Bioscience Reports (2019) 39 BSR20192769 Y
https://doi.org/10.1042/BSR20192769 .. . PORTLAND
°

PRESS

Research Article

MicroRNA-132-3p suppresses type | IFN response
through targeting IRF1 to facilitate HIN1 influenza A
virus infection

Fangyi Zhang', Xuefeng Lin', Xiaodong Yang?, Guangjian Lu?, Qunmei Zhang® and Chunxiao Zhang*

"Clinical Lab, Yueging Hospital Affiliated to Wenzhou Medical University, Yueging 325600, Zhejiang, China; 2Clinical Lab, The First Affiliated Hospital of Xinxiang Medical University,
Weihui 453100, Henan, China; 3Blood Transfusion Room, The First Affiliated Hospital of Xinxiang Medical University, Weihui 453100, Henan, China; *Respiratory Intensive Care
Unit, The First Affiliated Hospital of Xinxiang Medical University, Weihui 453100, Henan, China

Correspondence: Fangyi Zhang (fangyizhangfy@163.com)

OPEN a ACCESS

Received: 19 August 2019
Revised: 04 November 2019
Accepted: 18 November 2019

Accepted Manuscript online:
20 November 2019
Version of Record published:
10 December 2019

Increasing evidence has indicated that microRNAs (miRNAs) have essential roles in innate
immune responses to various viral infections; however, the role of miRNAs in HIN1 influenza
A virus (IAV) infection is still unclear. The present study aimed to elucidate the role and
mechanism of miRNAs in IAV replication in vitro. Using a microarray assay, we analyzed
the expression profiles of miRNAs in peripheral blood from IAV patients. It was found that
miR-132-3p was significantly up-regulated in peripheral blood samples from IAV patients.
It was also observed that IAV infection up-regulated the expression of miR-132-3p in a
dose- and time-dependent manner. Subsequently, we investigated miR-132-3p function and
found that up-regulation of miR-132-3p promoted IAV replication, whereas knockdown of
miR-132-3p repressed replication. Meanwhile, overexpression of miR-132-3p could inhibit
IAV triggered INF-o and INF-3 production and IFN-stimulated gene (ISG) expression, includ-
ing myxovirus protein A (MxA), 2',5'-oligoadenylate synthetases (OAS), and double-stranded
RNA-dependent protein kinase (PKR), while inhibition of miR-132-3p enhanced IAV triggered
these effects. Of note, interferon regulatory factor 1 (IRF1), a well-known regulator of the type
I IFN response, was identified as a direct target of miR-132-3p during HIN1 IAV infection.
Furthermore, knockdown of IRF1 by si-IRF1 reversed the promoting effects of miR-132-3p
inhibition on type | IFN response. Taken together, up-regulation of miR-132-3p promotes
IAV replication by suppressing type | IFN response through its target gene IRF1, suggesting
that miR-132-3p could represent a novel potential therapeutic target of IAV treatment.

Introduction
Influenza A virus (IAV) is a common human respiratory pathogen, which can cause both respiratory and
constitutional effects [1]. The fatality rate caused by IAV gradually increased in most countries worldwide
in recently years. During the virus infection, type I interferon (IFN«&/[3)-mediated immune response effec-
tively prevents the replication of AV [2]. However, the detailed mechanisms remain poorly characterized.
MicroRNAs (miRNAs) are a small conserved non-coding RNAs (~21 nucleotides in length), which
suppress gene expression through either inducing transcript degradation or inhibiting translation [3,4].
Previous studies have demonstrated the involvement of miRNAs in many viral infections, acting as regu-
lators of anti-viral immune response [5-7]. For example, miR-373 was found to inhibit the replication of
herpes simplex virus type 1 (HSV-1) through promotion of type I IEN response [8]. He et al. found that
miR-182 inhibited human cytomegalovirus (HCMV) replication by targeting FOXO3 in neural cells [9].
In terms of TAV, several miRNAs have been described and controlled the IAV infection through several
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Table 1 Basic characteristics of healthy controls and H1N1 patients enrolled in the study

Sample characteristics Healthy control Patients
Number 13 13

Sex (male/female) 8/5 7/6

Age (mean + SD) 27.344+12.35 29.60 + 11.31
Infectious diseases None H1N1 only
Onset clinical symptoms None Fever/cough

2 ©20

different mechanisms, such as miR-323, miR-491, and miR-654 [10]. However, the roles and mechanisms of miRNAs
during AIV infection remain relatively unexplored.

In the present study, the miRNA expression profile was examined in peripheral blood of HIN1 IAV patients us-
ing microarray assay. Furthermore, the function and mechanisms of miR-132-3p in the immune response to AIV
infection were investigated. Our findings provide a novel target for the treatment of IAV infection.

Materials and methods

Ethics statement and clinical specimens

Ten serum samples were obtained from patients with HIN1 influenza A virus at the Yueqing Hospital Affiliated
to Wenzhou Medical University, Zhejiang, China between March and May 2018. Healthy controls were obtained
randomly from individuals who had not been suffered from respiratory disease. Influenza patients recruited in the
present study were confirmed as being either infected with HIN1 virus by conventional RT-qPCR with standard
primers [11]. Peripheral blood samples were stored frozen at 20°C until analyzed. Participants’ information is sum-
marized in Table 1 and no statistically significant difference was found between the influenza and control group for
the age and gender distribution (P > 0.05). Three samples of each group were selected for the miRNA microarray
analysis. The protocol was approved by Research Ethics Committee of Wenzhou Medical University. All test sub-
jects provided written informed consent prior to participating in this study, which was approved by our university’s
Institutional Review Board.

