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Downregulation of microRNA-221 facilitates HIN1
influenza A virus replication through suppression of type-IFN
response by targeting the SOCS1/NF-kB pathway
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Abstract. Accumulating data has indicated that host microRNAs
(miRNAs/miRs) play essential roles in innate immune responses
to viral infection; however, the roles and the underlying mecha-
nisms of miRNAs in influenza A virus (IAV) replication remain
unclear. The present study examined on the effects of miRNAs
on hemagglutinin (H)1 neuraminidase (N)I replication and anti-
viral innate immunity. Using a microarray assay, the expression
profiles of miRNA molecules in IAV-infected A549 cells were
analyzed. The results indicated that miR-221 was significantly
downregulated in IAV-infected A549 cells. It was also observed
that TAV infection decreased the expression levels of miR-221 in
A549 cells in a dose- and time-dependent manner. Functionally,
upregulation of miR-221 repressed AV replication, whereas
knockdown of miR-221 had an opposite effect. Subsequently, it
was demonstrated that miR-221 overexpression could enhance
IAV-triggered IFN-a and IFN-f3 production and IFN-stimulated
gene expression levels, while miR-221-knockdown had the
opposite effect. Target prediction and dual luciferase assays
indicated that suppressor of cytokine signaling 1 (SOCSI) was
a direct target of miR-221 in A549 cells. Furthermore, knock-
down of SOCSI efficiently abrogated the influences caused
by miR-221 inhibition on IAV replication and the type-I IFN
response. It was also found that the miR-221 positively regulated
NF-«kB activation in IAV-infected A549 cells. Taken together,
these data suggested that miR-221-downregulation promotes
IAV replication by suppressing type-I IFN response through
targeting SOCS1/NF-«B pathway. These findings suggest that
miR-221 may serve as a novel potential therapeutic target for
TAV treatment.
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Introduction

Influenza A virus (IAV) is an enveloped negative-stranded
RNA virus and its infection can result in both respiratory
and constitutional effects, such as chills, headache, fever and
general pain (1). In total, there are >500,000 IAV-associated
human deaths worldwide each year, and several animal species
with an elevated fatality rate from the virus have emerged (2).
High levels of genetic diversity are the main cause of [AV
pandemics, which represent a burden to human health (3.4).
Thus, it is important to explore new strategies against viral
replication.

Innate immunity is the first barrier to the invasion of
external pathogens. During viral infection, the innate immune
system recognizes various pattern recognition receptors and
then triggers downstream signal transduction, leading to
the production of cytokines, especially type-I IFNa/f (5-7).
Several studies have demonstrated that type-I IFNs effectively
protect the host from IAV infection (8,9). However, IAV can
utilize a number of strategies to escape host innate immunity.
For example, non-structural protein 1 (NS1) of IAV can inhibit
the transcriptional activity of virus-induced interferon regula-
tory factor (IRF) 3, activator protein 1 and NF-«B signaling,
disrupting the host antiviral immune response (10-12). In addi-
tion, Hayashi et al (13) demonstrated that a novel viral protein
expressed by ribosomal frameshifting, PA-X, contributes
to increased viral replication through the inhibition of host
innate and acquired immune responses in mice. In addition
to these proteins encoded by the virus itself, the virus uses
host cell components to escape from the antiviral response,
which restricts viral replication (13). However, how TAV
counteracts the antiviral activity of type-I IFN remains poorly
characterized.

MicroRNAs (miRNAs/miRs) are single-stranded
non-coding RNA molecules that negatively regulate gene
expression by binding to the 3'-untranslated region (UTR)
of their target genes at the post-transcriptional level (14).
Increasing evidence has demonstrated that miRNA suppresses
type-I IFN production and inactivates the JAK-STAT pathway
during infections with various types of virus (15-17). For
example, infection with enterovirus can induce miR-146a
expression, which suppresses the type-I IFN response of the
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host cell (18). Chen e al (19) reported that miR-21 was upregu-
lated during hepatitis C virus (HCV) infection, which promoted
viral replication by suppressing the type-I IFN-mediated
antiviral response in hepatocytes. For IAV, Zhang et al (20)
demonstrated that miR-132-3p suppressed the type-I IFN
response by targeting IRF1 to facilitate hemagglutinin (H)1
neuraminidase (N)1 TAV infection. Zhu et al (21) demon-
strated that miR-30e could inhibit dengue virus replication by
upregulating IFN and IFN-stimulated gene (ISG) production.
However, whether there are more miRNAs involved in regu-
lating the innate immune response of host cells against AV
infection remains to be further explored.

