80% confluence, miR-155-5p mimics, miR-155-5p
inhibitor (20 nmol/L) or si-FOXO3 (30 nM) were
transfected into RD cells at 37°C for 24 h, using
Lipofectamine® 2000 (Invitrogen). miR-155-5p
mimics, miR-155-5p inhibitor, the corresponding
control vectors, FOXO3 small interfering (si)-RNA
-1, −2, −3 and scramble siRNA were purchased
from RiboBio Co., Ltd. (Guangzhou, China).

Virus infection

A monolayer of RD cells in six-well plate were
infected with EV71 strain (BrCr) (CCTC, Wuhan,
China) at a multiplicity of infection (MOI) = 1 and
incubated for 2 days. Virus stocks were assessed by
TCID50 assay and calculated according to Reed and
Muench [18].

Microarray assay

Total RNA from serum samples of EV71 infected
patients and healthy controls were extracted using
miRNeasy mini kit (Qiagen, West Sussex, UK).
After quantitation by NanoDrop ND-1000 spec-
trophotometry (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), total RNA (200 ng) was
labeled with fluorescence dye hy3 or hy5 using
the miRCURY Hy3/Hy5 Power Labeling kit and
hybridized on the miRCURY™ LNA array (v.16.0;
Exiqon A/S, Copenhagen, Denmark), which were
designed based on miRBaserelease 10.0 and con-
tained 546 probes from humans, mice and rats.
The procedure and imaging processes were as
described previously [19].

qRT-PCR

Total RNA from RD cells and serum samples were
isolated by using TRIzol reagent (TaKaRa, Dalian,
China). Reverse transcription of miR-155-5p and
FOXO3 was synthesized using the miScript II RT
kit and the reverse transcription kit (Invitrogen,
Carlsbad, CA), respectively. miR-155-5p expression
was detected by using the TaqMan miRNAs
Quantitation kit (Applied Biosystems, Foster City,
CA, USA) and FOXO3 expression was measured
using the Exiqon SYBR Green Master Mix (Exiqon,
Vedbaek, Denmark) on a Light Cycler instrument
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(Bio-Rad). The primers for qRT-PCR analysis were
as follows: miR-155-5p F: 5’-TTAATGCTA
ATCGTGATAGGGGT-3’; miR-155-5p R: 5’-
GCTGTCAACGATACGCTACGTAACG-3’ U6 F:
5’-TGCGGGTGCTCGCTTCGCAGC-3’; U6 R: 5’-
CCAGTGCAGGGTCCGAGGT-3’; ISG15 F: 5’-
GGCTGGGAGCTGACGGTGAAG-3’, ISG15 R:
5’-GCTCCGCCCGCCAGGCTCTGT-3’; OAS F:
5’-AGGTGGTAAAGGGTGGCT-3’, OAS R: 5’-TG
CTTGACTAGGCGGATG-3’; MxA F: 5’-GG
GAAGGTGAAGGTCGGAGT-3’, MxA R: 5’-
TTGAGGTCAATGAAGGGGTCA-3’; PKR F: 5’-
AGAGTAACCGTTGGTGACATAACCT-3’, PKR
R: 5’-GCAGCCTCTGCAGCTCTATGTT-3’; FO
XO3 F: 5’-CTGGGGGAACCTGTCCTATG-3’ FO
XO3 R: 5’-TCATTCTGAACGCGCATGAAG-3’;
GAPDH F: 5’-AGGTCGGTGTGAACGGATTTG-
3’, GAPDH R: 5’-TGTAGACCATGTAGTTG
AGGTCA-3’. The relative expression of miRNA
and mRNA was calculated using the 2−ΔΔCT

method [20] and determined by normalization to
U6 or GAPDH, respectively.

ELISA

The concentrations of IFN-α (Catalog Number:
CSB-E08636h; Cusabio, China) and IFN-β
(Catalog Number: CSB-E09889h; Cusabio, China)
levels in cell supernatants were determined by
human ELISA kit according to the kit instructions.
The concentrations of IFN-α (Catalog Number:
42120–1; PBL Interferon source, Piscataway, NJ,
USA) and IFN-β (Catalog Number: 42400–1; PBL
Interferon source, Piscataway, NJ, USA) levels in
serum from mice were measured by mouse ELISA
kits according to the kit instructions.