Cell culture, virus and antibodies

A549 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, U.S.A.) and cultured in
minimum Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone) at 37°C in a humidified
atmosphere of 5% CO,. Influenza virus A/Jingfang/01/1986(H1N1) strain was prepared in 11-day-old embryonated
eggs. The prepared viruses were used to infect A549 cells. After incubation for 1 h, the cells were washed three times
with PBS, and then infection medium was added to the cells. The infected cells were cultured at 37°C in 5% CO,.
Mouse anti-M1 mAb and rabbit anti-NP polyclonal antibody were kindly provided by Wenjun Liu (Institute of Mi-
crobiology, Chinese Academy of Sciences). Anti-IRF1 was obtained from Abcam, Cambridge, MA, U.S.A.

IAV infection

A549 cells (5 x 10* cells/well) were seeded in six-well plates for 24 h. Prior to infection, PBS was used to wash the cells
three times, and then virus diluted in serum-free MEM was added to each well. After incubation for 60 min, the cells
were washed with PBS, and then fresh MEM media supplemented with 1 pg/ml of TPCK-trypsin (Sigma-Aldrich, St
Louis, MO) was added and incubated at 37°C and 5% CO,.

Plaque assay

The titers of IAV in culture media were measured using the plaque assays in A549 cells. Briefly, A549 cells (5 x 10*
cells/well) in six-well plates (Thermo Fisher Scientific, Australia) were infected with serial dilutions of HIN1 for 45
min at 37°C. Following this, 3 ml of overlay media containing 1% low-melting-point agarose (Sigma-Aldrich), 1 ug
TPCK trypsin/ml and 100 U/ml Penicillin/Streptomycin (Life Technologies, Australia) were added to the wells. Plates
were incubated at 37°C, 5% CO, for 72 h and then were fixed with 4% paraformaldehyde for 30 min. The cells were
stained with Crystal Violet (0.1% in 20% ethanol) to visualize. Then, the visible plaques were counted and virus titers
were determined by counting the PFU (plaques) for each sample and expressed as PFU/ml.
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MicroRNA microarray analysis

RNA was extracted from peripheral blood samples from three influenza patients and three healthy controls using an
miRNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany) and then the RNA concentration were analyzed with an
NanoDrop ND-2000 spectrophotometry (Thermo Fisher Scientific, Inc., Waltham, MA, U.S.A.). About 1 pg of total
RNA was used as the input for the labeling reaction and hybridized using the miRCURY Hy3/Hy5 Power Labeling kit
and miRCURY™ LNA array (v.16.0; Exiqon A/S, Copenhagen, Denmark) according to the manufacturer’s protocol.
Data were analyzed using the ImaGene® 9 (miRCURY LNA™ microRNA Array Analysis Software, Exiqon). The raw
intensity data were further analyzed using GeneSpring GX, version 7.3 (Agilent Technologies, Inc.).

Quantitative reverse transcription (qRT)-PCR

Total RNA was isolated from peripheral blood samples or cells with TRIzol reagent (Invitrogen, Carlsbad, CA, United
States). cDNA was synthesized using PrimeScript RT Master Mix (Takara, Tokyo, Japan), according to manufacturer’s
instructions. Real-time PCR for miRNA and mRNA were performed using a standard protocol from the SYBR Green
PCR kit (Toyobo, Osaka, Japan) on an ABI 7900HT Fast Real-Time PCR System (Life Technologies, U.S.A.). Relative
quantification was determined by normalization to U6 or GAPDH. The primers for qRT-PCR analysis were as follows:
miR-132-3p forward: 5'- GCGCGCGTAACAGTCTACAGC-3'; miR-132-3p reverse: 5'-GCGCGCGTAACAGTCT
ACAGC-3'; miR-126 forward: 5- CCCAAGCTTAGTTATTGCTGCCCAGTTGC-3". miR- 126 reverse: 5'- GGACTA
GTAAGGTAGGGAGGGGTGTTTCT-3" miR-486 forward: 5'-GCCCTATTAACGCTGGCTTG-3', miR-486 reve
rse, 5'-GTCAGATAGGGGCAGCGGTT-3'; miR-574 forward:5'-TCTGAGTGTGTGTGTGTG-3', miR-574 revers
e: 5-GACTGTTCCTCTCTTCCTC-3’; miR-7 forward: 5-CTAGCTAGCTAGAGCACCAATAGGGAAGGG-3', m
iR-7 reverse 5'- GAAGATCTTCGAGTCTGCCGATGGGTGT-3'. U6 forward: 5'-TGCGGGTGCTCGCTTCGCAG
C-3'; U6 reverse: 5-CCAGTGCAGGGTCCGAGGT-3'; OAS forward: 5'- AGGTGGTAAAGGGTGGCT-3', OAS re
verse: 5’-TGCTTGACTAGGCGGATG-3" MxA forward: 5-GGGAAGGTGAAGGTCGGAGT-3', MxA reverse: 5'-
TTGAGGTCAATGAAGGGGTCA-3'; PKR forward: 5- AGAGTAACCGTTGGTGACATAACCT-3', PKR reverse:
5'-GCAGCCTCTGCAGCTCTATGTT-3'; GAPDH forward: 5-AGGTCGGTGTGAACGGATTTG-3', GAPDH r
everse: 5-TGTAGACCATGTAGTTGAGGTCA-3'. Relative quantities were calculated by the 2~22Ct method.