It has previously been shown that miR-221 influences
viral replication in several viruses, such as human cytomega-
lovirus (HCMYV) and human papillomavirus 16 E1-E2, and
that miR-221 regulates innate antiviral immunity through
IFNo/p (22,23). In addition, Du et al (24) also demonstrated
that miR-221 negatively regulated the innate immune response
and promoted vesicular stomatitis virus and herpes simplex
virus type 1 replication. However, the role of miR-221 in AV
infection remains unclear. Therefore, miR-221 was investi-
gated in the present study.

In the current study, the main research purpose was to
elucidate the role and molecular mechanism of miR-221 in
HINI TAV replication in the host cells. The miRNA expres-
sion profile of HIN1 IAV-infected A549 cells was investigated
using a microarray assay. Subsequently, the role of miR-221
on HINI TAV replication was examined, and mechanisms
underpinning the action of miR-221 in the immune response
to IAV infection were investigated. The present findings may
improve provide insight into the mechanism of IAV immune
escape and highlight miR-221 as a potential novel target for
the treatment of IAV infection.

Materials and methods

Cell culture. A549 cells were obtained from the American
Type Culture Collection and cultured in minimum Eagle's
medium (MEM; Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin and
100 pug/ml streptomycin at 37°C in a 5% CO, atmosphere.

Viral infection and plaque assay. The 1AV/Jingfang/01/1986
(HINT1) strain was obtained from the Chinese Center for
Disease Control and Prevention and was propagated in
A549 cells. A549 cells were infected with HIN1 at a multi-
plicity of infection (MOI) of 0.1. After 1 h of infection, the
medium was discarded and the cells were washed with the
free-serum medium, and then MEM with 1 pg/ml tosyl-
sulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin
(Sigma-Aldrich; Merck KGaA) was added into duplicate
wells. The cells uninfected with HIN1 were used as control
(Mock) group. The copy number of virions were determined
using qPCR detection of the matrix protein 2 (M2) gene, as
later described. Viral titers in the supernatants were deter-
mined using a standard plaque assay. Briefly, A549 cells were
seeded into 12-well plates (2x10° cells/well) and infected
with HINTI in 1:10 dilutions for 60 min at 37°C. Then, 1%
low-melting-point agarose (Sigma-Aldrich; Merck KGaA)
in 500 u1 MEM (Gibco; Thermo Fisher Scientific, Inc.)

containing 1 ug/ml TPCK trypsin were added to the wells.
Plates were incubated at 37°C with 5% CO, for 72 h and then
were fixed for 2 h at room temperature with 4% paraformal-
dehyde. Fixed cells were washed extensively with PBS before
staining with crystal violet (0.1% in 10% ethanol) for 30 min
at room temperature.

Microarray analysis. RNA was extracted from A549
cells infected and uninfected with HINI1 influenza virus
using a mirVana™ miRNA Isolation kit (Thermo Fisher
Scientific, Inc.), then the RNA concentration was analyzed
using a NanoDrop™ 2000 spectrophotometer (NanoDrop
Technologies; Thermo Fisher Scientific, Inc.). Total RNA (1 p#g)
was labeled using the miRCURY LNA™ Hy3™/Hy5™ Power
labeling kit (cat no. 208032-A; Exiqon A/S). Subsequently the
samples were hybridized on the miRCURY™ LNA Array
(version 16.0; cat. no. 208040; Exiqon A/S) according to the
manufacturer's protocol. The procedure and imaging processes
were performed as described previously (20).

