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Abstract. The present study aimed to explore the potential 
roles and mechanism of microRNA‑4485 (miR‑4485) in severe 
influenza pneumonia. miR‑4485 expression was detected in 
patients with severe H1N1 pneumonia using quantitative PCR. 
Furthermore, the effects of aberrantly expressed miR‑4485 
on H1N1‑infected A549 cells were investigated using Cell 
Counting Kit‑8, terminal deoxynucleotidyl transferase dUTP 
nick end labeling, western blotting and (ELISA) assays. 
Furthermore, the regulatory relationships between miR‑4485 
and the STAT3‑mediated PI3K/AKT/mTOR signaling 
pathway were explored using a luciferase reporter and rescue 
assay. MiR‑4485 expression was downregulated following 
H1N1 infection and in patients with H1N1 pneumonia. In 
addition, miR‑4485 alleviated H1N1‑induced A549 cell injury 
by promoting cell viability and the production of cytokines, as 
well as reducing apoptosis in A549 cells. Furthermore, STAT3 
was revealed to be a target gene of miR‑4485. Additionally, 
STAT3 silencing reversed the protective effects of miR‑4485 
knockdown on H1N1‑induced cell injury via inhibition of the 
PI3K/AKT/mTOR signaling pathway. In conclusion, miR‑4485 
inhibited H1N1‑induced severe pneumonia in A549 cells by 
targeting STAT3 via the PI3K/AKT/mTOR signaling pathway.

Introduction

Influenza is an acute respiratory infectious disease caused by 
influenza virus. Humans often suffer from fever, cough, sore 
throat, headache, nasal discharge, fatigue and other symptoms 
following infection with influenza virus (1). In certain cases, 
severe complications induced by the influenza virus, such as 
pneumonia, respiratory failure, and multiple organ dysfunction, 

occur and may lead to death (2). In recent years, there have been 
frequent outbreaks of influenza viruses, and among these, the 
novel influenza A (H1N1) virus originating from the influenza 
pandemic in North America in 2009 has been identified as a 
leading cause of severe pneumonia (3). Therefore, H1N1 infec‑
tion represents a critical threat to public health.

MicroR NAs (m iRs/m iR NAs)  a re  endogenous 
single‑stranded, non‑coding RNA molecules with a length of 
18‑25 nucleotides, which are widely involved in the post‑tran‑
scriptional regulation of target genes (4). Several miRNAs have 
been reported to be implicated in various biological and patho‑
logical processes, including pneumonia pathogenesis (5,6). 
Previously, miR‑4485 expression has been demonstrated to be 
downregulated in gastric cancer (7). Chen et al (8) identified 
miR‑4485 as a potential biomarker of hepatitis B virus infec‑
tion persistence. Furthermore, miR‑4485 upregulation could 
suppress the tumorigenicity of breast cancer via regulation 
of mitochondrial functions  (9). Recently, decreased serum 
expression levels of miR‑4485 have been observed in severe 
pneumonia  (10). However, the effects of miR‑4485 on the 
development of severe H1N1 pneumonia are largely unknown.

In the present study, miR‑4485 expression was detected in 
patients with severe H1N1 pneumonia. In addition, the effects of 
miR‑4485 in H1N1‑induced A549 cell injury were investigated by 
assessing cell viability, apoptosis and inflammation. Furthermore, 
the regulatory relationship between miR‑4485 and STAT3 was 
explored, as well as the association between miR‑4485 and the 
PI3K/AKT/mTOR signaling pathway. It was hypothesized that 
miR‑4485 may promote cell viability, and inhibit cell apoptosis 
and the production of cytokines by targeting STAT3 and inacti‑
vating the PI3K/AKT/mTOR signaling pathway, thus alleviating 
H1N1‑induced injury in A549 cells.