Transfection

The miR-132-3p mimics, mimics negative control (mimics NC), miR-132-3p inhibitor and inhibitor NC were bought
from GenePharm (Shanghai, China). Non-specific siRNA (si-NC) and si-IRF1 were purchased from Invitrogen.
Transfections of the miRNAs or si-IRF1 were performed by using Lipofectamine 2000 (Invitrogen, Thermo Fisher
Scientific, Inc.) according to the manufacturer’s instructions. After 24 h the transfection, the cells were infected with
HINI virus at MOI = 1.

ELISA

Cell culture supernatants were collected 12 h after HIN1 virus infection. Secreted IFN- and IFN-{3 levels in the cell
supernatants were determined with human Interferon-o ELISA kit (Dakewe, Shenzhen, China) and human IFN-f3
ELISA kit (PBL interferon source, U.S.A.).

Immunofluorescence

After 24 h the transfection, the cells were infected with virus for another 12 h, and then fixed in absolute ethyl alcohol
for 15 min at room temperature, washed twice with PBS. Fixed cells were stained with primary antibody (anti-M1,
1:200 dilutions) for 1 h at room temperature. After incubation with secondary antibody conjugated with FITC (1:100,
Sigma-Aldrich, St Louis, MO) for 2 h in the dark, fluorescence images were collected and analyzed using an inverted
fluorescence microscope.

Dual luciferase activity assay

WT or mutant of 3’UTR sequences of IRF1 were amplified and cloned into the pGL3 vector (Promega, Madison,
WI, US.A.). A549 cells were seeded in 96-well plates and co-transfected with these vectors and miR-132-3p mimics,
mimics NC, miR-132-3p inhibitor and inhibitor NC. At 24 h post-transfection, the luciferase activity was determined
by Dual Luciferase Reporter Assay System (Promega).
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Western blot

The total protein from the cells was isolated using a radioimmunoprecipitation assay buffer (Beyotime Biotechnology,
Shanghai, China) with a protease inhibitor cocktail (Pierce Protein Biology, Rockford, IL, U.S.A.). The protein con-
centration was determined using a BCA protein assay kit (Pierce, Rockford, IL, U.S.A.). A sample of 20 pg proteins
was separated on SDS-PAGE gel and then transferred onto polyvinylidene difluoride membranes (GE Healthcare,
Freiburg, DE). The membranes were blocked with 5% nonfat milk and incubated overnight at 4°C with primary an-
tibody against IRF1 (Cat. no #8478, Cell Signaling Technology, Danvers, MA, 1:2000 dilution), Mouse anti-M1 mAb
and rabbit anti-NP polyclonal antibody (1:2000 dilution) and (3-actin (Cat. no #3700, Cell Signaling Technology,
Danvers, MA, 1:2000 dilution) were probed with proteins on the membrane at 4°C overnight. After incubating with
secondary antibodies (Cat. #14709; Cell Signaling Technology, Danvers, MA, 1:10,000 dilution), bands were detected
by enhanced chemiluminescence (ECL) kit (GE Healthcare, Freiburg, DE), and the bands intensity was analyzed by
Image J software (Rawak Software, Inc. Munich, Germany).

Statistical analysis

All of the analyses were performed using the SPSS program (version 18.0; SPSS, Chicago, IL, U.S.A.). Differences
between two groups were analyzed using Student’s ¢-test and for multiple groups one way ANOVA followed by Tukey’s
post hoc test were used. Numerical data are presented as the mean 4 SD; P < 0.05 was defined as significant, and P
< 0.01 was defined as very significant.

Results
miR-132-3p was up-regulated by H1N1 AV infection

Previous studies have reported the involvement of microRNAs in antiviral responses of host cells to many viruses
[12-14]. Peripheral blood samples were collected from controls and patients with IAV infection for miRNA microar-
ray and qRT-PCR studies. As shown in Table 1, no statistically significant difference was found between the influenza
and control group for the age and gender distribution. Microarray analysis was used to determine miRNA expression
levels in peripheral blood samples from HIN1 IAV infected patients and healthy controls. Compared with the con-
trol group, a total of 35 miRNAs were up-regulated and 20 miRNAs were down-regulated in patients infected with
HIN1 IAV (Figure 1A). For miR-126, miR-132-3p and miR-486 have been reported to be up-regulated, miR-7 and
miR-574 were down-regulated in IAV infection progression [15-18]. We verified the expressional patterns of the five
microRNAs by qPCR analysis indicating the reliability of our microarray. MiR-132-3p was the mostly up-regulated
miRNA in patients infected with HIN1 IAV and selected for further analysis (Figure 1B). It has previously been
shown that miR-132-3p is highly expressed following infection with herpes simplex virus-1 (HSV-1), and human
cytomegalovirus (HCMV), and that miR-132 regulates innate antiviral immunity by inhibiting expression of the
p300 transcriptional co-activator [19]. A recent study has demonstrated that miR-132 was also highly up-regulated
in response to infection with HIV-1 and enhanced HIV-1 replication [20]. It was also found that miR-132-3p was
up-regulated after infection with TAV in human respiratory cells [18]. However, the roles of miR-132-3p in HIN1
IAV infection remain unknown. To validate the expression of miR-132-3p, we further measured the expression of
miR-132-3p in ten peripheral blood samples from HIN1 IAV infected patients by qRT-PCR. As shown in Figure 1C,
miR-132-3p was significantly up-regulated in patients infected with HIN1 IAV compared with the control group.
Furthermore, we detected the expression levels of miR-132-3p in A549 cells infected with HIN1 IAV. miR-132-3p
expression was dramatically increased upon IAV infection and the up-regulation of miR-132-3p levels showed a
dose-dependent manner (Figure 1D). Next, we measured miR-132-3p levels at different time points of IAV infec-
tion. The up-regulation of miR-132-3p levels upon IAV infection also showed a time-dependent manner (Figure 1E).
Collectively, our data suggest miR-132-3p may play a part in IAV infection.