Immunofluorescence (IFA)

After 24 h the EV71 infection, the cells fixed in
absolute ethyl alcohol for 30 minutes at room
temperature (RT). After washing twice with PBS,
the fixed cells were stained with primary antibody
EV71 VP1 prepared by our laboratory for 1 hour
at RT. Then, the secondary antibody conjugated
with FITC (1:100, Sigma-Aldrich, St Louis, MO)
was added for 2 h in the dark, fluorescence images
were collected and analyzed using an inverted
fluorescence microscope.

Dual-luciferase reporter assay

The dual-luciferase reporter assay was performed as
described previously [21,22]. RD cells were co-
transfected with miR-155-5p mimics, miR-155-5p
inhibitor and the luciferase reporter plasmids using
Lipofectamine 2000 (Invitrogen). At 24 h post-
transfection, the double luciferase activities were ana-
lyzed using the Dual-Luciferase Reporter Assay
system (Promega Corporation).

Western blot

Western blot was performed as previously described
[23]. Briefly, the extracted protein concentration was
determined using a BCA kit (Beyotime Institute of
Biotechnology, Haimen, China). 40 μg protein sam-
ples were resolved on 10% SDS-PAGE gels, trans-
ferred onto a polyvinylidene difluoride (PVDF,
Millipore) membrane and then this membrane was
blocked with 5% skim milk for 2 h at 4°C overnight,
and probed with FOXO3 antibody (1:1,000; cat. no.
12162, Abcam), IRF7 antibody (1:1,000; cat. no.
115352, Abcam) and β-actin (1:2,000; cat.
no. 179467; Abcam) overnight at 4°C, followed by
HRP-conjugated goat anti-rabbit IgG (1:10,000; cat.
no. 205718; Abcam). The protein bands were devel-
oped using ECL kit (GE Healthcare) and blot bands
were quantified with ImageJ (version 1.46; Rawak
Software, Inc. Munich, Germany).

EV71 infection in mice and ethics statement

C57BL/6 mice (two-week-old female mice) were pro-
vided by Shanghai SLAC Laboratory Animal Co.,Ltd
(Shanghai, China), housed under standard conditions
(12h light-dark cycle, 25-27ºC, ~40% humidity) with
free access to food and water throughout the duration
of the experiments. All animal procedures were
approved by the Animal Ethics Committee of
Xinxiang Medical University. A mouse-adapted
EV71 strain (mEV71) was established as previously
described [24]. All mice were randomly divided into
four groups (n = 10/group): (1) Control group (2)
EV71 group (3) EV71 + agomir-155-5p group, (4)
EV71 + antagomir-155-5p group. In EV71 group,
mice were injected with indicated PFUs of mEV71
through the oral route; and the control group was fed
with culture medium. In agomir-155-5p or
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antagomir-155-5p groups, mice were intraperitone-
ally injected with agomir-155-5p (1.2 mg/kg) or
antagomir-155-5p (1.2 mg/kg) 24 h prior to EV71
injection. Mice were anesthetized with an intraperito-
neal (i.p) injection of 3% chloral hydrate at 1, 3, 5 and
7d after EV71 infection except survival experiment,
then the mice were sacrificed and the blood, brain,
liver, spleen, lung, kidney, and muscle tissue of mice
were collected for RNA extraction, in which brain and
lung tissue of mice were harvested for immunohisto-
chemistry. The survival rate was observed from 0 h to
96 h using the Kaplan Meier methods.

Immunohistochemistry (IHC) staining

IHC staining was performed as previously described
[25]. Briefly, brain and lung sections were deparaffi-
nized and rehydrated, and antigen retrieval was con-
ducted with Target Retrieval Solution (Dako, CA,
USA). Endogenous peroxidase activity was blocked
with 0.3% hydrogen peroxide for 15min, followed
incubation with rabbit anti-human polyclonal antibo-
dies against VP1 (1:200 dilution) at 4 °C overnight
and then probed with biotinylated goat anti-rabbit
secondary antibody (Vector Laboratories, CA, USA)
and high-sensitivity streptavidin–HRP conjugate.
Images of IHC were photographed using an
Olympus BX51 light microscope (Olympus Inc.,
Tokyo, Japan) at 200× magnification. ImageJ version
1.46 (Rawak Software, Inc. Munich, Germany) was
used to quantify IHC staining.

