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MicroRNA-590-5p represses proliferation of human 
fetal airway smooth muscle cells by targeting signal 
transducer and activator of transcription 3

Shan Shi, Lianhua Jin, Sai Zhang, Haibo Li, Bo Zhang, Meihua Sun

A b s t r a c t

Introduction: Pediatric asthma has remained a health threat to children in 
recent years. The abnormal proliferation of airway smooth muscle (ASM) 
cells contributes to airway remodeling during development of asthma. Mi-
croRNAs (miRNAs) are critical regulators of ASM cell proliferation during 
airway remodeling. miR-590-5p has been reported to regulate cell prolifera-
tion in various cell types. However, it remains unclear whether miR-590-5p 
regulates ASM cell proliferation. In this study, we aimed to investigate the 
potential role of miR-590-5p in regulating fetal ASM cell proliferation in vitro 
stimulated by platelet-derived growth factor (PDGF).
Material and methods: miRNA, mRNA, and protein expression was detected 
by real-time quantitative polymerase chain reaction and western blot. Cell 
proliferation was detected by CCK-8 and BrdU assays. The target of miR-
590-5p was confirmed by dual-luciferase reporter assay.
Results: MiR-590-5p expression was significantly down-regulated in fetal 
ASM cells stimulated with PDGF (p < 0.05). Overexpression of miR-590-
5p inhibited cell proliferation (p < 0.05), whereas the suppression of miR-
590-5p promoted cell proliferation of fetal ASM cells stimulated with PDGF  
(p < 0.05). Signal transducer and activator of transcription 3 (STAT3) was 
identified as a target gene of miR-590-5p. In addition, miR-590-5p negatively 
regulated STAT3 expression (p < 0.05). Moreover, miR-590-5p also modulated 
downstream genes of STAT3 including cyclin D3 and p27 (p < 0.05). The res-
toration of STAT3 significantly reversed the inhibitory effect of miR-590-5p  
on fetal ASM cell proliferation.
Conclusions: MiR-590-5p inhibits proliferation of fetal ASM cells by 
down-regulating STAT3, thereby suggesting a  novel therapeutic target for 
the treatment of pediatric asthma.
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Introduction

Asthma in the pediatric population has become a critical public health 
concern in recent years and has resulted in increasing morbidity and 
healthcare costs [1]. The increased airway hyper-responsiveness and re-
modeling are hallmarks of pediatric asthma [2]. Various inflammatory 
cytokines are highly upregulated in asthmatic children and airway in-
flammation is correlated with airway hyper-responsiveness [3, 4]. Nu-
merous mitogens, including transforming growth factor-β, platelet-de-
rived growth factor (PDGF), and connective tissue growth factor (CTGF), 
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are elevated in asthmatic lungs, thereby inducing 
airway smooth muscle (ASM) cell proliferation and 
airway remodeling [5–7]. Airway smooth muscle 
cells are the main structural components of the 
airway, and hyperplasia of ASM cells is correlat-
ed with asthma severity [8]. Prevention of ASM 
proliferation may be a novel therapeutic approach 
in the treatment of asthma. However, molecular 
mechanisms underlying ASM hyper-proliferation 
remain poorly understood. Therefore, a better un-
derstanding of these mechanisms may shed light 
on the pathogenesis of asthma and help with the 
development of potential treatments for asthma.

MicroRNAs (miRNAs), a group of small noncod-
ing RNAs, are emerging as critical regulators for 
gene expression [9]. MicroRNAs negatively mod-
ulate gene expression at the post-transcriptional 
level by binding the 3′-untranslated region (UTR) 
of target mRNA [9]. Various studies have shown 
that miRNAs are involved in various physiological 
and pathological processes; they regulate many 
biological processes, including cell proliferation, 
differentiation, and apoptosis [10]. A  number 
of studies have shown the important role of  
miRNAs in the pathogenesis of asthma and the 
regulation of airway inflammation and hyper-re-
sponsiveness [11]. Therefore, miRNA-based ther-
apy may have potential applications to the treat-
ment of asthma.