miR-132-3p regulated IAV replication

To investigate whether miR-132-3p affects IAV replication, miR-132-3p mimics or miR-132-3p inhibitor were trans-
fected into A549 cells, followed by IAV infection. The expression levels of miR-132-3p were notably increased or
decreased after miR-132-3p mimics or miR-132-3p inhibitor transfection (Figure 2A,D). Subsequently, plaque assay
and Western Blot assays were performed to examine their effects on IAV replication. As shown in Figure 2B,E, over-
expression of miR-132-3p significantly resulted in significant increases in viral titers of IAV compared with that in
mimics NC-transfected A549 cells, while knockdown of miR-132-3p inhibited viral titers of IAV compared with that
inhibitor NC-transfected A549 cells. Nucleoprotein (NP) and matrix protein (M1) are the most abundant protein
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Figure 1. miR-132-3p was up-regulated during IAV infection

(A) Heatmap of normalized expression levels of miRNAs in peripheral blood samples from |AV patients and healthy controls (n
= 3). Blue indicates low expression levels; red indicates high expression levels. (B) Peripheral blood samples from patients with
IAV and healthy persons were collected and miR-132-3p, miR-126, miR-486, miR-574 and miR-7 expression levels were detected
by gqRT-PCR analysis (n = 3); P < 0.01 versus Control group. (C) miR-132-3p expression levels were detected by qRT-PCR in
peripheral blood samples from patients with IAV and healthy persons analysis (n = 10). (D and E) A549 cells were infected with IAV
either at indicated time at a MOI of 1 (D) or at indicated MOls for 24 h (E), and then the cells were harvested for further gRT-PCR
analysis of miR-132-3p expression. Data are presented as means of three independent experiments + SD; *P < 0.05, P < 0.01
versus Mock group.

in the TAV viral particle [21]. Several lines of evidence have shown that certain miRNAs could affect viral replica-
tion through regulation of these IAV viral proteins [22,23]. Therefore, we determined whether the expressions of
viral protein M1 and NP were affected by miR-132-3p. As shown in Figure 2C,E, the expressions of viral protein M1
and NP were obviously increased when miR-132-3p was overexpressed, whereas they were substantially decreased
after miR-132-3p was knocked down in IAV infected A549 cells. Consistently, the expression of M1 was found to
be increased or decreased in miR-132-3p mimics or miR-132-3p inhibitor transfected A549 cells, as examined by
immunofluorescence (Figure 2G). These data indicate that miR-132-3p up-regulation can promote IAV replication,
whereas miR-146a down-regulation inhibited IAV replication.

miR-132-3p negatively regulates IAV-triggered type | IFN production in
A549 cells

During the IAV infection, innate antiviral mechanisms dominated by type I interferon are potentially the most im-
portant pathways of the host defense against IAV replication [24]. We further explore the effect of miR-132-3p on
the regulation of IAV-triggered immune response. Our results showed that overexpression of miR-132-3p reduced
the expressions of IFN-o and IFN- 3, while inhibition of miR-132-3p enhanced the expressions of IFN-x and IFN-f3
in A549 cells in response to IAV infection (Figure 3A,B). It was also observed that overexpression of miR-132-3p in-
hibited the expressions of conventional interferon stimulated genes (ISGs), including MxA, OAS and PKR, whereas
miR-132-3p inhibition significantly promoted the expressions of these ISGs. These data suggest that miR-132-3p
negatively regulates IAV-triggered type I IFN response in A549 cells.
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Figure 2. miR-132-3p promoted IAV replication

A549 cells were transfected with miR-132-3p inhibitor, inhibitor NC, miR-132-3p mimics and mimics NC. Twenty-four hours post—
transfection, cells were infected with IAV at MOI = 1. (A and D) The transfection efficiency of miR-132-3p mimics and inhibitor were
determined by qRT-PCR. Data rare presented as means of three independent experiments + SD. **P < 0.01 versus mimics NC
group or inhibitor NC group. (B and E) The viral titers in the cell cultures were determined by plaque assay using six-well plates. Data
are presented as means of three independent experiments + SD; *P < 0.05, **P < 0.01 versus mimics NC or inhibitor NC group. (C
and F) Levels of M1 and NP protein expression were determined by Western blot assay. (G) Levels of M1 protein expression were
detected by immunofluorescence.