Materials and methods

Patients and controls. A series of 22 patients with confirmed 
influenza virus A (H1N1) pneumonia (18 males and 14 females; 
age range, 28‑67 years; mean age, 45.7 years) and 18 age‑ and 
sex‑matched healthy controls (10 males and 8 females; age 
range, 29‑65 years; mean age, 44.6 years) were recruited at 
Gansu Provincial People's Hospital (Lanzhou, Gansu, China) 
between September and December, 2019. The present study 
was approved by the Ethics Committee of Gansu Provincial 
People's Hospital. Written informed consent was obtained 
from all subjects.
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A confirmed case of infection was defined as an acute lower 
respiratory tract illness with two or more of the following 
symptoms or signs: Cough, productive sputum, fever, chills, 
dyspnea, pleuritic chest pain, crackles and bronchial breathing 
plus an opacity or infiltrate seen on a chest radiography that 
was interpreted as pneumonia by the treating physicians, and 
a laboratory‑confirmed H1N1 virus infection as confirmed by 
reverse transcription‑quantitative PCR (RT‑qPCR) or viral 
culture. A severe or critical case was defined as a case that met 
at least one of the following criteria on admission, according to 
the pH1N1 2009 Clinical guidelines (11) released by Chinese 
Ministry of Health (MOH): i) Respiratory failure; ii) Septic 
shock; iii) Multiple organ insufficiency; and iv) Other critical 
clinical conditions requiring intensive care. Hospitalized 
patients were excluded if they did not have pneumonia, or if 
they had been treated as outpatients or in emergency rooms, 
had a duration of hospitalization <24 h, or if there was an 
incomplete record of clinical outcome.

All patients in the present study had a body temperature 
>100.4˚F (>38˚C), tachypnea and cough. Other common symp‑
toms included diarrhea (73%) and sore throat (27%). A total 
of 5 ml fasting peripheral blood samples was harvested from 
all subjects. Serum was obtained following centrifugation 
of blood samples at 4,000 x g at 4˚C for 10 min and stored 
at ‑80˚C.

Cell culture, transfection and treatment. Human pulmonary 
epithelial A549 cells and 293T cells, purchased from the 
American Type Culture Collection were cultured in DMEM 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) and 100 µg/ml penicillin/streptomycin (Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C with 5% CO2.

When cell confluence reached >70%, the miR‑4485 mimic 
(50 nM)/inhibitor (150 nM), mimic/inhibitor negative control 
(mimic/inhibitor NC) (50  nM/150  nM), small interfering 
(si)RNA against STAT3 or siRNA negative controls (si‑NC) 
(100 nM) were transfected into cells using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. After 24 h of transfection, cells were 
infected with or without H1N1 at a MOI of 2 for another 
24 h. Primer sequences were as follows: miR‑4485 mimic 
sense, 5'‑UAA​CGG​CCG​CGG​UAC​CCU​AA‑3' and mimic NC 
antisense, 5'‑UGA​UCC​UCA​GUU​GUG​UGU​AA‑3'; miR‑4485 
inhibitor 5'‑UAA​CGG​CCG​CGG​UAC​CCU​AA‑3'; si‑STAT3: 
sense, 5'‑GGA​CGA​CUU​UGA​UUU​CAA​Ctt‑3'; antisense, 
5'‑GUU​GAA​AUC​AAA​GUC​GUC​Ctg‑3'. si‑NC: sense, 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; antisense, 5'‑ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑3'. A total of 48 h following 
transfection, the cells were collected for further experiments.

Luciferase reporter assay. The potential binding sites for 
miR‑4485 in STAT3 were predicted using TargetScan 
Release  7.2 (http://www.targetscan.org/). Wild‑type 
(WT)‑STAT3‑3' untranslated region (UTR)‑pISo and 
MUT‑STAT3‑3'UTR‑pISo luciferase reporter plasmids 
(50 ng) (Sangon Biotech Co., Ltd.) were co‑transfected with 
either miR‑4485 mimic or mimic NC into 293T cells using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). After 48 h of transfection, the lysate was analyzed using 
a Dual‑Glo luciferase assay system (Promega Corporation) 

and the luciferase activity was measured using a luminometer. 
Firefly luciferase activity was normalized to Renilla luciferase 
activity.