Signal transducer and activator of transcrip-
tion 3 (STAT3) is a cytokine and growth factor-in-
ducible transcription factor that plays an import-
ant role in various biological processes, including 
cell proliferation, apoptosis, and differentiation 
[12]. Recent studies have suggested that STAT3 
is an important regulator of asthma pathogen-
esis [13]. PDGF can induce STAT3 activation and 
promote proliferation of ASM cells [14]. Blocking 
STAT3 signaling impedes ASM cell proliferation 
induced by PDGF [14]. The inhibition of STAT3 
suppresses lung inflammation and airway re-
modeling in a murine asthma model [15]. There-
fore, STAT3 is a promising therapeutic target for 
preventing asthma.

Recent studies have revealed that miR-590-5p 
regulates cell proliferation of various cells such as 
cancer cells and vascular endothelial cells [16–18]. 
However, the role of miR-590-5p in ASM cell pro-
liferation remains unclear. In this study, we aimed 
to investigate the potential role and underlying 
mechanism of miR-590-5p in regulating fetal ASM 
cell proliferation in vitro stimulated by PDGF. miR-
590-5p expression was significantly down-reg-
ulated in fetal ASM cells stimulated with PDGF. 
Overexpression of miR-590-5p inhibited PDGF-in-
duced fetal ASM cell proliferation. STAT3 was iden-
tified as a  functional target gene of miR-590-5p 
in regulating fetal ASM cell proliferation. Our re-

sults demonstrate that miR-590-5p inhibits the 
proliferation of fetal ASM cells by down-regulating 
STAT3, thereby suggesting a potential therapeutic 
approach for the prevention of pediatric asthma.

Material and methods

Cell lines

Human fetal ASM cells were isolated from fe-
tal tracheobronchial tissues (12–18 weeks ges-
tation) via the enzymatic dissociation method, 
as previously described [19]. Cells were grown in 
Dulbecco’s modified Eagle’s medium (DMEM; Gib-
co, Rockville, MD, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco), 2 mM glutamine, 
1 mM sodium pyruvate, and 1% penicillin/strep-
tomycin mix (Sigma, St. Louis, MO, USA). For tis-
sue donation, written informed consent was ob-
tained from each participant. The use of clinical 
tissue was approved by the Institutional Review 
Board of The First Hospital of Jilin University, and 
this study was performed in accordance with the 
Declaration of Helsinki. 293T cells were purchased 
from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China) and cul-
tured in DMEM (Gibco) containing 10% FBS (Gib-
co) and 1% penicillin/streptomycin mix (Sigma). 
Cells were routinely maintained in a  humidified 
atmosphere of 5% CO

2 at 37°C.

RNA extraction and real-time quantitative 
polymerase chain reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent 
according to the manufacturer’s protocols. To de-
tect miR-590-5p expression, cDNA was synthe-
sized using the miScript Reverse Transcription Kit 
(Qiagen, Dusseldorf, Germany). To detect STAT3 
mRNA expression, cDNA was synthesized using 
M-MLV Reverse Transcriptase (TaKaRa, Dalian, 
China). PCR amplification was done using a SYBR 
Green PCR kit (TaKaRa) in the ABI7500 real-time 
PCR system (Applied Biosystems, Foster City, CA, 
USA). Small nuclear RNA U6 served as an internal 
control to normalize miR-590-5p expression. GAP-
DH was used as an internal control to normalize 
expression of STAT3. Relative gene expression was 
analyzed via the 2–ΔΔCt method.