Reverse transcription-gPCR (RT-gPCR). Total RNA was
extracted from cells using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.). RNA was then reverse transcribed into cDNA
using the PrimeScript™ RT reagent kit (cat no. RR047A;
Takara Bio, Inc.) or the TagMan™ MicroRNA Reverse
Transcription kit (cat no. 4366596; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol, respectively. For
detection of miR-221 and mRNAs, qPCR was conducted using
SYBR® PrimeScript™ RT-PCR kit (Takara Bio, Inc.) on ABI
7900HT Fast Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). U6 and GAPDH were used as
internal controls for detecting miR-221 and mRNA targets,
respectively. The thermocycling conditions were as follows:
Initial denaturation at 95°C for 1 min, followed by 40 cycles
of 95°C for 30 sec, 58°C for 30 sec and 68°C for 2 min/kb,
followed by 68°C for 10 min. The primer sequences were listed
as follows: i) miR-221 forward (F), 5'-GGGAAGCTACATTGT
CTGC-3' and reverse (R), 5'-CAGTGCGTGTCGTGGAGT-3";
ii) U6 F, 5-GCTTCGGCAGCACATATACTAAAAT-3' and
R, 5-CGCTTCAGAATTTGCGTGTCAT-3; iii) suppressor of
cytokine signaling 1 (SOCSI) F, 5-CTGCGGCTTCTATTG
GGGAC-3' and R, 5" AAAAGGCAGTCGAAGGTCTCG-3;
iv) 2'-5'-oligoadenylate synthase 2 (OAS) F, 5-AGGTGGTAA
AGGGTGGCT-3" and R, 5"TGCTTGACTAGGCGGATG-3,
v) interferon-inducible double-stranded RNA-dependent protein
kinase activator A (PKR) F, 5~ AGAGTAACCGTTGGTGAC
ATAACCT-3'andR,5-GCAGCCTCTGCAGCTCTATGTT-3
vi) viperin, F, 5~-CAAGACCGGGGAGAATACCTG-3' and R,
5'-GCGAGAATGTCCAAATACTCACC-3" vii) myxovirus
resistance protein 1 (MxA) F, 5-GGGAAGGTGAAGGTC
GGAGT-3' and R, 5"TTGAGGTCAATGAAGGGGTCA-3
viii) M2 F, 5-GACCGATCCTGTCACCTCTGAC-3" and R,
5-AGGGCATTCTGGACAAAGCGTCTA-3"; and ix) GAPDH
F, 5~ AGCTTGTCATCAACGGGAAG-3' and R, 5"TTTGAT
GTTAGTGGGGTCTCG-3" Changes in the expression of each
gene were calculated using the 2224 method (25).

Transfection. A549 cells were cultured to 70% confluence, then
transfection of miR-221 mimics (100 nM), miR-221 inhibitor
(100 nM), mimics negative control (NC; 100 nM), inhibitor
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NC (100 nM), and small interfering RNA SOCS (si-SOCS1)
(20 nM) or si-scramble (20 nM) (Shanghai GenePharma Co.,
Ltd.) were performed at 37°C for 24 h using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instructions. The mimics NC, inhibitor NC
and si-Scramble were non-targeting. Non-transfected cells are
used as the Blank group. After 24 h the transfection, HIN1
virus were added in the cells at an MOI of 0.1. The cells were
harvested at 12 or 24 h post-infection for testing.

ELISA. After 12 h or 24 h HINI1 virus infection, cell culture
supernatants were collected and the levels of IFN-a and IFN-f
were measured with human IFN-a kit (cat. no. 32400-1) kit
and a human IFN-f ELISA kit (cat. no. 32100-1) (both Pestka
Biomedical Laboratories, Inc.).

