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Abstract

Abnormal airway smooth muscle cell (ASMC) proliferation and migration contribute significantly 

to increased ASM mass associated with asthma. MicroRNA (miR)-638 is a primate-specific 

miRNA that plays important roles in development, DNA damage repair, hematopoiesis, and 

tumorigenesis. Although it is highly expressed in ASMCs, its function in ASM remodeling 

remains unknown. In the present study, we found that in response to various mitogenic stimuli, 

including Platelet-derived growth factor (PDGF)-BB, Transforming Growth Factor Beta 1 (TGF-

β1), and Fetal Bovine Serum (FBS), the expression of miR-638, as determined by quantitative 

real-time polymerase chain reaction (qRT-PCR), was significantly downregulated in the 

proliferative human ASMCs. Both gain- and loss-of-function studies were performed to study the 

role of miR-638 in ASMC proliferation and migration. We found that adenovirus-mediated 

miR-638 overexpression markedly inhibits ASMC proliferation and migration, while ablation of 

miR-638 by anti-miR-638 markedly increases cell proliferation and migration, as determined by 

WST-8 proliferation and scratch wound assays. Dual-luciferase reporter assay, qRT-PCR, and 

immunoblot analysis were used to investigate the effects of miR-638 on the expression of the 

downstream target genes in ASMCs. Our results demonstrated that miR-638 overexpression 

significantly reduced the expression of downstream target cyclin D1 and NOR1, both of which 

have been shown to be essential for cell proliferation and migration. Together, our study provides 

the first in vitro evidence highlighting the anti-proliferative and anti-migratory roles of miR-638 in 

human ASMC remodeling and suggests that targeted overexpression of miR-638 in ASMCs may 

provide a novel therapeutic strategy for preventing ASM hyperplasia associated with asthma.
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1. Introduction

Asthma is a chronic inflammatory disease characterized by airway pathological remodeling, 

as manifested by abnormal smooth muscle hypertrophy, hyperplasia, basement membrane 

thickening, and subepithelial fibrosis in asthmatic patients (Gosens and Grainge, 2015) 

(Kudo et al., 2013). Airway smooth muscle cells (ASMCs) play important roles in the lung, 

and excessive proliferation and migration of ASMCs directly contribute to airway 

remodeling (Kudo et al., 2013; Makinde et al., 2007). Airway remodeling occurs as an 

airway repair response to the sustained injury as a result of inflammation. Disruption in this 

repair process often leads to airway remodeling. A crucial structural change in airway 

remodeling is increased ASMC proliferation and migration, which contribute significantly to 

cellular hyperplasia, and a subsequently increased airway smooth muscle mass (Johnson, 

2001). At this point, the molecular mechanism(s) underlying the ASMC proliferation and 

migration is not completely understood.

microRNAs (miRNAs) are small (~22 nt) noncoding RNAs that regulate gene expression 

through binding to the 3′ untranslated region (UTR) of mRNA transcripts to induce mRNA 

degradation or translational inhibition of target mRNAs (He and Hannon, 2004) (Ameres 

and Zamore, 2013). Thus far, >1000 human miRNAs have been identified and they are 

thought to regulate up to 60% of gene transcripts, hence, having broad implications in the 

regulation of a wide range of biological activities, including development, cellular 

differentiation, and the pathogenesis of various diseases. Recently, multiple lines of evidence 

suggest that miRNAs play pivotal roles in the control of ASM phenotypes that are critically 

involved in asthma pathogenesis (Deshpande et al., 2015). Thus far, several miRNAs, 

including miR-10a, miR-23b, miR-143-3p, miR-21, and miR-203, have been implicated in 

the regulation of ASM cell proliferation and/or migration (Hu et al., 2014) (Cheng et al., 

2016; Liu et al., 2015) (Chen et al., 2017a). Further identification of novel miRNAs involved 

in the regulation of ASMC proliferation and migration will help us develop novel 

therapeutic strategies for the treatment of asthma.

miR-638 is a primate-specific miRNA that plays important roles in development, DNA 

damage repair, hematopoiesis, and leukemogenesis (Li et al., 2013) (Tan et al., 2014) (He et 

al., 2016; Lu et al., 2015). In particular, the role of miR-638 in cancer development has 

recently received a significant attention. It has been shown that the expression of miR-638 is 

downregulated in various types of cancers, including gastric cancer, cervical cancer, and 

colon cancer, and overexpression of miR-638 inhibits cancer growth and metastasis, 

indicating miR-638 functions as a tumor suppressor (Parasramka et al., 2013) (Lu et al., 