Cell transfection

Cells were transfected with miR-590-5p mim-
ics, inhibitor, or negative control (GenePharma, 
Shanghai, China) using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The cDNA fragment of the 
STAT3 open reading frame was inserted into the 
pcDNA3.1 vector (Sangon Biotech, Shanghai, Chi-
na). This construct was transfected into cells using 
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Lipofectamine 2000 (Invitrogen). After 48 h from 
transfection, cells were treated with 25 ng/ml  
PDGF (R&D Systems, Minneapolis, MN, USA) and 
incubated for 24 h.

Cell viability and growth assay

Cell viability and growth were detected by cell 
counting kit-8 (CCK-8) assay. Briefly, cells were 
seeded into 96-well plates and cultured overnight. 
After the indicated treatments, cells were treated 
with 10 µl of CCK-8 solution (Sigma) and cultured 
for 1 h. The optical density (OD) value at 490 nm 
was detected using a  microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA).

BrdU (5-bromo-2′-deoxyuridine) assay

Cell proliferation was determined by BrdU as-
say using a  BrdU kit (Sigma). Briefly, cells were 
seeded into 96-well plates. After the indicated 
treatments, cells were treated with BrdU labeling 
reagent for 2 h at 37°C. Then, cells were treated 
with FixDenat solution and incubated for 30 min 
at room temperature. Cells were treated with anti- 
BrdU-peroxidase and incubated for 90 min at 
room temperature. Afterwards, the substrate solu-
tion was added and incubated for 10 min. The OD 
value at 370 nm was measured by a microplate 
reader (BioTek Instruments).

Dual-luciferase reporter assay

Fragments of wild-type or mutant STAT3 
3′-UTR containing the putative binding site of 
miR-590-5p was cloned into a  pmirGLO vector 
(Promega, Madison, WI, USA). Then, 293T cells 
were co-transfected with the pmirGLO vector and  
miR-590-5p mimics using Lipofectamine 2000 
(Invitrogen). After incubation for 48 h, cells were 
harvested and lysed. The relative activity was de-
termined using the Dual Luciferase Reporter Assay 
System (Promega) according to the manufactur-
er’s protocols.

Western blot analysis

Equal amounts of protein were separated by 
10% sodium dodecyl sulfate polyacrylamide gels, 
then transferred onto polyvinylidene fluoride 
membranes (Millipore, Billerica, MA, USA). Mem-
branes were then blocked with 5% non-fat milk 
and incubated with anti-STAT3 and anti-GAPDH 
antibodies (Abcam, Cambridge, UK) at 4°C over-
night. Membranes were probed with horseradish 
peroxidase-secondary antibody (1 : 5000; Sigma) 
for 1 h at room temperature. Protein bands were 
visualized by an enhanced chemiluminescence 
system (Millipore). The intensity of bands was 
quantified using the Image-Pro Plus 6.0 software. 

Statistical analysis

Experimental data were presented as mean ± 
standard deviation. Statistical analyses were per-
formed by Student’s t-test and one-way analysis 
of variance with the Bonferroni post hoc test using 
SPSS 18.0 statistical software (SPSS Inc., Chicago, 
IL, USA). Differences were considered statistically 
significant when p < 0.05.

Results

Expression of miR-590-5p is down-regulated 
in fetal ASM cells stimulated with PDGF

To investigate the potential role of miR-590-5p 
in regulating ASM cell proliferation, we examined 
the expression of miR-590-5p in fetal ASM cells 
stimulated with mitogen PDGF by RT-qPCR. The re-
sults showed that miR-590-5p expression was sig-
nificantly decreased in fetal ASM cells stimulated 
with PDGF (Figure 1), thereby suggesting a critical 
role in the regulation of fetal ASM cell proliferation.