Luciferase reporter NF-xB activity assays. PicTar (March
2007 release; http://pictar.mdc-berlin.de/) and TargetScan
(version 7.2; http://www.targetscan.org) were used to search
for the putative targets of miR-221.The wild-type (wt) 3'-UTR
of SOCSI and the mutated (mut) sequence were inserted into
the pGL3 control vector (Promega Corporation) to construct
the wt and mut SOCSI1-3'-UTR vectors, respectively. A549
cells were transfected with miR-221 mimics/inhibitor,
respective NCs and these luciferase reporter plasmids using
Lipofectamine. After 48 h, luciferase activity was assessed
using the Dual-luciferase® Reporter Assay system (cat.
no. E1910; Promega Corporation). Renilla luciferase activity
was used to normalize firefly luciferase activity. The NF-kB
activity was assessed as previously described (26). Luciferase
activity was quantified using the aforementioned kit on a
luminometer.

Western blotting. Total protein was obtained from A549
cells transfected as aforementioned using RIPA lysis buffer
(Beyotime Institute of Biotechnology) and quantified using
a BCA protein assay kit (Pierce™; Thermo Fisher Scientific,
Inc.). Next, protein samples (40 ug/lane) in the lysates were
separated by 12% SDS-PAGE gels and transferred to PVDF
membranes (GE Healthcare) followed by incubation in a
5% skimmed milk solution for 1 h at room temperature.
Subsequently, the specific primary antibodies were incubated
in the membranes at 4°C overnight, including mouse anti-M1
monoclonal antibody and rabbit anti-nucleoprotein (NP) poly-
clonal antibody that were kindly provided by Dr Wenjun Liu
(Institute of Microbiology; Chinese Academy of Sciences),
SOCSI (cat. no. 68631; 1:1,000 dilution), NF-xB inhibitor o
(IkB-a; cat. no. 4814; 1:1,000 dilution), phosphorylated
(p)-IxB-a (cat. no. 2859; 1:1,000 dilution), p-NF-kB p65
(cat. no. 3033; 1:1,000 dilution), NF-xB p65 (cat. no. 8242;
1:1,000 dilution) and B-actin (cat. no. 3700; 1:1,000 dilu-
tion) (all Cell Signaling Technology, Inc.). Subsequently, the
corresponding anti-mouse or anti-rabbit IgG HRP-conjugated
secondary antibodies (cat no. 4409 and 3678, respectively;
both 1:2,000; Cell Signaling Technology, Inc.) were added
into the membranes for 2 h at room temperature. The protein
bands were detected using chemiluminescence with Pierce
ECL kits (Thermo Fisher Scientific, Inc.). Semi-quantification
was performed using ImagelJ version 1.46 (National Institutes
of Health).

Statistical analysis. Statistical analysis was performed
using the SPSS 13.0 software package (SPSS Inc.). All data
are presented as the mean + SD, and each experiment was
repeated at least three times. The two-group comparisons were
conducted using unpaired Student's t-test. Comparisons among
multiple groups were performed using one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-221 is downregulated in HINI IAV-infected cells. To
investigate the potential roles of miRNAs in antiviral responses
to AV, a microarray assay was performed using extracted RNA
from HINI-infected A549 cells or uninfected cells. The results
showed that 46 miRNAs had significantly altered expression
levels in HINT IAV-infected A549 cells compared with the
control cells. These miRNAs included 26 downregulated and
20 upregulated miRNAs (Fig. 1A). Among the downregulated
miRNAs, miR-221 was one of the most notably downregu-
lated miRNAs, which is consistent with a previous study (27).
However, the role of miR-221 in IAV infection remains unclear.
Therefore, miR-221 was chosen for subsequent experiments.
To validate the expression of miR-221 obtained from the
microarray assay, miR-221 expression in A549 cells was
examined at different time points of IAV infection. It was
observed that miR-221 expression was significantly down-
regulated in HIN1 [AV-infected A549 cells during the virus
infection, especially in the early stages of infection (Fig. 1B).
Since the innate antiviral immune response occurs at early
stage of IAV infection (28), it was hypothesized that miR-221
may affect IAV infection by regulating the innate antiviral
immune response. The miR-221 levels in A549 cells infected
with different MOIs of TAV were also measured. miR-221
expression was downregulated in IAV-infected A549 cells in
a dose-dependent manner (Fig. 1C). Collectively, these results
suggested that miR-221 may be involved in IAV infection.