RT‑qPCR. Total RNA was isolated from peripheral blood 
samples or A549 cells using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), and purified to obtain the 
miRNA fraction using a mirVana miRNA isolation kit (Ambion; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Total RNA was reverse transcribed to cDNA using a 
PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.). 
A total of 1 µg of total RNA was reversely transcribed using 
oligo(dT) primer at 42˚C for 1 h, and 2 µl of the reverse tran‑
scription reaction mix was amplified by PCR with denaturation 
at 95˚C for 2 min, and 50 cycles at 95˚C for 30 sec, 55˚C for 
30 sec, and 72˚C for 1 min. The thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 30 sec, followed by 
40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. The relative 
expression levels of miR‑4485 were normalized to U6 using 
SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.) and 
calculated with the 2‑ΔΔCq method (12). The primer sequences 
used in qPCR were as follows: U6, forward, 5'‑GCT​TCG​GCA​
GCA​CAT​ATA​CTA​AAA​T‑3' and reverse, 5'‑CGC​TTC​ACG​
AAT​TTG​CGT​GTC​AT‑3'; and miR‑4485 Forward, 5'‑AGU​
AAC​GGC​CGC​GGU​AC‑3' and reverse, 5'‑TCC​AGT​TTT​TTT​
TTT​TTT​TTT​AGG‑3'.

Cell Counting Kit‑8 (CCK‑8) assay. The CCK‑8 reagent kit 
(Beyotime Institute of Biotechnology) was used to analyze the 
viability rates of A549 cells according to the manufacturer's 
protocol. At 24, 48 and 72 h after transfection, cells were 
treated with 10 µl CCK‑8 solution for an additional 2 h. The 
optical density was measured at 450 nm.

Apoptosis detection. The TUNEL reaction was performed 
according to the manufacturer's protocols (Roche Applied 
Science). After rinsing twice with PBS, A549 cells were fixed 
with 4% paraformaldehyde for 15 min at room temperature, 
permeabilized in 0.25% Triton X‑100 on ice for 20 min, and 
incubated in terminal dexynucleotidyl transferase reaction 
cocktail for 45 min at 37˚C. Cell nuclei were visualized by 
DAPI staining (0.3  µg/ml; Sigma‑Aldrich; Merck  KGaA) 
at  4˚C for 10  min. The slides were mounted using 
DAPI‑Fluoromount‑GTM, covered with glass slides, and four 
fields of view were examined in using a scanning flourescence 
microscope.

Western blotting. A549 cells were harvested and lysed using 
RIPA buffer (Sigma‑Aldrich; Merck KGaA). Protein concen‑
trations were determined using the BCA protein assay kit 
(Thermo Fisher Scientific, Inc.). In total, 30 µg proteins were 
loaded on a 10% gel, resolved using SDS‑PAGE and transferred 
onto a nitrocellulose membrane. The membrane was blocked 
in 5% skimmed milk at room temperature for 30 min. Western 
blotting was performed using antibodies against Bax (#5023), 
Bcl‑2 (#3498), STAT3 (#12640), phosphorylated (p)‑STAT3 
(#9145), PI3K (#4249), p‑PI3K (#17366), AKT (#4685), p‑AKT 
(#4060), mTOR (#2983) and p‑mTOR (#5536) (all 1:1,000; Cell 
Signaling Technology, Inc.) at 4˚C overnight. Membranes were 
incubated with HRP‑coupled IgG antibody (#7074; 1:1,000; 
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Cell Signaling Technology, Inc.) at room temperature for 1 h. 
Densitometry analysis of the bands was performed using the 
ImageJ software (version 1.52; National Institutes of Health). 
GAPDH was used as the loading control.

ELISA. Serum samples and supernatants from cultured A549 
cells were collected and the concentrations of pro‑inflamma‑
tory cytokines IL‑6, TNF‑α and IL‑1β were measured using 
Human IL‑6 Quantikine ELISA Kit (cat. no. D6050), Human 
TNF‑alpha Quantikine ELISA Kit (cat. no. DTA00D) and 
Human IL‑1 β/IL‑1F2 Quantikine ELISA Kit (cat. no. DLB50) 
(R&D Systems, Inc.) according to the manufacturer's proto‑
cols.