Overexpression of miR-590-5p inhibits 
proliferation of fetal ASM cells

To investigate the biological function of miR-
590-5p in fetal ASM cells, we performed gain- and 
loss-of-function experiments by transfecting miR-
590-5p mimics or inhibitors. The results showed 
that miR-590-5p mimics-transfected cells showed 
higher expression levels of miR-590-5p, whereas 
miR-590-5p inhibitor-transfected cells showed 
lower expression levels of miR-590-5p compared 
with negative control (NC)-transfected cells (Fig-
ure 2 A). PDGF stimulation promoted ASM cell 
proliferation. However, overexpression of miR-
590-5p significantly reduced PDGF-induced cell 
proliferation in fetal ASM cells (Figures 2 B and C). 
In contrast, suppression of miR-590-5p enhanced 
PDGF-induced cell proliferation (Figures 2 B and C).  
These results suggest that miR-590-5p can inhibit 
proliferation of fetal ASM cells.

 Blank PDGF

Figure 1. Expression of miR-590-5p in fetal ASM 
cells. Human fetal ASM cells were treated with 
PDGF (25 ng/ml) for 24 h and then harvested for 
RT-qPCR analysis

*p < 0.05 vs. blank.
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STAT3 is a potential target of miR-590-5p 
in fetal ASM cells

MicroRNAs exert functions by targeting down-
stream targets. To investigate the underlying 
mechanism by which miR-590-5p regulates ASM 
cell proliferation, we predicted the downstream 
target gene of miR-590-5p by bioinformatics anal-
ysis (TargetScan and microRNA.org). We found 
that STAT3, a critical regulator for ASM prolifer-
ation and asthma [14, 20], was a potential tar-
get gene of miR-590-5p. The 3′-UTR of STAT3 had 
a putative binding site for miR-590-5p (Figure 3 A).  
To confirm whether miR-590-5p directly targeted 
the 3′-UTR of STAT3, we performed a dual-lucifer-
ase reporter assay. The results showed that miR-
590-5p significantly inhibited luciferase activity 
of the reporter vector containing the wild-type 
STAT3 3′-UTR (Figure 3 B). However, miR-590-5p 
showed no obvious effect on the luciferase activ-
ity of the reporter vector containing the mutant 
STAT3 3′-UTR (Figure 3 B). To further confirm that 
STAT3 is a target gene of miR-590-5p, we detect-
ed the effect of miR-590-5p on STAT3 expression 
in fetal ASM cells. Moreover, we found that both 

Figure 2. miR-590-5p inhibited the proliferation of 
fetal ASM cells. Human fetal ASM cells were trans-
fected with miR-590-5p mimics or inhibitor for  
48 h and then treated with PDGF (25 ng/ml) for 24 h.  
A  – Expression level of miR-590-5p was detected 
by RT-qPCR. B – Cell viability and growth were de-
tected by CCK-8 assay. C – Cell proliferation was 
detected by BrdU assay

*p < 0.05 vs. blank. &p < 0.05 vs. NC.
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mRNA and protein expression of STAT3 were sig-
nificantly inhibited by miR-590-5p overexpres-
sion, whereas the suppression of miR-590-5p 
promoted STAT3 expression (Figures 4 A and B). 
These results suggested that miR-590-5p direct-
ly targets the 3′-UTR of STAT3 and regulates its 
expression.

MiR-590-5p regulates expression of cyclin 
D3 and P27

A previous study reported that STAT3 regulates 
PDGF-induced ASM proliferation by regulating cy-
clin D3 and p27 [21]. Considering the regulatory ef-
fect of miR-590-5p on STAT3 expression, we spec-
ulated that miR-590-5p may regulate cyclin D3  
and p27. To investigate whether miR-590-5p reg-
ulated cyclin D3 and p27, we detected the effect 

of miR-590-5p on the expression of cyclin D3 and 
p27 by RT-qPCR. The results showed that PDGF 
treatment significantly promoted cyclin D3 ex-
pression and suppressed p27 expression (Figures 
5 A and B). As expected, miR-590-5p overexpres-
sion markedly inhibited cyclin D3 expression and 
promoted p27 expression (Figures 5 A  and B). 
However, the suppression of miR-590-5p exhibit-
ed the opposite effect (Figures 5 A and B). Overall, 
these data suggest that miR-590-5p regulates the 
expression of cyclin D3 and p27 during PDGF-in-
duced ASM proliferation.