miR-221 regulates IAV replication in A549 cells. To inves-
tigate the biological function of miR-221 in TAV infection,
A549 cells were transfected with miR-221 mimics or miR-221
inhibitor. As shown in Fig. 2A and D, miR-221 expression
significantly increased in A549 cells after miR-221 mimics
transfection, and significantly decreased after miR-221
inhibitor transfection. Following by HINI infection, plaque
assay results showed that the viral titers and the viral copy
numbers of IAV were significantly decreased by miR-221
mimics transfection, and increased by the miR-221 inhibitor
(Fig. 2B, C, E and F). NP and M1 are two of the most abun-
dant proteins in the virion, which are relatively well-conserved
and display limited antigenic change (29,30). Thus, it was
investigated whether miR-221 affects the protein levels of NP
and M1 in IAV-infected A549 cells. The results showed that
the protein levels of NP and M1 were significantly reduced
by miR-221 upregulation, but increased by miR-221-knock-
down (Fig. 2G and H). These results suggested that miR-221
negatively regulated IAV replication.

Overexpression of miR-221 increases IAV-triggered type-I
IFN production in A549 cells. It is recognized that the type-I
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Figure 1. miR-221 expression is downregulated during IAV infection. (A) Heatmap of normalized expression levels of miRNAs in IAV-infected A549 cells and
control cells (n=3). Green indicates low expression levels; red indicates high expression levels. A549 cells were infected with TAV either at indicated time at
(B) aMOI of 1 or at (C) indicated MOIs for 24 h, then the cells were harvested for further reverse transcription-quantitative PCR analysis of miR-221 expres-
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IFN immune response plays critical roles in the initial antiviral
response (31). To test whether miR-221 regulates the type-I
IFN immune response, the expression of cytokines (IFN-a
and IFN-fB) and ISGs (MxA, OAS, viperin and PKR) was
measured. As shown in Fig. 3A and B, miR-221-overexpression
enhanced the expression of IFN-o and IFN-f at protein levels
in A549 cells in response to IAV infection. Moreover, similar
results were observed for ISG mRNA expression during TAV
infection, as determined by RT-qPCR analysis (Fig. 3C-F).
These data indicated that overexpression of miR-221 facili-
tated the innate immune response and subsequently inhibited
TAV replication in A549 cells.

Knockdown of miR-221 decreases IAV-triggered type-1 IFN
production in A549 cells. To confirm whether miR-221 inhi-
bition affects the type-I IFN immune response during IAV
infection, A549 cells were transfected with miR-221 inhibitor,
followed by IAV infection. As shown in Fig. 4A and B,
inhibition of miR-221 significantly reduced IFN-a and
IFN-f protein expression levels in IAV-infected A549 cells.
RT-qPCR analysis demonstrated that transfection with the
miR-221 inhibitor reduced the expression levels of these ISGs
in IAV-infected A549 cells (Fig. 4C-F). These data indicated
that miR-221 downregulation may promote IAV replication by
inhibiting the innate immune response in A549 cells.

SOCSI is a direct target of miR-221 in IAV-infected A549 cells. To
determine the possible mechanism of miR-221 in the regulation

of TAV replication, the target genes of miR-221 were identified.
Using the TargetScan and PicTar algorithms, the complementary
sequence of miR-221 was identified in the 3'-UTR of SOCSI
mRNA (Fig. 5A). To verify whether SOCS1 was directly regulated
by miR-221, a dual-luciferase reporter assay was performed. The
results showed that miR-221 mimics significantly decreased the
luciferase activity of wt-SOCS1 3'UTR compared with the mimics
NC, while miR-221 inhibitor increased the luciferase activity
compared with inhibitor NC treatment (Fig. 5B). However, the
effects produced by miR-221 were abrogated in the cells trans-
fected with the vector bearing the mut SOCS1 3-UTR (Fig. 5B).
To further validate this conclusion, the mRNA and protein expres-
sion level of SOCSI1 was examined in A549 cells transfected with
the miR-221 mimic or inhibitor. SOCSI expression was signifi-
cantly decreased when miR-221 was overexpressed, but increased
at the mRNA and protein expression levels when the miR-221
inhibitor was transfected (Fig. 5C and D). Additionally, the
mRNA levels of SOCSI1 in A549 cells during HIN1 infection was
verified. As shown in Fig. SE, SOCS1 mRNA expression levels
were time-dependently increased and reached the peak at 24 h
after IAV infection. Subsequently, the mRNA expression level of
SOCSI decreased slightly at 48 h. In addition, its mRNA expres-
sion levels were also upregulated in a dose-dependent manner
(Fig. 5F). Taken together, these data suggested that SOCS1 was a
direct target of miR-221 in A549 cells during infection of HINI.