2015; Ma et al., 2014; Zhao et al., 2014). Although miR-638 is highly expressed in airway 

smooth muscle cells (Li et al., 2013), little is known about its role in regulating ASMC 

functions. In the present, we investigated whether miR-638 is involved in regulating ASMC 

proliferation and migration, if so, to determine the molecular mechanism(s) involved.
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2. MATERIALS AND METHODS

2.1 Cell Culture

Human airway smooth muscle cells (ASMCs) were cultured with Dulbecco’s modified 

Eagles medium/Ham’s F12 (DMEM/F12; Gibco, Rockville, MD) containing 10% fetal 

bovine serum (HI FBS; Gibco, Grand Island, NY), 100 unit/mL penicillin and 100 μg/mL 

streptomycin (penicillin streptomycin solution, Manassas, VA,). HEK-293AD and 

HEK-293T cells were cultured in Dulbecco’s modified Eagles medium (DMEM; Corning, 

Manassas, VA) supplemented with 10% fetal bovine serum, 100 unit/mL penicillin and 100 

μg/mL streptomycin. Human ASMCs between passage 4 and 6 were used for all 

experiments.

2.2 ASMC Proliferation Assay in Vitro

Human ASMC proliferation was determined by cell counting and cell proliferation kit 

WST-8 (Cayman Chemical, Ann Arbor, MI). For cell counting, cells were detached by 

trypsinization and resuspend in PBS (Gibco, Island, NY), then counted under a microscope. 

For WST-8 proliferation assay, 100 μl of ASMCs suspension were seeded into 96-well plates 

with or without PDGF-BB (20 ng/mL) (Peprotech, Rocky Hill, NJ), TGF-β1 (20 ng/mL) 

(Peprotech, Rocky Hill, NJ) treatment, and the plates were incubated for 48 h in a CO2 

incubator at 37°C. Then 10 μl of the working solution containing WST-8 and 1-methoxy 

phenazine methosulfate (0.5 mM and 20 μM, respectively, as the final concentration) was 

added into each well and incubated for an additional 1 hour, the optical density was read at 

450 nm with a microplate reader (BioTek Instruments, Inc., Winooski, VT).

2.3 Construction of Adenovirus

The adenovirus expressing miR-638 (Ad-miR-638) was made using RAPAd® Universal 

Adenoviral Expression System (Cell BioLab Inc. San Diego, CA) as we described 

previously (Li et al., 2013). PacAd5 9.2-100 Ad backbone vector was co-transfected with the 

pacAd5 K-NpA shuttle vector containing the miR-638 sequence into HEK-293AD Cells 

using FuGene 6 Transfection Reagent (Roche, Indianapolis, IN). Adenoviruses LacZ (Ad-

LacZ) and NOR1 (Ad-NOR1) were made using AdMax system (Microbix Biosystems Inc., 

Toronto, Canada) essentially as we described previously. The viruses were propagated on 

HEK-293AD Cells and purified using CsCl2 banding followed by dialysis against 20 

mmol/L Tris-buffered saline with 2% glycerol. Titering was performed with HEK-293AD 

cells using Adeno-X™ Rapid Titer Kit (Clontech Laboratories, Inc., Mountain View, CA) 

according to the manufacturer’s protocol.

2.4 Oligonucleotide Transfection and Adenovirus Infection in Cultured ASMCs

miR-638 mimic (QIAGEN Foster City, CA) was used for miR-638 overexpression at a final 

concentration of 30 nM; Anti-miR-638 (QIAGEN Foster City, CA) was used for miR-638 

knockdown at a final concentration of 100 nM. Negative control miR (QIAGEN, Foster City, 

CA) was used as a control for miR-638 mimic and Anti-miR-638 transfection experiments. 

Transfections were performed using HiPerFect transfection reagent (QIAGEN, Valencia, 

CA) at 24 h after seeding the cells into the wells following the manufacturer’s protocol. For 
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adenovirus-mediated miR-638 overexpression, Ad-miR-638 was added into the culture 

medium at 100 multiplicity of infection (MOI) or at indicated MOIs. For NOR1 

overexpression, cells were infected with Ad-NOR1 at 100 MOI. Ad-LacZ was used as an 

adenovirus control. 24 h or 48 h after transduction, ASMCs were harvested for RNA and 

protein isolation, respectively.