Statistical analysis. Statistical analysis was performed using 
SPSS 19.0 statistical software (IBM Corp.). Data are presented 
as the mean ± SD from at least three independent experiments. 
Differences among groups were compared using Student's t‑test 
or one‑way ANOVA with Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR‑4485 expression is downregulated in patients with severe 
H1N1 pneumonia. As shown in Fig. 1A, serum miR‑4485 
expression was significantly downregulated in patients with 
severe H1N1 pneumonia compared with in healthy subjects. 
Furthermore, ELISA results demonstrated that patients with 
severe H1N1 pneumonia had higher serum levels of IL‑6, 
TNF‑α and IL‑1β compared with the healthy controls (Fig. 1B).

Overexpression of miR‑4485 improves H1N1‑induced A549 
cell injury. To determine whether miR‑4485 was involved in 
the development of severe H1N1 pneumonia, A549 cells were 
infected with H1N1 to establish a cell model of pneumonia. 
As shown in Fig. 2A, H1N1 infection decreased miR‑4485 
expression. To investigate the effects of miR‑4485 on H1N1 
infection‑induced A549 cell injury, A549 cells were trans‑
fected with miR‑4485 mimic to overexpress miR‑4485 and 
successful transfection was confirmed by RT‑qPCR (Fig. 2B). 
Furthermore, the present data demonstrated that overexpression 
of miR‑4485 markedly ameliorated H1N1‑induced A549 cell 
injury by promoting cell viability (Fig. 2C), inhibiting apop‑
tosis (Fig. 2D), reversing H1N1‑induced expression changes 
of apoptosis‑related proteins (Fig. 2E), and suppressing the 
secretion of IL‑6, TNF‑α and IL‑1β (Fig. 2F).

STAT3 is a direct target gene of miR‑4485. It has been 
demonstrated that the STAT3‑mediated PI3K/AKT/mTOR 
signaling pathway may serve a key role in the process of lung 
injury (13). In the present study, H1N1 infection resulted in 
increased protein phosphorylation levels of PI3K, AKT and 
mTOR, as demonstrated by an enhanced ratio of p‑PI3K/PI3K, 
p‑AKT/AKT and p‑mTOR/mTOR (Fig. 3A). According to 
the predicted results of TargetScan, STAT3 was identified 
as a potential target of miR‑4485. To confirm the predicted 
results, a luciferase reporter assay was performed, and the 
results revealed that the relative luciferase activities of STAT3 
3'UTR WT were significantly decreased in the miR‑4485 
mimic group compared with in the mimic NC group (Fig. 3B). 
RT‑qPCR analysis confirmed the knockdown of miR‑4485 
expression in A549 cells following transfection with miR‑4485 
inhibitor (Fig. 3C). Furthermore, the phosphorylated STAT3, 
PI3K, AKT and mTOR/total protein ratios were significantly 
reduced in the miR‑4485 mimic group compared with in the 
mimic NC group, whereas they were markedly increased in 
the miR‑4485 inhibitor group compared with in the inhibitor 
NC group (Fig. 3D).

STAT3 knockdown alleviates the effects of miR‑4485 inhibition 
on H1N1‑induced A549 cell injury. To explore the regulatory 
relationship between miR‑4485 and STAT3, STAT3 expres‑
sion was knocked down by transfection with si‑STAT3 in A549 
cells following miR‑4485 downregulation by transfection with 
miR‑4485 inhibitor. As shown in Fig. 4A, si‑STAT3 transfec‑
tion decreased the total and phosphorylated protein levels of 
STAT3. Furthermore, the suppression of miR‑4485 expression 
deteriorated H1N1‑induced PI3K/AKT/mTOR phosphoryla‑
tion (Fig. 4B) with no change in STAT3 expression, inhibited 
cell viability (Fig.  4C), promoted apoptosis  (Fig.  4D) via 
upregulation of Bax expression and downregulation of the 
expression levels of Bcl‑2 (Fig. 4E), and increased production 
of cytokines (Fig. 4F), and these effects were partly reversed 
by si‑STAT3 transfection.