Knockdown of SOCSI reverses the promoting effects of
miR-22-downregulation on IAV replication. Since SOCSI1
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Figure 2. miR-221 negatively regulates IAV replication. (A) Transfection efficiency of miR-221 mimics was determined using RT-qPCR. (B) After miR-221
mimics transfection, viral titers in the cell cultures were determined by plaque assay using 12-well plates. (C) After miR-221 mimics transfection, copy
number of virions of HIN1 was measured using qPCR. (D) Transfection efficiency of miR-221 inhibitor was determined using RT-qPCR. (E) After miR-221
inhibitor transfection, viral titers in the cell cultures were determined via a plaque assay using 12-well plates. (F) After miR-221 inhibitor transfection, copy
number of virions of HIN1 was measured using qPCR. (G and H) Levels of M1 and NP protein expression levels were determined using western blotting.
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is essential for the induction of type-I IFNs during host
defense (22,32), it was hypothesized that miR-221 facilitates
TAV replication by regulating type-I IFN production by
targeting SOCSI. Therefore, miR-221 inhibitor and si-SOCS1
were co-transfected into A549 cells, then infected with IAV.
In A549 cells transfected with si-SOCS1, SOCSI1 protein
expression levels were significantly reduced compared with
that in the si-Scramble-transfected cells (Fig. 6A). As shown
in Fig. 6B, the viral titers of IAV were significantly increased
when miR-221 inhibitor was transfected, compared with
the inhibitor NC group. However, after co-transfection
of si-SOCSI, the viral titers were significantly reduced
compared with miR-221 inhibitor group. Subsequently, the
effects of si-SOCSI1 on the expressions of IFNs and ISGs
were examined in IAV-infected A549 cells. The miR-221
inhibitor significantly suppressed the expression levels of
IFNs and ISGs, while the inhibitory effects of miR-221
inhibitor against the type-I IFN response were reversed by
SOCSI1-knockdown (Fig. 6C-H). All these data suggested

that miR-221 inhibition facilitated HIN1 IAV replication by
targeting SOCSI.

miR-221 positively regulates the SOCSI-mediated activation of
the NF-kB pathway. SOCS1 has been previously implicated in the
regulation of NF-kB pathway, which can induce the expression of
antiviral genes such as type I in IFNs and ISGs (33). To investi-
gate the effect of miR-221 on the activity of the NF-xB signaling
pathway, the expression levels of downstream proteins in the NF-xB
signaling pathway, namely nuclear p-p65, p-IkB-a and IkB-a were
evaluated. As shown in Fig. 7A and B, miR-221-overexpression
significantly reduced the expression levels of SOCS1, and increased
the expression levels of nuclear p-p65 and p-IkB-a, while miR-221
inhibition had opposite effects in IAV-infected A549 cells. In
addition, the NF-kB reporter luciferase activity was significantly
increased by miR-221-overexpression, whereas decreased by
miR-221 inhibition (Fig. 7C). Overall, these results demonstrated
that miR-221 positively regulated the SOCS1-mediated activation
of the NF-kB pathway in IAV-infected cells.
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resistance protein 1; PKR, interferon-inducible double-stranded RNA-dependent protein kinase activator A.
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Discussion Notably, miR-221 inhibition facilitated HIN1 replication by