IRF1 was a direct target of miR-132-3p

To explore the molecular mechanism by which miR-132-3p modulates type I IFNs and viral replication, two publicly
available databases, miRanda and Targetscan, were used to predicate the potential targets of the miR-132-3p that
could regulate type I IFNs and viral replication. Bioinformatics analyses showed that interferon regulatory factor 1
(IRF1) was considered as one of the candidates after analysis. It has previously been reported that IRF1 can bind to the
promoter of IFN-[3 and activate the expression of IFN-f3 [25]. As shown in Figure 4A, the complementary sequence
of miR-132-3p was found in the 3'UTR of IRF1 mRNA. To validate whether IRF1 directly target IRF1, a luciferase
reporter assay was performed. The results showed that miR-132-3p mimics significantly repressed luciferase activity
in A549 cells, while miR-132-3p inhibitor significantly enhanced luciferase activities of the IRF1 3'UTR segment
compared with that in the NC group; however, these effects were abrogated in those of the construct containing
a mutant binding site (IRF1 3'UTR-mut) (Figure 4B). QRT-PCR and Western Blot assays showed that the mRNA
and protein expression of IRF1 was significantly suppressed by miR-132-3p mimics, while markedly promoted by
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Figure 3. miR-132-3p regulates IAV-triggered type | IFN production in A549 cells

A549 cells were transfected with miR-132-3p inhibitor, inhibitor NC, miR-132-3p mimics and mimics NC. Twenty-four hours post—
transfection, cells were infected with IAV at MOl = 1. (A and B) Cell and supernatant were harvested at 0, 12 and 24 h post-infection,
and then ELISA assay were performed to measure IFN-« and IFN- expression. (C and D) gRT-PCR assay were performed to mea-
sure ISGs expression (MxA, OAS and PKR). Data are presented as means of three independent experiments + SD; *P < 0.05, “*P
< 0.01 versus mimics NC or inhibitor NC group.

miR-132-3p inhibitor compared with that in NC group (Figure 4C,D). These findings indicated that IRF1 might be
a functional target of miR-132-3p.

Knockdown of IRF1 reversed the inhibitory effects of miR-132-3p

inhibition on AV replication and type | IFN production

To further investigate whether miR-132-3p inhibition suppressed the IAV replication by inducing IRF1, si-IRF1 and
miR-132-3p inhibitor were co-transfected into A549 cell 24 h prior to IAV infection, and incubated for 12 h. It was
observed that the virus titers and the expression of M1 protein were significantly decreased in the A549 cells following
miR-132-3p inhibitor, compared with that in the IAV infection group, whereas these inhibitory effects of miR-132-3p
inhibitor were attenuated by the knockdown of IRF1 (Figure 5A,B). We also assessed the effects of IRF1 inhibition
on the expressions of IFN-« and IFN-f3, as well as the expression of ISGs in miR-132-3p inhibitor transfected A549
cells. The results showed that IRF1 knockdown partially reversed the inhibitory effects of miR-132-3p inhibitor on the
expressions of IFN-o, IFN- 3, MxA, OAS and PKR, suggesting that miR-132-3p inhibition suppressed IAV replication
by promoting the expression of IRF1 (Figure 5C-G).

Discussion

In the present study, miR-132-3p was found to be significantly up-regulated during IAV infection. Moreover, we
further demonstrated that miR-132-3p alleviated the type I IFN-mediated antiviral defense by targeting IRF1, and
thereby promoting IAV replication. Our findings suggest that miR-132-3p may be a potential therapeutic target in
IAV infection.

Increasing evidences have shown the involvement of several miRNAs in host defense against viral infections in-
cluding IAV [26,27]. For example, Hu et al. showed that miR-33a up-regulation suppressed HIN1 virus replication
by directly binding to the 3'UTR of Archain 1 (ARCN1) RNA [28]. miR-194 was found to suppress the expression of
FGF2 that is a novel antiviral regulator, thus inhibiting IAV replication [29]. Ingle H et al. found that miR-485 was
produced in response to viral infection and inhibition of miR-485 markedly reduced the replication of IAV in mam-
malian cells [30]. This information suggests the important roles of miRNAs in host defense against IAV infections. In
the present study, using a microarray analysis, we observed that large numbers of miRNAs were significantly dereg-
ulated in the peripheral blood from IAV patients; in particular, miR-132-3p attracted our attention as its expression
was one of the most being up-regulated miRNAs during IAV infection. Previous studies have reported that miR-26a
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Figure 4. IRF1 is a direct target of miR-132-3p

(A) Putative binding site of miR-132-3p and IRF1 with mut and wt 3'UTRs. (B) Luciferase assay of A549 cells co-transfected with
firefly luciferase constructs containing the IRF1 wild-type or mutated 3'UTRs and miR-132-3p mimics, mimics NC, miR-132-3p
inhibitor or inhibitor NC, as indicated (n = 3). Data are presented as means of three independent experiments + SD; “*P < 0.01
versus mimics NC or inhibitor NC. (C and D) The expression of IRF1 mRNA and protein after transfection with miR-132-3p mimic
or miR-132-3p inhibitor were measured by qRT-PCR and Western Blot. Data rare presented as means of three independent exper-
iments + SD; **P < 0.01 versus mimics NC, ##P < 0.01 versus inhibitor NC group.

acted as a regulator of the human immunodeficiency virus (HIV) and HCMYV infection [19,20]; however, whether
miR-132-3p affects IAV infection is still unclear. In our study, we found that overexpression of miR-132-3p greatly
suppressed IAV replication, while inhibition of miR-132-3p promoted IAV replication, as evidence by titers of virus.
It was also found that overexpression of miR-132-3p inhibited Type I IFN production, INF-o and INF-f3, as well as
the expressions of ISGs including MxA, OAS and PKR in IAV, whereas inhibition of miR-132-3p promoted the ex-
pression of INF-« and INF-[3 and these ISGs. These data indicated that miR-132-3p contribute to through negatively
modulation of Type I IFN response.