2.5 Quantitative RT-PCR (qRT-PCR) of miRNA and mRNA expression

miRNAs were isolated with miRNeasy Mini Kit (QIAGEN, Hilden, Germany) and the 

quantitative real-time polymerase chain reaction (qRT-PCR) was performed using All-in-one 

miRNA qRT-PCR Detection Kit (GeneCopoeia, Inc., Rockville, MD). mRNAs were isolated 

with TRIzol LS Reagent (Ambion, carsland CA). Complementary DNA (cDNA) was 

synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Vilnius, Lithuania). qRT-PCR analyses were conducted to quantitate the relative mRNA 

expression using SYBR Master mix (Applied Biosystems, Austin, TX). U6 was used as an 

internal control for miRNA template normalization, and 18S was used for other template 

normalizations. The reactions were set up following the manufacturer’s protocol. After the 

reactions, the cycle threshold (Ct) data were determined using default threshold settings, and 

the mean Ct was determined from the duplicate PCRs. The target PCR Ct values were 

normalized by subtracting the U6 or 18S ΔCt value, which provided the Ct value. A 

comparative ΔCt method was used to compare each condition with the controls, and the 

values are expressed as 2−ΔCt. The relative DNA copy numbers were determined as 

described previously (Li et al., 2013).

2.6 Western Blotting

Cells were washed with PBS, and then lysed with RIPA Buffer (25 mM Tris•HCl pH 7.6, 

150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with 

protease and phosphatase inhibitors. After rocking at 4 °C for 60 mins, insoluble materials 

were removed by centrifugation. Equal amounts of protein were subjected to SDS-PAGE. 

Standard western blot was conducted using p-ERK1/2 (1:1000 diluted; Cell Signaling, cat. 

4377S), T-ERK1/2 (1:1000 diluted; Cell Signaling, cat. 4696S), Cyclin D1 (1:1000 diluted; 

Cell Signaling, cat. 2978S), α-Tubulin (1:1000 diluted; Abcam, cat. ab176560), PCNA 

(1:500 diluted; Santa Cruz, cat. sc-56), NOR1 (1:500 diluted; Santa Cruz, cat. sc-292902) 

Actin (1:1000 diluted, Santa Cruz, cat. sc-8432) antibodies.

2.7 ASMC Migration Assays

Human ASMCs were seeded into 6-well plates and transduced with adenovirus or 

transfected with miRs, and then starved with 0.5% FBS medium for 48 h. After starvation, a 

linear wound was scratched in the center of the cell monolayer using sterile 200 μl pipette 

tip, and then washed 3 times with PBS to remove the cell debris. Migration of ASMCs into 

the wound was determined at different time points (0 and 24 h) in the presence and absence 

of PDGF-BB (20 ng/mL) stimulation. All images were captured by an EVOS FL Auto Cell 

Imaging System inverted microscope (Life Technologies, Carlsbad, CA). Migrated cells 

were quantitated using ImageJ 1.50b software program.
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2.8 Flow Cytometry

Human ASMCs were seeded into P-60 dishes and then infected with Ad-miR-638 or Ad-

LacZ. 48 h after starvation with 0.5% FBS medium, cells were treated with or without 

PDGF-BB (20 ng/mL). Cells were then collected and fixed with 66% ethanol at 4°C for 

overnight, stained with propidium iodide + RNaseA (Abcam, Cambridge, UK) at 37 °C for 

30 min. DNA content was analyzed using BD LSR-II flow cytometer, G0/1, S, and M/G2 

phase were analyzed by ModFit LT 3.1 software.

2.9 Luciferase Assay

Luciferase assay was performed using the Dual-Luciferase reporter assay system (Gold Bio, 

St. Louis, MO) as previously described (Li et al., 2013). To construct the report vector, the 

3′-untranslational region (UTR) sequence of cyclin D1 gene was cloned into the empty 

pLightSwitch-3′-UTR RenSP-luciferase reporter vector (SwitchGear Genomics, Menlo 

Park, CA). For the luciferase activity determination, HEK-293T cells were seeded into 24-

well plates and co-transfected with luciferase reporter vector together with either miR-638 

mimic, Anti-miR-638, or non-targeting control miRNA, following the transfection 

procedures provided by QIAGEN. 48 h after transfection, cells were lysed for luciferase 

activity measurement using a luminometer (BioTek Instruments Inc., Winooski, VT). To 

construct the cyclin D1-3′UTR-MUT vector, the QuickChange II Site-Directed Mutagenesis 

Kit (Agilent Technologies, Santa Clara, CA) was used to induce mutations in the 3′-UTR 

region of cyclin D1-3′UTR-WT vector as shown in Figure 6A.