Discussion

Maintaining epithelial integrity in the lung is critical in fighting 
infection and allowing optimal gas exchange. Influenza viruses 
disrupt epithelial homeostasis as they directly target epithelial 
cells in the lung mucosa (14). Severe infection causes exces‑
sive epithelial injury, fluid buildup in the lung parenchyma and 
increased susceptibility to secondary bacterial infections (15). 

Figure 1. miR‑4485 expression is downregulated in patients with severe H1N1 pneumonia. (A) Serum expression levels of miR‑4485 were determined using reverse 
transcription‑quantitative PCR, and (B) IL‑6, TNF‑α and IL‑1β levels were determined using ELISA in patients with severe H1N1 pneumonia (n=22) and healthy 
controls (n=18). The experiments were performed three times and data are presented as the mean ± SD. **P<0.01 vs. the healthy controls. miR‑4485, microRNA‑4485.
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Endothelial cells are considered to be the central regulators of 
cytokine storm in the respiratory system during influenza virus 
infection (16). Previous studies have revealed that infection 
with H1N1 triggers the release of proinflammatory cytokines 
in human lung epithelial A549 cells (17,18). Understanding 
how epithelial cells respond to influenza infection is important 
for optimizing immune‑based strategies to reduce the burden 
of infection.

Several lines of evidence suggest that some miRNAs 
function as crucial regulators in the pathological process of 
influenza pneumonia. For example, Zhang et al (19) reported 
that miR‑29c promotes H1N1 infection‑induced inflamma‑
tory and antiviral signaling in A549 cells. Podsiad et al (20) 
revealed that miR‑155 increases mortality and impairs 
bacterial clearance in post‑influenza pneumonia via nega‑
tive regulation of the IL‑23/IL‑17 signaling pathway. 

Figure 2. Overexpression of miR‑4485 improves H1N1‑induced A549 cell injury. (A) Expression levels of miR‑4485 in A549 cells infected with or without 
H1N1 after transfection with miR‑4485 mimic or mimic NC. (B) Reverse transcription‑quantitative PCR demonstrated miR‑4485 overexpression in A549 
cells following transfection with miR‑4485 mimic. (C) Cell Counting Kit‑8 cell viability assay, (D) TUNEL apoptosis detection (magnification x200), (E) rela‑
tive protein expression of Bax and Bcl‑2, and (F) production of IL‑6, TNF‑α and IL‑1β in A549 cells infected with or without H1N1 following transfection 
with miR‑4485 mimic or mimic NC. The experiments were performed three times and the data are presented as the mean ± SD. **P<0.01 vs. the control group; 
#P<0.05, ##P<0.01 vs. H1N1 + mimic NC group. miR‑4485, microRNA‑4485; NC, negative control; OD, optical density.
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Liu et al (21) demonstrated that inhibition of miR‑200c‑3p 
ameliorates lung injury induced by H5N1 virus infection by 
targeting angiotensin‑converting enzyme 2. To the best of 
our knowledge, the present study was the first to demonstrate 
the downregulation of miR‑4485 expression in patients with 
severe H1N1 pneumonia. Results from in vitro experiments 
demonstrated that H1N1 infection markedly induced cell 
injury by inhibiting cell viability, inducing cell apoptosis 
and enhancing the production of cytokines. Additionally, 
H1N1 inoculation resulted in decreased expression levels 
of miR‑4485 in A549 cells. In addition, overexpression of 
miR‑4485 alleviated H1N1‑induced cell injury.