Statistical analysis

The difference between means was analyzed using
Student´s t-test and analysis of variance (ANOVA)
using SPSS 13.0 software package (SPSS Inc.,
Chicago, IL). All data are showed as the mean ±
standard deviation (SD). P value less than 0.05 was
considered statistically significant.

Results

miR-155-5p was up-regulated in response to
EV71 infection

To evaluate miRNA expression profiles between
serum samples from patients with EV71 infection
and serum samples from healthy controls, a miRNA

microarray assay was performed. Of 60 differently
expressed miRNAs 26 miRNAs were downregulated
and 34 miRNAs were upregulated in the EV71 infec-
tion group, compared with those in the healthy con-
trol group (Figure 1(a)). Among them, miR-155-5p
displayed greatest fold-change in response to EV71
infection. In addition, miR-155-5p has also been
found to be upregulated in myocardial tissues of
patients with acute coxackievirus B3 (CVB3) virus
infection [26]. Interestingly, several studies have
shown thatmiR-155-5p acts as a suppressive regulator
of virus replication in some viral diseases [27–30].
However, little attention has been paid on its function
in EV71 infection. Therefore, miR-155-5p was
selected for further investigation.

To validate the expression of miR-155-5p
obtained from the miRNA microarray assay, the
levels of miR-155-5p was detected by qRT-PCR in
20 serum samples from patients with EV71 and 10
serum samples from healthy controls. As shown in
Figure 1(b), the expression of miR-155-5p was sig-
nificantly increased in EV71 group, compared with
control group. We also examined the miR-155-5p
levels in several cell lines infected with EV71 by qRT-
PCR. Consistent with the expression levels of miR-
155-5p in the clinical samples, miR-155-5p was
obviously increased in EV71 infected Vero, RD,
HT-29, HeLa, and THP-1 cells, compared with that
in control cells (uninfected cells), especially in RD
cells (Figure 1(c)). Next, we measured the expression
of miR-155-5p in RD cells infected with EV71
(MOI = 1) by qRT-PCR at different times. The
level of miR-155-5p was increased at 4 h post-
infection and the highest miR-155-5p levels was
found at 24 h post-infection (Figure 1(d)).
Furthermore, we found that the level of miR-155-
5p was MOI-dependently increased in EV71-
infected RD cells (Figure 1(e)).

miR-155-5p regulated EV71 replication

To further examine the effect of miR-155-5p on EV71
replication, RD cells were transfected with miR-155-
5p mimics and its inhibitor, and infected with EV71.
As shown in Figure 2(a), miR-155-5p was signifi-
cantly increased after miR-155-5p mimics transfec-
tion, but decreased after miR-155-5p inhibitor
transfection in RD cells. Then, the EV71 virus titers
in RD cells were analyzed at 4, 6, 12, and 24 h post
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infection. The results showed that overexpression of
miR-155-5p significantly reduced EV71 titers, while
knockdown of miR-155-5p promoted EV71 titers,
compared to respective NC group (Figure 2(b,c)),

these effects was time-dependent. EV71 virion protein
1 (VP1) is the most external, surface-accessible, and
immunodominant protein, which is involved in the
process of viral entry [31,32]. Thus, we assessed the

Figure 1. MiR-155-5p is upregulated in serum from EV71 infected patients and EV71-infected cell lines. (a) Heat map analysis of the
microRNA expression between serum samples from EV71-infected patients and healthy controls (n = 3). (b) qRT-PCR was performed
to measure the levels of miR-155-5p in 20 serum samples from EV71-infected patients and 10 serum samples from healthy controls.
p < 0.01 vs. Control group. (c) The expression of miR-155-5p was detected by qRT-PCR in EV71-infected cell lines, including Vero,
RD, HT-29, HeLa, and THP-1 cells. (d) Expression of miR-155-5p was determined in RD cells at the different times (0, 4, 6, 12, 24, 36,
and 48 h) after EV71 infection. (e) Expression levels of miR-155-5p were determined in RD cells at 24 h after different dose of EV71
(0, 0.1, 0.5, 1 and 2 MOI) infection. Data are the mean ± S.D. (n = 3) of one representative experiment. *p < 0.05, **p < 0.01 vs.
control group.
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effect of miR-155-5p on the expression levels of VP1
in EV71 infected RD cells. The results showed that
miR-155-5p overexpression markedly reduced the
expression of VP1, whereas miR-155-5p inhibition
led to a significant increase in the expression of VP1,
compared with that in the respective negative-control

groups (Figure 2(d)). Immunofluorescence assay also
showed that the expression of VP1 was significantly
decreased by miR-155-5p overexpression, but
increased by miR-155-5p inhibition (Figure 2(e)).
Collectively, these data reveal the antiviral activity of
miR-155-5p during EV71 infection.