IRF1is known as a key transcription activator of the Type I IFN response [31]. Inhibition of IRF1 could dramatically
increase the cellular susceptibility to kinds of viruses, such as hepatitis C virus [32] and HSV-1 [8]. Kuriakose et al.
demonstrated the role of IRF1 in promoting NLRP3 inflammasome activation and ZBP1-induced cell death during
IAV infection [33]. In addition, it has previously reported that Type I IFNs were suppressed by miRNAs through
targeting IRF1 during HSV-1 [8] and porcine reproductive and respiratory syndrome virus (PRRSV) infection [34].
However, whether IRF1 is a functional target of miR-132-3p during IAV infection remained to be elucidated. In our
study, we identified IRF1 was a direct target of miR-132-3p during HIN1 TAV infection. Moreover, the inhibitory
effect of miR-132-3p knockdown on IAV replication was abrogated by IRF1 inhibition, suggesting that miR-132-3p
inhibitor suppressed IAV replication via directly targeting IRF1, thus enhancing the antiviral response of host.

There are several limitations in our study. All these results obtained from in vitro, thus, we will performed influenza
virus challenge experiments in vivo to test whether inhibition of miR-132-3p by antagomir-132-3p injection has a

8 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 5. MiR-132-3p promotes IAV replication by targeting IRF1

A549 cells were transfected with miR-132-3p inhibitor, si-IRF1, or both. Twenty-four hours after transfection, cells were infected
with AV at MOI = 1. (A) The viral titers in the cell cultures were determined by plaque assay using six-well plates. (B) Levels of
M1 protein expression were detected by immunofluorescence. (C and D) ELISA assay were performed to measure IFN-« and
IFNR expression. (E-G) gRT-PCR assay were performed to measure ISGs expression (MxA, OAS and PKR). Data rare presented as
means of three independent experiments + SD. *P < 0.05, **P < 0.01 versus control group, P < 0.01 versus miR-132-3p inhibitor
+ si-Scramble group.

protective role during IAV infection in mice. In another aspect, we will confirm the role of miR-132-3p in the airway
epithelial cells, such as primary murine tracheal epithelial cells and mouse alveolar macrophages (RAW264.7) that
serve as the first and overwhelmingly primary target for virus infection and growth [35,36]. In this connection, more
basic researches will provide us a better understanding in this regard.

In conclusion, we demonstrated that miR-132-3p facilitates IAV replication in A549 cells by targeting IRF1 to
suppress Type I IFN response. These findings provide new insight on the role of host miRNAs in AIV infection and
suggest that miR-132-3p may be an important therapy target for the prevention and control of IAV.

Author Contribution

Xuefeng Lin, Xiaodong Yang, Guangjian Lu, Qunmei Zhang and Chunxiao Zhang performed the experiments, contributed to data
analysis and wrote the paper. Xuefeng Lin, Xiaodong Yang, Guangjian Lu, Qunmei Zhang and Chunxiao Zhang analyzed the data.
Fangyi Zhang conceptualized the study design, contributed to data analysis and experimental materials. All authors read and
approved the final manuscript.

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 9
Attribution License 4.0 (CC BY).



Bioscience Reports (2019) 39 BSR20192769

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/BSR20192769

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
The study was supported by the talent project of the people’s hospital of Leqging [grant number 20180965].

Abbreviations

ARCN1, Archain 1; HCMV, human cytomegalovirus; HIV, human immunodeficiency virus; HSV-1, herpes simplex virus-1; IAV,
influenza A virus; IRF1, interferon regulatory factor 1; ISG, interferon stimulated gene; M1, matrix protein; MxA, myxovirus pro-
tein A; NP, nucleoprotein; OAS, 2',5'-oligoadenylate synthetases.

References

1 de Wit, E. and Fouchier, R.A. (2008) Emerging influenza. J. Clin. Virol. 41, 1-6, https://doi.org/10.1016/j.jcv.2007.10.017

2 Garcia-Sastre, A. (2011) Induction and evasion of type | interferon responses by influenza viruses. Virus Res. 162, 12-18,
https://doi.org/10.1016/j.virusres.2011.10.017

3 Ambros, V. (2004) The functions of animal microRNAs. Nature 431, 350-355, https://doi.org/10.1038/nature02871

4 Bartel, D.P. (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281-297, https://doi.org/10.1016/S0092-8674(04)00045-5

5 Moheimani, F., Koops, J., Williams, T., Reid, A.T., Hansbro, P.M., Wark, PA. et al. (2018) Influenza A virus infection dysregulates the expression of
microRNA-22 and its targets; CD147 and HDAC4, in epithelium of asthmatics. Respir. Res. 19, 145, https://doi.org/10.1186/s12931-018-0851-7

6 Kumar, A, Kumar, A., Ingle, H., Kumar, S., Mishra, R., Verma, M.K. et al. (2018) MicroRNA hsa-miR-324-5p Suppresses H5N1 Virus Replication by
Targeting the Viral PB1 and Host CUEDC2. J. Virol. 62, e01057-18, https://doi.org/10.1128/JV1.01057-18

7 Nielsen, K.0., Jacobsen, K.S., Mirza, A.H., Winther, T.N., Storling, J., Glebe, D. et al. (2018) Hepatitis B virus upregulates host microRNAs that target
apoptosis-regulatory genes in an in vitro cell model. Exp. Cell Res. 371, 92-103, https://doi.org/10.1016/j.yexcr.2018.07.044

8 Xie, Y., He, S. and Wang, J. (2018) MicroRNA-373 facilitates HSV-1 replication through suppression of type | IFN response by targeting IRF1. Biomed.
Pharmacother. 97, 1409-1416, https://doi.org/10.1016/j.biopha.2017.11.071