There is emerging evidence that miRNAs serve crucial 
roles in several biological processes by regulating their target 
genes. In the present study, STAT3, an inflammation‑related 
transcription factor, was identified as a direct target gene of 
miR‑4485. Increasing evidence has suggested an association 
between STAT3 and the development of pneumonia. For 
instance, STAT3 inhibition rescues mice from pulmonary 
Staphylococcus aureus infections by targeting the antimicro‑
bial protein regenerating islet‑derived 3γ (22). Traber et al (23) 
demonstrated that STAT3 is required for neutrophil and 
macrophage recruitment during pneumonia by inducing 
chemokine C‑X‑C motif ligand 5 expression. Additionally, 
STAT3 inhibition could suppress lipopolysaccharide‑induced 

macrophage and inflammatory cell infiltration in lung and 
bronchoalveolar lavage fluid (24). In the present study, STAT3 
was demonstrated to be a direct target gene of miR‑4485. 
In addition, knockdown of STAT3 could reverse the effects 
of miR‑4485 downregulation on H1N1‑induced cell injury. 
Overall, these findings suggest that miR‑4485 may serve a 
crucial role in H1N1‑induced severe pneumonia by inhibiting 
STAT3 expression. However, the functional regulatory mecha‑
nisms of STAT3 and miR‑4485 remain to be elucidated.

Increasing evidence has revealed the critical roles 
of the PI3K/AKT/mTOR signaling pathway in the 
host response against pneumovirus infections. For 
instance, Klebsiella pneumoniae induces autophagy and 
oxidative stress in Caenorhabditis elegans through inhi‑
bition of the PI3K/AKT/mTOR signaling pathway  (25). 
St reptococcus pneumonia  induces autophagy in 
A549 cells via a PI3K/AKT/mTOR‑dependent mecha‑
nism  (26). Yang  et  al  (27) demonstrated that inhibition 
of PI3K/AKT/mTOR decreases the reinfect ion of 
Streptococcus pneumonia following influenza A virus 
infection in community‑acquired pneumonia. Therefore, 
the present study aimed to explore whether the effects of 
miR‑4485 on H1N1‑induced severe pneumonia could be 
mediated via the PI3K/AKT/mTOR signaling pathway. In 
the present study, the PI3K/AKT/mTOR signaling pathway 

Figure 3. STAT3 is a direct target gene of miR‑4485. (A) Phosphorylated and total protein levels of STAT3, PI3K, AKT and mTOR and the ratio of p‑STAT3/STAT3, 
p‑PI3K/PI3K, p‑AKT/AKT and p‑mTOR/mTOR in A549 cells infected with or without H1N1. (B) Predicted binding sequences of STAT3 and miR‑4485. A 
luciferase reporter assay demonstrated that STAT3 3' untranslated region‑WT was targeted by miR‑4485 in 293T cells. (C) Reverse transcription‑quantitative 
PCR confirmation of miR‑4485 knockdown in A549 cells following transfection with miR‑4485 inhibitor. (D) Phosphorylated and total protein levels of 
STAT3, PI3K, AKT and mTOR and the ratio of p‑STAT3/STAT3, p‑PI3K/PI3K, p‑AKT/AKT and p‑mTOR/mTOR in A549 cells transfected with miR‑4485 
mimic/inhibitor or mimic/inhibitor NC. The experiments were performed three times and the data are presented as the mean ± SD. **P<0.01 vs. control or mimic 
NC group; ##P<0.01 vs. inhibitor NC group. miR‑4485, microRNA‑4485; Mut, mutant; NC, negative control; p‑, phosphorylated; WT, wild type.
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was activated following inhibition of miR‑4485, and was 
markedly inhibited by STAT3 silencing, suggesting the 
regulatory functions of miR‑4485 on the STAT3‑mediated 
PI3K/AKT/mTOR pathway. Therefore, it was speculated 
that miR‑4485 may target STAT3 to regulate the activation 
of the PI3K/AKT/mTOR signaling pathway, thus mediating 
the development of severe H1N1 pneumonia.

In summary, the present study revealed that miR‑4485 
expression was downregulated in patients with severe H1N1 
pneumonia, and that downregulation of miR‑4485 may 
promote H1N1 infection‑induced A549 cell injury by targeting 
STAT3 via the activation of the PI3K/AKT/mTOR signaling 
pathway. These findings will provide a potential therapeutic 
target for the treatment of severe H1N1 pneumonia.
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