alleviating the antiviral defense of host cells by targeting the
In the present study, the expression of miR-221 was signifi- SOCS1/NF-«kB pathway. The current findings identified a
cantly downregulated in A549 cells infected with HIN1. novel strategy used by IAV to escape IFN-I-mediated antiviral
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immune responses by downregulating miR-221 expression.
This may improve our understanding of IAV pathogenesis.
Innate immune responses to viral infection induce the
production of type-I IFN through a cascade of complex signaling
pathways that play critical roles in antiviral immunity (34). It
has been demonstrated that the IAV possesses multiple strate-
gies to attenuate the type-I IFN-mediated antiviral response
for successful replication. Viral coding proteins, including
NS1, polymerase basic protein 2 (PB2) and polymerase basic
protein 1-frame 2 (PB1-F2), have been reported to block the
signaling pathways involved in type-I IFN synthesis (35,36).
For example, the IAV NS1 protein, the major IFN antagonist of

IAVs, can inhibit JAK/STAT signaling activation by increasing
SOCSI and SOCS3 expression (37). The H protein of IAVs has
been shown to induce degradation of the type-I IFN receptor 1,
thus suppressing the expression of IFN-stimulated antiviral
proteins (38). In addition, PB2, another non-structural protein
of TAVs, interacts with the mitochondrial antiviral signaling
protein, a key component of the IFN synthesis pathway, thus
impairing IFN-[} production without affecting viral replication
in vitro (39). Therefore, it is important to explore how IAV
escapes IFN-I-mediated antiviral immune responses.
Increasing evidence has reported that IAV can change the
expression profiles of host miRNA, and some host miRNA
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Figure 6. miR-221 promotes IAV replication by targeting SOCS1. A549 cells were transfected with miR-221 inhibitor, si-SOCSI, or both. (A) Expression
levels of SOCSI protein were measured using western blotting. (B) Viral titers in the cell cultures were determined by plaque assay using 12-well plates.
(C and D) ELISA assay was performed to measure IFN-a and IFNf expression. (E-H) Reverse transcription-quantitative PCR assay was performed to
measure IFN-stimulated gene expression (MxA, OAS, viperin and PKR). Data are presented as the mean = SD of three individual experiments. "P<0.05
and “P<0.01 vs. Blank group; P<0.01 vs. miR-221 inhibitor + si-scramble group. NC, negative control; IAV, influenza A virus; miR, microRNA;
OAS, 2'-5'-oligoadenylate synthase 2; SOCSI, suppressor of cytokine signaling 1; si, small interfering; MxA, myxovirus influenza resistance 1; PKR, inter-
feron-inducible double-stranded RNA-dependent protein kinase activator A; PFU, plaque-forming unit.

molecules participate in various types of viral infection by modu-
lating type-I IFNs. For example, Zhang et al (20) demonstrated
that IAV infection could upregulate miR-132-3p and that the
miR-132-3p/IRF1 axis impaired the type-I IFN-mediated anti-
viral defense, thus promoting IAV replication. Zhang et al (40)
showed that miR-146a was significantly upregulated during IAV
infection and miR-146a downregulation led to a significant reduc-
tion in TAV replication by enhancing the type-I IFN response.
Shi et al (41) found that miR-21-3p downregulated fibroblast
growth factor 2 expression to accelerate AV replication by
impairing the IFN response. The current study demonstrated
that IAV infection modulated the expression profile of miRNA
in host cells. In particular, miR-221 was one of the most notably
downregulated miRNA molecules during IAV infection.
Moreover, [AV infection regulated miR-221 expression in a time-
and dose-dependent manner. These data suggested that miR-221
may play an important role in IAV infection. However, whether
miR-221 participates in influenza virus-mediated inhibition of
type-I IFN-mediated antiviral responses is not clear. Previous
studies have shown that miR-221 can be induced by several
viruses and influence virus replication through the regulation of
the host antiviral innate immune response. Yan et al (22) found
that miR-221 restricts HCMYV replication by promoting type-I
IFN production. Another study showed that miR-221 inhibits
human papillomavirus 16E1-E2-mediated DNA replication
by regulating the type-I IFN signaling pathway (23). In addi-
tion, Xu et al (42) reported that miR-221 could accentuate IFN
anti-HCV effect by targeting SOCSI and SOCS3. In the present
study, loss- and gain-of-function experiments demonstrated that
IAV replication was inhibited by overexpression of miR-221,
while promoted by miR-221 inhibition, as determined by virus