9 He, X,, Teng, J., Cui, C., Li, D. and Wen, L. (2018) MicroRNA-182 inhibits HCMV replication through activation of type | IFN response by targeting FOX03
in neural cells. Exp. Cell Res. 369, 197-207, https://doi.org/10.1016/j.yexcr.2018.05.019

10 Song, L., Liu, H., Gao, S., Jiang, W. and Huang, W. (2010) Cellular microRNAs inhibit replication of the HIN1 influenza A virus in infected cells. J. Virol.
84, 8849-8860, https://doi.org/10.1128/JV1.00456-10

11 Peng, F, He, J., Loo, J.F, Yao, J., Shi, L., Liu, C. et al. (2016) Identification of microRNAs in Throat Swab as the Biomarkers for Diagnosis of Influenza.
Int. J. Med. Sci. 13, 77-84, https://doi.org/10.7150/ijms.13301

12 Xiao, C. and Rajewsky, K. (2009) MicroRNA control in the immune system: basic principles. Cell 136, 26-36,
https://doi.org/10.1016/j.cell.2008.12.027

13 Chen, Y., Shen, A., Rider, PJ., Yu, Y., Wu, K., Mu, Y. et al. (2011) A liver-specific microRNA binds to a highly conserved RNA sequence of hepatitis B
virus and negatively regulates viral gene expression and replication. FASEB J. 25, 4511-4521, https://doi.org/10.1096/fj.11-187781

14 Bruscella, P., Bottini, S., Baudesson, C., Pawlotsky, J.M., Feray, C. and Trabucchi, M. (2017) Viruses and miRNAs: More Friends than Foes. Front.
Microbiol. 8, 824, https://doi.org/10.3389/fmicb.2017.00824

15 Moran, J., Ramirez-Martinez, G., Jimenez-Alvarez, L., Cruz, A., Perez-Patrigeon, S., Hidalgo, A. et al. (2015) Circulating levels of miR-150 are
associated with poorer outcomes of A/H1N1 infection. Exp. Mol. Pathol. 99, 253-261, https://doi.org/10.1016/j.yexmp.2015.07.001

16 Peng, S., Wang, J., Wei, S., Li, C., Zhou, K., Hu, J. et al. (2018) Endogenous Cellular MicroRNAs Mediate Antiviral Defense against Influenza A Virus.
Mol. Ther. Nucleic Acids 10, 361-375, https://doi.org/10.1016/j.omtn.2017.12.016

17 Lam, W.Y,, Yeung, A.C., Ngai, K.L., Li, M.S., To, K.F., Tsui, S.K. et al. (2013) Effect of avian influenza A H5N1 infection on the expression of
microRNA-141 in human respiratory epithelial cells. BMC Microbiol. 13, 104, https://doi.org/10.1186/1471-2180-13-104

18 Buggele, W.A., Johnson, K.E. and Horvath, C.M. (2012) Influenza A virus infection of human respiratory cells induces primary microRNA expression. J.
Biol. Chem. 287, 31027-31040, https://doi.org/10.1074/jbc.M112.387670

19 Lagos, D., Pollara, G., Henderson, S., Gratrix, F., Fabani, M., Milne, R.S. et al. (2010) miR-132 regulates antiviral innate immunity through suppression
of the p300 transcriptional co-activator. Nat. Cell Biol. 12, 513-519, https://doi.org/10.1038/ncb2054

20 Chiang, K., Liu, H. and Rice, A.P. (2013) miR-132 enhances HIV-1 replication. Virology 438, 1-4, https://doi.org/10.1016/j.virol.2012.12.016

21 Chiang, C., Chen, G.W. and Shih, S.R. (2008) Mutations at alternative 5" splice sites of M1 mRNA negatively affect influenza A virus viability and growth
rate. J. Virol. 82, 10873-10886, https://doi.org/10.1128/JVI.00506-08

22 Ciancanelli, M.J., Abel, L., Zhang, S.Y. and Casanova, J.L. (2016) Host genetics of severe influenza: from mouse Mx1 to human IRF7. Curr. Opin.
Immunol. 38, 109-120, https://doi.org/10.1016/j.c0i.2015.12.002

23 Waring, B.M., Sjaastad, L.E., Fiege, J.K., Fay, E.J., Reyes, I., Moriarity, B. et al. (2018) MicroRNA-Based Attenuation of Influenza Virus across
Susceptible Hosts. J. Virol. 92

24 Pichlmair, A., Schulz, 0., Tan, C.P., Naslund, T.I., Liliestrom, P., Weber, F. et al. (2006) RIG-I-mediated antiviral responses to single-stranded RNA bearing
5’-phosphates. Science 314, 997-1001, https://doi.org/10.1126/science.1132998

25 Dang, W., Xu, L., Yin, Y., Chen, S., Wang, W., Hakim, M.S. et al. (2018) IRF-1, RIG-I and MDAS5 display potent antiviral activities against norovirus
coordinately induced by different types of interferons. Antiviral Res. 155, 48-59, https://doi.org/10.1016/j.antiviral.2018.05.004