2.10 Statistical Analysis

All experiments were performed at least three times. All statistical analysis was performed 

using SPSS statistical analysis program (Version 17.0), and graphs were generated using 

GraphPad Prism software (Version 5.0.1). All data were presented as mean ± S.D.. For 

relative data analysis, the mean value of control group is defined as 1 or 100%. Differences 

between two groups were compared with the unpaired Student’s t-test. Differences between 

multiple groups were compared with one-way analysis of variance. A p value <0.05 was 

considered to be significant.

3. Results

3.1 Expression of miR-638 is decreased in proliferative ASMCs

To elucidate the role of miR-638 in airway smooth muscle biology, qRT-PCR was performed 

to determine the expression of miR-638 in both quiescent and proliferative human ASMCs 

in response to PDGF-BB, which is a potent stimulator for ASMC remodeling (Hirota et al., 

2011; Walker et al., 1998). As shown in Figure 1A and B, stimulation of ASMCs with 

PDGF-BB substantially attenuated the expression of miR-638 in both time and dose 

dependent manners. PDGF-BB maximally inhibited miR-638 expression by approximately 

75 % at 12 h after PDGF-BB stimulation (Figure 1A). The IC50 of PDGF-BB-induced 

inhibition on miR-638 expression is about 7 ng/mL (Figure 1B). To further determine 

whether the down-regulation of miR-638 expression is specific to PDGF-BB, human 

ASMCs were treated with other stimulators, such as 10% FBS, PGE2, ET-1, and TGF-β. 
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Notably, we found that in addition to PDGF-BB, both 10% FBS and TGF-β1 markedly 

inhibited the expression of miR-638 in human ASMCs (Figure 1C and D), while 

Prostaglandin E2 (PGE2) and endothelin-1 (ET-1), which are involved in ASMC 

inflammartion (Liu et al., 2012) (Lin et al., 2015a), had no effect on miR-638 expression. 

Together, these results suggest that miR-638 may play an important role in ASMC 

remodeling.

To further determine the molecular signaling pathways involved in PDGF-BB-induced 

miR-638 downregulation, human ASMCs were pre-treated with inhibitors of various kinases 

involved in PDGF-BB-induced cell signaling in ASMCs. As shown in Figure 2A, treatment 

of ASMCs with MAPK kinase (MEK) 1/2 inhibitor PD98059 (50 μM) almost completely 

abolished the PDGF-BB-induced downregulation of miR-638 expression, whereas other 

kinases’ inhibitors, such as p38 inhibitor SB203580 (20 μM), PI3 kinase inhibitor LY294002 

(50 μM), and JNK inhibitor SP600125 (20 μM), barely affected the inhibitory effects of 

PDGF-BB on miR-638 expression in human ASMCs. Indeed, treatment of cells with 

PD98059 (50 μM) completely blocked PDGF-BB-induced ERK1/2 phosphorylation in 

ASMCs, as shown in Figure 2B. Together, these results suggest that the MEK1/2 dependent 

signaling pathway is responsible for the PDGF-BB-induced down-regulation of miR-638 

expression in proliferative human ASMCs.

3.2 miR-638 is involved in ASMC proliferation

To substantiate the functional significance of miR-638 in ASM biology, we first performed a 

gain-of-function study by using adenovirus-mediated overexpression of miR-638 in human 

ASMCs. As shown in Figure 3A, Ad-miR-638 transduction markedly increased the 

expression levels of miR-638 in human ASMCs, as determined by qRT-PCR. Accordingly, 

both PDGF-BB and TGF-β-induced ASMC proliferation, as determined by WST-8 

proliferation assay and cell counting (Figure 3B and C), were markedly inhibited in Ad-

miR-638 transduced cells, while the airway smooth cell viability was barely affected. 

Moreover, miR-638 overexpression markedly inhibited PDGF-BB-induced expression of 

PCNA, a well-known marker of cell proliferation (Figure 3D). Likewise, transfection of 

ASMCs with miR-638 mimic led to a marked increase of miR-638 expression and a 

subsequent inhibition of PDGF-BB-induced ASMC proliferation (Figure 3E and F).

To further substantiate the role of miR-638 in ASMC proliferation, we performed a loss-of-

function study. As shown in Figure 4A, transfection of human ASMCs with Anti-miR-638 

led to a 90% inhibition of miR-638 expression, as compared with the transfection of control 

miR. Furthermore, we found that anti-miR-638 significantly increased human ASMC 

proliferation, under both baseline and PDGF-BB-stimulated conditions (Figure 4B). 