Figure 2. MiR-155-5p regulates EV71 replication. miR-155-5p mimics and its inhibitor were added into RD cells for 24 h, and then the
cells were infected with EV71 (MOI = 1) for 24 h. (a) Expression of miR-155-5p was determined by qRT-PCR. (b, c) EV71 titers were
measured by TCID50 assay. (d) VP1 protein expression level was detected by Western blot analysis and blot bands were semi-
quantified with ImageJ version 1.46. (e) VP1 protein expression level was detected by immunofluorescence assay. (200 × magnifica-
tion). ImageJ version 1.46 was used to quantify IFA. Data are the mean ± S.D. (n = 3) of one representative experiment. **p < 0.01
vs. mimics NC group; ##p < 0.01 vs. inhibitor NC group.
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miR-155-5p regulated the production of type
I IFNs

It is well-known that innate immune response,
especially type I IFNs play important roles in lim-
iting EV71 replication [8,33]. To elucidate the
mechanisms that miR-155-5p affects EV71 replica-
tion, the RD cells were transfected with miR-155-
5p mimics or inhibitor, followed by infection with
EV71 at an MOI of 1. The expressions of IFNα/β
were examined by ELISA assays. Overexpression
of miR-155-5p significantly enhanced the produc-
tion of EV71-induced IFNα/β, whereas knock-
down of miR-155-5p inhibited these processes
(Figure 3(a,b)). Further, we test the expression
levels of four important IFN-stimulated genes
(ISGs), including ISG15, MxA, OAS, and PKR.
The mRNA levels of these ISGs in cells infected
with EV71 were markedly increased after miR-
155-5p mimics transfection, while reduced after

miR-155-5p inhibitor transfection. These data
indicate that miR-155-5p regulated the type
I IFN response and affected its downstream path-
way in response to EV71 infection.

FOXO3 was a direct target of miR-155-5p

Through bioinformatics prediction using TargetScan
7.0 and miRanda, we found a putative target site of
miR-155-5p in the 3´-UTR of FOXO3 mRNA
(Figure 4(a)). FOXO3 has previously been reported
to suppress the type I IFN response in several virus
diseases [34–36]. Thus, FOXO3 was chose for the
subsequent research. Western Blot analyzes demon-
strated that FOXO3 was decreased in miR-155-5p
mimics transfected RD cells, while increased in miR-
155-5p inhibitor transfected RD cells (Figure 4(b)). To
validate the possibility that FOXO3 was a direct target
of miR-155-5p, luciferase reporter assay was

Figure 3. MiR-155-5p regulates the production of type I IFNs. miR-155-5p mimics and its inhibitor were transfected into RD cells for
24 h, and then the cells were infected with EV71 (MOI = 1) for 24 h. (a, b) The expressions of IFN-α/β were measured by ELISA. (c–f)
Expressions of IFN-stimulated genes (ISGs), ISG15, OAS, MxA and PKR were measured by qRT-PCR. Data are the mean ± S.D. (n = 3)
of one representative experiment. *p < 0.05, **p < 0.01 vs. control group; ##p < 0.01 vs. mimics NC group; &&p < 0.01 vs.
inhibitor NC group.
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performed. The assay revealed that the miR-155-5p
mimics markedly inhibited the luciferase activity in
the FOXO3-3´UTR wt reporter, and that the miR-
155-5p inhibitor caused an increased luciferase

activity; however, no changes were observed in the
cells co-transfection of FOXO3 3’-UTR-mut with
miR-155-5p (Figure 4(c)). It is well-known that
FOXO3 acts as a negative regulator of IRF7, which is