10 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1016/j.jcv.2007.10.017
https://doi.org/10.1016/j.virusres.2011.10.017
https://doi.org/10.1038/nature02871
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1186/s12931-018-0851-7
https://doi.org/10.1128/JVI.01057-18
https://doi.org/10.1016/j.yexcr.2018.07.044
https://doi.org/10.1016/j.biopha.2017.11.071
https://doi.org/10.1016/j.yexcr.2018.05.019
https://doi.org/10.1128/JVI.00456-10
https://doi.org/10.7150/ijms.13301
https://doi.org/10.1016/j.cell.2008.12.027
https://doi.org/10.1096/fj.11-187781
https://doi.org/10.3389/fmicb.2017.00824
https://doi.org/10.1016/j.yexmp.2015.07.001
https://doi.org/10.1016/j.omtn.2017.12.016
https://doi.org/10.1186/1471-2180-13-104
https://doi.org/10.1074/jbc.M112.387670
https://doi.org/10.1038/ncb2054
https://doi.org/10.1016/j.virol.2012.12.016
https://doi.org/10.1128/JVI.00506-08
https://doi.org/10.1016/j.coi.2015.12.002
https://doi.org/10.1126/science.1132998
https://doi.org/10.1016/j.antiviral.2018.05.004

Bioscience Reports (2019) 39 BSR20192769 °
https://doi.org/10.1042/BSR20192769 '. (] EROE%ELAND
°

26 Zheng, Y., Fu, X., Wang, L., Zhang, W., Zhou, P., Zhang, X. et al. (2018) Comparative analysis of MicroRNA expression in dog lungs infected with the
H3N2 and H5N1 canine influenza viruses. Microb. Pathog. 121, 252261, https://doi.org/10.1016/j.micpath.2018.05.015

27 Gao, S., Li, J., Song, L., Wu, J. and Huang, W. (2017) Influenza A virus-induced downregulation of miR-26a contributes to reduced IFNalpha/beta
production. Virol. Sin. 32, 261-270, https://doi.org/10.1007/s12250-017-4004-9

28 Hu, Y, Jiang, L., Lai, W., Qin, Y., Zhang, T., Wang, S. et al. (2016) MicroRNA-33a disturbs influenza A virus replication by targeting ARCN1 and inhibiting
viral ribonucleoprotein activity. J. Gen. Virol. 97, 27-38, https://doi.org/10.1099/jgv.0.000311

29 Wang, K., Lai, C., Gu, H., Zhao, L., Xia, M., Yang, P. et al. (2017) miR-194 Inhibits Innate Antiviral Immunity by Targeting FGF2 in Influenza H1N1 Virus
Infection. Front. Microbiol. 8, 2187, https://doi.org/10.3389/fmicb.2017.02187

30 Ingle, H., Kumar, S., Raut, A.A., Mishra, A., Kulkarni, D.D., Kameyama, T. et al. (2015) The microRNA miR-485 targets host and influenza virus
transcripts to regulate antiviral immunity and restrict viral replication. Sci. Signal. 8, ra126, https://doi.org/10.1126/scisignal.aab3183

31 Lu, M., Yang, C., Li, M., Yi, Q., Lu, G., Wu, Y. et al. (2018) A conserved interferon regulation factor 1 (IRF-1) from Pacific oyster Crassostrea gigas
functioned as an activator of IFN pathway. Fish Shellfish Immunol. 76, 68-77, https://doi.org/10.1016/j.fsi.2018.02.024

32 Larrea, E., Riezu-Boj, J.I., Aldabe, R., Guembe, L., Echeverria, |., Balasiddaiah, A. et al. (2014) Dysregulation of interferon regulatory factors impairs the
expression of immunostimulatory molecules in hepatitis C virus genotype 1-infected hepatocytes. Gut 63, 665673,
https://doi.org/10.1136/gutjnl-2012-304377

33 Kuriakose, T., Zheng, M., Neale, G. and Kanneganti, T.D. (2018) IRF1 Is a Transcriptional Regulator of ZBP1 Promoting NLRP3 Inflammasome Activation
and Cell Death during Influenza Virus Infection. J. Immunol. 200, 1489-1495, https://doi.org/10.4049/jimmunol.1701538

34 Chen, J., Shi, X., Zhang, X., Wang, A., Wang, L., Yang, Y. et al. (2017) MicroRNA 373 Facilitates the Replication of Porcine Reproductive and Respiratory
Syndrome Virus by Its Negative Regulation of Type | Interferon Induction. J. Virol. 91, €01311-16, https://doi.org/10.1128/JVI.01311-16

35 Sanders, C.J., Doherty, P.C. and Thomas, P.G. (2011) Respiratory epithelial cells in innate immunity to influenza virus infection. Cell Tissue Res. 343,
13-21, https://doi.org/10.1007/s00441-010-1043-z

36 Newby, C.M., Sabin, L. and Pekosz, A. (2007) The RNA binding domain of influenza A virus NS1 protein affects secretion of tumor necrosis factor alpha,
interleukin-6, and interferon in primary murine tracheal epithelial cells. J. Virol. 81, 9469-9480, https://doi.org/10.1128/JVI.00989-07

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 1 1
License 4.0 (CC BY).


https://doi.org/10.1016/j.micpath.2018.05.015
https://doi.org/10.1007/s12250-017-4004-9
https://doi.org/10.1099/jgv.0.000311
https://doi.org/10.3389/fmicb.2017.02187
https://doi.org/10.1126/scisignal.aab3183
https://doi.org/10.1016/j.fsi.2018.02.024
https://doi.org/10.1136/gutjnl-2012-304377
https://doi.org/10.4049/jimmunol.1701538
https://doi.org/10.1128/JVI.01311-16
https://doi.org/10.1007/s00441-010-1043-z
https://doi.org/10.1128/JVI.00989-07