titers. Moreover, overexpression of miR-221 inhibited type-I
IFN-mediated antiviral defense of host cells, whereas miR-221
inhibition had an opposite effect, indicating that miR-221
contributes to IAV infection through negative modulation of the
type-I IFN response.

Following the identification of the roles of miR-221 in IAV
infection, the underlying mechanism was further explored.
SOCSI was identified as a direct target of miR-221. SOCSI,
a negative regulator of the IFN-I signaling pathway, has been
implicated in regulating immune response and viral pathogen-
esis (43-45). For example, upregulation of SOCS1 precedes
type-I IFN signaling activation and inhibits the IFN-inducible
antiviral response as well as chemokine induction (46).
Respiratory syncytial virus infection upregulates SOCSI1
expression in HEp-2 cells, and suppression of SOCSI inhibits
viral replication through activating type-I IFN signaling (47).
Thus, it was speculated that IAV escapes IFN-I antiviral
activity via the miR-221/SOCSI axis. The current study found
that the expression of SOCS1 was increased during IAV infec-
tion in a dose- and time-dependent manner, confirming that
TAV-induced miR-221 is responsible for the increased SOCSI.
Moreover, the promoting effects of miR-221-knockdown on
TAV replication were abrogated by SOCSI inhibition.

It is well-known that NF-xB functions as an important
coordinator of immune responses (48). Some viruses utilize
NF-«kB modulation to escape from host clearance, as well as to
enhance viral replication (49,50). Since the NF-«kB signaling
pathway acts downstream of SOCSI, the present study sought to
determine whether miR-221 inhibition could influence the acti-
vation of the NF-kB signaling pathway. Thus, the key kinases
in the NF-kB pathway were examined. miR-221 inhibition
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Figure 7. miR-221 positively regulates SOCS1-mediated activation of the NF-kB pathway. A549 cells were transfected with miR-221 mimics, mimics NC,
miR-221 inhibitor and inhibitor NC. (A) Cell and supernatant were harvested, and then western blotting was performed to measure SOCSI and p-IxB-o expres-
sion. (B) Expression levels of nuclear p-p65 and nuclear p65 were measured using western blotting. (C) NF-kB activity was quantified using a luciferase assay
kit. Data are presented as the mean + SD of three individual experiments. “P<0.01 vs. mimics NC group; “P<0.01 vs. inhibitor NC group. SOCSI, suppressor
of cytokine signaling 1; NC, negative control; p-, phosphorylated; HINI, hemagglutinin 1 neuraminidase 1; IxB-o, NF-«B inhibitor a.

suppressed the activation of the NF-kB signaling pathway by
increasing SOCSI expression, whilst miR-221-overexpression
had the opposite result in IAV-infected A549 cells. These find-
ings suggested that IAV may escape innate immunity through
the miR-221/SOCS1/NF-«B pathway.

There are several limitations of the present study. All
these results were obtained from in vitro experiments; thus,
influenza virus challenge experiments should be performed
in vivo to test whether upregulation of miR-221 by agomir-221
injection has a protective role during IAV infection in mice.
The role of miR-221 in the airway epithelial cells should
also be investigated, such as mouse alveolar macrophages
(RAW264.7) that serve as the primary target for virus infec-
tion and replication (51,52). Thus, additional experiments
should be carried out to test how IAV attenuates the type-I
IFN-mediated antiviral response.

In conclusion, the current study demonstrated that down-
regulation of miR-221 inhibited the type-I IFN-mediated
immune response by targeting the SOCS1/NF-«kB pathway,
and thereby promoting AV replication. These findings

suggested that miR-221 may be an important therapy target
for IAV control in future.
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