Figure 4. FOXO3 is a direct target of miR-155-5p. (a) The putative binding site of miR-155-5p and FOXO3 is shown. (b) The
expression levels of FOXO3 protein after transfection with miR-155-5p mimics or miR-155-5p inhibitor were measured by Western
blot. (c) Luciferase activity of RD cells was detected by a dual luciferase assay. Data are the mean ± S.D. (n = 3) of one representative
experiment. **p < 0.01 vs. mimics NC or inhibitor NC. (d) miR-155-5p mimics and its inhibitor were added into RD cells for 24 h, and
then the cells were infected with EV71 (MOI = 1) for 24 h, and then the expression levels of FOXO3 and IRF7 protein were measured
by Western blot and (e, f) blot bands were semi-quantified with ImageJ version 1.46.
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an important transcriptional regulator of type I IFN
response [36,37]. Thus, we sought to determine
whethermiR-155-5p regulates FOXO3/IRF7 axis dur-
ingEV71 infection.As expected, EV71 infection inRD
cells increased the expression of IRF7 and decreased
the expression of FOXO3 compared to non-infected
cells. Further increased IRF7 and decreased FOXO3
expressions were observed after miR-155-5p mimics
transfection, indicating overexpression ofmiR-155-5p
can further activate the FOXO3/IRF7 signaling path-
way (Figure 4(d–f)). However, miR-155-5p inhibitor
transfection had an opposite result (Figure 4(d–f)),
suggesting that miR-155-5p regulates IRF7 expression
by targeting FOXO3 in RD cells.

miR-155-5p inhibition promoted EV71 replication
by targeting FOXO3/IRF7 pathway

To determine whether FOXO3 participates in the
effect of miR-155-5p on EV71 replication in RD
cells, si-FOXO3 and miR-155-5p inhibitor were co-
transfected into RD cells, followed by infection with
EV71 (MOI = 1). As shown in Figure 5(a), si-FOXO3
-1 was more effective in knocking down FOXO3 than
other si-FOXO3, thus si-FOXO3-1 was chose for
subsequent experiments. Moreover, we found that
miR-155-5p inhibition increased the EV71 titers and
the expression of EV71 VP1 in RD cells, whereas
knockdown of FOXO3 attenuated the enhancement
of miR-155-5p inhibition in virus titers and the
expression of VP1 (Figure 5(b,c)). It was also observed
that miR-155-5p inhibition reduced the production of
IFNα/β in EV71-infected RD cells; however, these
effects of miR-155-5p inhibition were attenuated by
FOXO3 knockdown (Figure 5(d,e)). Meanwhile,
FOXO3 knockdown reversed the inhibitory effects
of miR-155-5p inhibitor on the expression of four
ISGs (ISG15, OAS, MxA and PKR) in RD cells
(Figure 5(f–i)). These results suggest that miR-155-
5p inhibition facilitates EV71 replication through sup-
pression of type I IFN response by targeting FOXO3.

miR-155-5p inhibition promoted EV71 replication
by regulating the type I IFN response in vivo

To further determine the regulatory role of miR-155-
5p in vivo, amouse-adaptedEV71 strain (mEV71)was
generated as previously described [24]. As shown in
Figure 6(a), the expressions of miR-155-5p in mice

were time-dependently increased or decreased after
agomir-155-5p or antagomir-155-5p injection.
Interestingly, it was observed that agomir-155-5p
obviously improved the survival rates, whereas antag-
omir-155-5p had much lower survival rates following
EV71 infection compared with that in the control
group (Figure 6(b)). It was also observed that
agomiR-155-5p significantly reduced the mRNA of
VP1 in the highly susceptible organs, particularly the
brain, liver, muscle and spleen, whereas anagomiR-
155-5p enhanced the mRNA expressions of VP1
(Figure 6(c)). Infection with EV71 results in encepha-
lomyelitis, pulmonary edema, poliomyelitis-like
paralysis or even neurological and psychiatric compli-
cations, in addition toHFMD [38,39]. Thus, brain and
lung tissues were collected for assessment of the
mRNAexpression of VP1 by IHC. The results showed
that VP1 expression was much higher in EV71 group
than that in control group, but theVP1 expressionwas
even lower in agomir-155-5p group compared with
that in EV71 group. In the contrast, the VP1 expres-
sion was much higher in anagomir-155-5p group
compared with that in EV71 group (Figure 6(d,e)).
More importantly, we found a significantly increase in
IFN-α/β secretion in serumafter EV71 infection, com-
paredwith those in the control group. Agomir-155-5p
treatment enhanced EV71 induced IFN-α/β secretion,
whereas antagomir-155-5p dramatically reduced
EV71 induced IFN-α/β secretion (Figure 6(f,g)). All
data indicate that miR-155-5p inhibition promoted
EV71 replication by the regulation of the type I IFN
response in vivo.