Restoration of STAT3 expression reverses 
the effect of miR-590-5p

To confirm whether miR-590-5p exerts its func-
tion by targeting STAT3, we performed a  rescue 

Figure 4. miR-590-5p inhibited the expression of STAT3. Fetal ASM cells were transfected with miR-590-5p mimics 
or inhibitor for 48 h and then treated with PDGF (25 ng/ml) for 24 h

*p < 0.05 vs. blank. &p < 0.05 vs. NC.
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assay. Transfection of pcDNA3.1/STAT3 expression 
vector (without the 3′-UTR) significantly restored 
the expression of STAT3 in miR-590-5p mim-
ics-transfected cells (Figure 6 A). The regulatory 
effect of miR-590-5p on cyclin D3 (Figure 6 B) 
and p27 (Figures 6 C) was markedly abrogated by 
STAT3 overexpression. Moreover, the inhibitory ef-
fect of miR-590-5p on fetal ASM cell proliferation 
was also significantly reversed by STAT3 overex-
pression (Figures 7 A and B). These data indicate 
that miR-590-5p inhibits ASM cell proliferation by 
downregulation of STAT3.

Discussion

Airway smooth muscle cell proliferation is 
a  critical process in the formation of airway re-
modeling in asthma. The mitogen PDGF promotes 
the proliferation of ASM cells in the bronchial 
tissues during the pathogenesis of asthma [22, 
23]. Our study showed that miR-590-5p was an 
important regulator of PDGF-induced cell prolifer-
ation in fetal ASM cells, thereby suggesting a po-
tential target for preventing ASM cell proliferation 
in pediatric asthma.

Recent studies suggested that miRNAs act as 
critical regulators in ASM cell proliferation. Perry 
et al. reported that miR-221 promoted prolifera-
tion of ASM cells in severe asthma [24]. The over-
expression of miR-10a inhibited mitogen-induced 
ASM cell proliferation by down-regulation of the 
PI3K/Akt signaling pathway [25]. The expression 
of miR-138 is decreased in asthmatic ASM cells 
and overexpression of miR-138 suppresses pro-
liferation of ASM cells by targeting 3-phospho-
inositide-dependent protein kinase-1 [26]. Liu  
et al. revealed that miR-145 inhibited proliferation 
and migration of ASM cells induced by inflam-
matory cytokines through targeting Krüppel-like 
factor 4 [27]. miR-23b and miR-143-3p inhibited 
transforming growth factor-β1-induced cell pro-
liferation of ASM cells [28–30]. All these findings 
suggest that miRNAs are critical regulators of ASM 
cell proliferation. In this study, we identified miR-
590-5p as a  novel miRNA involved in regulating 
fetal ASM cell proliferation, thereby suggesting 
a potential function of miR-590-5p in the patho-
genesis of pediatric asthma.

miR-590-5p is emerging as an important regu-
lator for cell proliferation. miR-590-5p reportedly 

Figure 6. Restoration of STAT3 expression in fetal 
ASM cells. Cells were co-transfected with pcD-
NA3.1/STAT3 vector and miR-590-5p mimics for  
48 h and then treated with PDGF (25 ng/ml) for 24 h.  
A  – Protein expression of STAT3 was detected by 
Western blot. mRNA expression of cyclin D3 (B) and 
p27 (C) was detected by RT-qPCR