Discussions

Our data revealed that miR-155-5p was upregu-
lated in response to EV71 infection. Functional
analyses indicated that overexpression of miR-
155-5p inhibited EV71 replication, while inhibi-
tion of miR-155-5p promoted EV71 replication
in RD cells. Notably, the antiviral activity of
miR-155-5p through regulating type I IFN by tar-
geting FOXO3/IRF7 pathway was confirmed
in vitro and in vivo. These findings suggest that
the upregulation of miR-155-5p offer a novel ther-
apy strategy to inhibit EV71 infection.

Mounting evidence has reported that several other
miRNAs serve as a key regulator of viral entry and
replication. For example, miR-128 influenced HIV-1

CELL CYCLE 187



replication by repressing TNPO3, a factor that regu-
lates HIV-1 nuclear import and replication [40].
Zhang et al. found that miR-146a inhibited the
IRAK1/TRAF6/NF-κB signaling pathway to facilitate
Borna disease virus 1 (BoDV-1) survival in host cells
[41]. Wang et al. showed that inhibition of miR-194

alleviated influenza A virus (IAV)-induced lung
injury by promoting type I IFN antiviral activities in
mouse models [42]. In EV71 infection, miRNAs may
be a double-edged sword. For example, Sun et al.
found that EV71 infection increased the level of
miR-545 in HEK 293 cells, and EV71 replication

Figure 5. miR-155-5p inhibition promoted EV71 replication by targeting FOXO3/IRF7 pathway. (a) Transfected efficiency of si-FOXO3
was determined by Western blot. Data are presented as means of three independent experiments ± SD. **p < 0.01 vs. si-scramble.
(b) miR-155-5p inhibitor and si-FOXO3 were added into RD cells for 24 h, and then the cells were infected with EV71 for 24 h. The
EV71 titers were measured by TCID50 assay. Data are the mean ± S.D. (n = 3) of one representative experiment. **p < 0.01 vs.
inhibitor NC; #p < 0.05, ##p < 0.01 vs. miR-155-5p inhibitor. (c) The expression of VP1 protein was detected by Western blot analysis
and blot bands were semi-quantified with ImageJ version 1.46. (d, e) The expressions of IFN-α/β at protein level were measured by
ELISA. Data are the mean ± S.D. (n = 3) of one representative experiment. **p < 0.01 vs. inhibitor NC; #p < 0.05, ##p < 0.01 vs. miR-
155-5p inhibitor.
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was promoted by overexpression of miR-545 [43].
Another study performed by Zhao et al. reported
that miR-494-3p promoted EV71 replication by
directly targeting PTEN [2]. Interestingly, Wen et al.
found that upregulation of miR-23b suppressed EV71

titers and EV71 VP1 protein expression [44]. Li et al.
showed that miR-9-5p exerted an anti-EV71 effect in
cells and a mouse model through regulation of the
RIG-I-mediated innate immune response [23]. In this
study, using miRNA microarray profiling and qRT-

Figure 6. miR-155-5p inhibition promoted EV71 replication by the regulation of the type I IFN response in mice. A mouse-adapted
EV71 strain (mEV71) was generated as previously described and mice were intraperitoneally injected with agomir-155-5p (1.2 mg/kg)
or antagomir-155-5p (1.2 mg/kg) 24 h prior to mEV71 injection. (a) The miR-155-5p expressions were measured by qRT-PCR in EV71-
infected mice by administration of agomir-155-5p or antagomir-155-5p at 1, 3, 5 and 7d post-infection. Data are the mean ± S.D.
(n = 3) of one representative experiment. **p < 0.01 vs. agomir-NC; #p < 0.05, ##p < 0.01 vs. antagomir-NC. (b) Survival rates of mice
with administration of agomir-155-5p or antagomir-155-5p were determined for 96 h after challenge with mEV71. **p < 0.01 vs.
EV71 group. (c) VP1 mRNA expression was determined by qRT-PCR at 6 days post-infection. (d, e) The protein expressions of VP1
were detected by IHC in brain and lung tissues of mice with administration of agomir-155-5p or antagomir-155-5p. ImageJ version
1.46 was used to quantify IHC staining. (f, g) IFN-α/β cytokine levels in the serum (at 6 days post-infection) were determined by
ELISA. Data are the mean ± S.D. (n = 3) of one representative experiment. **p < 0.01 vs control group; ##p < 0.01 vs. EV71 group.
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PCR assays, miR-155-5p was one of the most signifi-
cantly upregulated miRNAs in the serum of EV71
infected patients, as well as in several EV71 infected
cell lines. Furthermore, overexpression ofmiR-155-5p
reduced EV71 replication, while downregulation of
miR-155-5p enhanced viral replication, as determined
by the titers of EV71 and the expressions of VP1
protein. Taken together, our data demonstrated that
the miR-155-5p negatively regulate the EV71 replica-
tion in RD cells.

It has been well accepted that IFN-I (IFN-α/β)
play a crucial role in host antiviral responses.
Once viral infection, host cells react quickly to
the invading viruses by synthesizing and secreting
IFN-I. After binding to its receptor (interferon
alpha/beta receptor [IFNAR]), secreted IFN-I
will activate downstream JAK-STAT signaling
pathways, consequently up-regulating the expres-
sion of ISGs that are executors in the clearance of
viral pathogens [45,46]. Notably, several studies
have shown that antiviral functions in IFN-I are

finely regulated by miRNAs. For example, Zhang
et al. found that miR-146a could promote influ-
enza avian virus (IAV) replication through sup-
pressing type I IFN response by targeting TRAF6
[47]. Chen et al. showed that miR-223 inhibited
vesicular stomatitis virus (VSV) replication
through promoting type I IFN production by
targeting FOXO3 [14]. Recent studies reported
that miR-155 could suppress infectious burse dis-
ease virus (IBDV) [29] and VSV [48] replication
by targeting SOCS1. However, whether or not
miR-155-5p influences type I IFN response dur-
ing EV71 infection remains unknown. In this
study, our results showed that miR-155-5p over-
expression induced the expressions of IFN-α/β
and ISGs, while miR-155-5p inhibition reduced
the expressions of IFNα/β and ISGs in EV71
infection RD cells and in mEV71 infected mice.
All these suggest that miR-155-5p could modulate
EV71 replication through regulation of type I IFN
responses.

Figure 7. Schematic diagram of the signaling pathway in which miR-155-5p inhibits the EV71 replication. EV71 infection upregulated
the expression of miR-155-5p, which increased the expression of IRF7 by targeting FOXO3, subsequently promoting type I IFN
production and ISGs expressions, and thus reducing the EV71 survival.
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FOXO3 functions as a negative regulator of basal
IRF7 transcription, thus suppressing the IRF7-depen-
dent antiviral response [36,49]. For example, Chen
et al. observed that knockdown of FOXO3 promoted
IRF7 expression and markedly increased vesicular
stomatitis virus (VSV)-triggered type I IFN produc-
tion in primary mouse peritoneal macrophages [14].
Another study reported that FOXO3 was a direct
target of miR-182 and contributed to miR-182
mediated induction of IFN-I response and suppres-
sion of HCMV replication in neural cells [37].
Notably, previous studies showed that FOXO3 was
directly targeted bymiR-155 in colon cancer cells [35]
and in tuberculosis [34]. However, whether FOXO3 is
a target of miR-155-5p during EV71 infection
remains unclear. In our study, FOXO3 was identified
as a direct target of miR-155-5p in RD cells.
Moreover, the promoting effects of miR-155-5p inhi-
bitor on EV71 replication were abrogated by FOXO3
inhibition, suggesting that downregulation of miR-
155-5p facilitates EV71 replication through suppres-
sion of type I IFN response by targeting FOXO3/IRF7
pathway.

In conclusion, the present study revealed that
downregulation of miR-155-5p facilitates EV71
replication by diminishing type I IFN response
through FOXO3/IRF7 pathway in vitro and
in vivo (Figure 7). Our findings indicate that tar-
geting FOXO3 by miR-155-5p may be an effective
therapeutic strategy against EV71 infection.
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