*p < 0.05 vs. NC + vector. &p < 0.05 vs. miR-590-5p mimics 
+ vector.
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inhibits proliferation of hepatocellular carcinoma 
cells by targeting S100A10 [16]. Zhou et al. report-
ed that miR-590-5p suppressed the proliferation 
of colorectal cancer cells by targeting the nucle-
ar factor 90/vascular endothelial growth factor 
A axis [17]. miR-590-5p inhibits the proliferation 
of breast cancer cells by targeting Sry-related 
high-mobility box 2 [31]. Moreover, miR-590-5p 
inhibits oxidized low-density lipoprotein induced 
proliferation of human umbilical vein endothelial 
cells by targeting lectin-like oxidized low-density 
lipoprotein receptor-1 [18]. These reports suggest 
that miR-590-5p functions as a negative regulator 
for cell proliferation. However, the positive effect 
of miR-590-5p has also been reported. Jiang et al. 
showed that miR-590-5p promoted the prolifera-
tion of hepatocellular carcinoma cells by targeting 
transforming growth factor-β RII [32]. Therefore, 
the role of miR-590-5p remains controversial. The 
precise role of miR-590-5p may be dependent on 
downstream target genes. miR-590-5p may bind 
to different target genes in different cell types 
after different stimulations. In this study, our re-
sults indicated that miR-590-5p was an inhibitor 
of ASM cell proliferation, thereby supporting the 
inhibitory role of miR-590-5p in regulating cell 
proliferation.

Accumulating studies have suggested that 
STAT3 is a pivotal regulator in the pathogenesis of 
asthma. Single nucleotide polymorphisms of the 
STAT3 gene were found in both adults and children 
with asthma, and are correlated with decreased 
lung function [33]. Knockdown of STAT3 impeded 
allergic inflammation and airway hyper-respon-
siveness in a murine model of asthma [13]. STAT3 
inhibitor administration prevents lung inflamma-
tion and airway remodeling in a  murine asthma 

model [15]. STAT3 is essential for the expression 
of pro-inflammatory factors in ASM cells, which 
is involved in airway inflammation and hyper-re-
sponsiveness in asthma [34–36]. Knockdown of 
STAT3 abolishes IgE-induced ASM cell proliferation 
[20]. PDGF induces the proliferation of ASM cells 
by activating STAT3 [14]. Furthermore, knockdown 
of STAT3 inhibits PDGF-induced ASM cell prolifera-
tion through the down-regulation of cyclin D3 and 
up-regulation of p27 expression [21]. A  recent 
study reported that STAT3 promotes the pro-an-
giogenesis ability of ASM cells through up-regu-
lation of vascular endothelial growth factor [37]. 
These studies suggest that STAT3 is a promising 
molecular target in preventing ASM cell prolifer-
ation. Various studies have shown that STAT3 is 
epigenetically regulated by miRNAs [38, 39]. In 
this study, we identified STAT3 as a target gene of 
miR-590-5p in fetal ASM cells, in which miR-590-
5p negatively regulated STAT3 expression. The de-
creased expression of miR-590-5p may contribute 
to increased STAT3 expression, thus leading to 
increased ASM cell proliferation. Therefore, miR-
590-5p may serve as a novel inhibitor for STAT3.

STAT3 regulates cell proliferation by promoting 
expression of cyclin D3, which is critical for cell 
cycle progression [40, 41]. In addition, STAT3 pro-
motes cell proliferation by inhibiting expression 
of p27, a cell cycle inhibitor [42, 43]. Previous re-
search has shown that the knockdown of STAT3 
inhibits proliferation of ASM cells associated with 
the down-regulation of cyclin D3 and up-regula-
tion of p27. In accordance with these findings, our 
results demonstrated that the inhibition of STAT3 
by miR-590-5p also inhibited the expression of 
cyclin D3 and promoted the expression of p27 in 
fetal ASM cells.

&
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In conclusion, our study suggests that miR-590-
5p is a novel endogenic inhibitor for STAT3 in fetal 
ASM cells. The inhibition of STAT3 by miR-590-5p 
may be a  potential and promising therapeutic 
approach in the treatment of pediatric asthma. 
However, the precise role of miR-590-5p/STAT3 in 
regulating asthma requires further investigation 
in animal models in vivo.
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