Together, these results suggest that miR-638 is an essential inhibitor for ASMC 

proliferation.

3.3 miR-638 is involved in ASMC migration

ASMC migration has been shown to play an important role in ASM remodeling (Aso et al., 

2013) (Harada et al., 2015). To determine whether miR-638 plays a role in ASMC 

migration, both gain- and loss-of-function approaches were performed. As showed in Figure 

Wang et al. Page 6

J Cell Physiol. Author manuscript; available in PMC 2019 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5A and B, Ad-miR-638-mediated overexpression of miR-638 significantly attenuated both 

basal and PDGF-BB-induced ASMC migration, as determined by scratch wound assay. 

Likewise, Inhibition of miR-638 expression by its inhibitor markedly enhanced both basal 

and PDGF-BB-induced ASMC migration (Figure 5C and D). Together, these data 

demonstrated that miR-638 regulates not only ASMC proliferation, but also migration under 

both baseline and PDGF-BB-stimulated conditions.

3.4 Cyclin D1 is a direct target of miR-638 in human ASMCs

To understand the molecular mechanism(s) mediating miR-638-induced inhibition of ASMC 

proliferation, we searched the TargetScan database (Release 7.1: June 2016) and found that 

cyclin D1, a critical regulator for cell proliferation (Bonacci et al., 2006; Watanabe et al., 

2009), is a potential target of miR-638, as shown in Figure 6A. To determine whether 

miR-638 directly binds to the 3′-UTR of cyclin D1 mRNA and impacts its expression, the 

3′-UTR sequence of cyclin D1 mRNA containing the predicted miR-638 binding site was 

cloned into the pLightSwitch-3′-UTR RenSP-luciferase reporter vector. The reporter vector 

was then co-transfected with either miR-638 mimic or non-targeting control miR into 

HEK-293T cells. As shown in Figure 6B, the luciferase activity was inhibited by 

transfection of cells with miR-638 mimic, but not by the non-targeting control miR. 

Furthermore, transfection of anti-miR-638 increased the luciferase activity and mutation of 

miR-638 binding site abolished the miR-638-miediated inhibition on the luciferase activity 

(Figure 6B).

To further confirm whether cyclin D1 is a target gene of miR-638 in cultured ASMCs, both 

gain-of-function and loss-of-function approaches were performed. Consistent with previous 

reports (Bonacci et al., 2006), PDGF-BB stimulation significantly increased cyclin D1 

expression in human ASMCs, which was substantially inhibited in Ad-miR-638-transduced 

cells, as determined by both qRT-PCR and western blot (Figure 6C and D). Conversely, 

transfection of ASMCs with anti-miR-638 significantly increased expression of cyclin D1 in 

ASMCs (Figure 6E and F). Together, these results suggest that miR-638 inhibits cell 

proliferation through targeted inhibition of cyclin D1 expression in ASMCs.

3.5 miR-638 inhibits cell cycle progression in ASMCs

Cyclin D1 is a crucial switcher of cell cycle for ASMCs (Watanabe et al., 2009). To 

determine whether miR-638 reduces cell proliferation through regulating cell cycle 

progression, we performed flow cytometry analysis in human ASMCs. As shown in Figure 

7A and B, we found that transduction of Ad-miR-638 led to cell cycle arrest at G0/G1 phase 

and inhibition of cell cycle switch from G0/G1 phase to S phase, under both baseline and 

PDGF-BB-stimulated conditions.

3.6 miR-638 inhibits ASMC migration through inhibiting NOR1 expression

Our previous data shows that orphan nuclear receptor NOR1 is one of the direct targets of 

miR-638 (Li et al., 2013). Several lines of evidence suggest that NOR1 is an essential 

regulator for migration in a wide range of cells (Chen et al., 2017b; You et al., 2009). 

Currently, little is known about the role of NOR1 in ASMC migration. As shown in Figure 

8A and B, we found that PDGF-BB treatment markedly increased NOR1 expression in 
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human ASMCs, which was inhibited by adenovirus-mediated miR-638 overexpression, as 

determined by both qRT-PCR and western blot, indicating that NOR1 is a potential target of 

miR-638 in ASMCs. To further determine the function of NOR1 in ASMC migration, we 

transduced human ASMCs with adenovirus bearing NOR1 cDNA (Ad-NOR1). 48 h after 

transduction of Ad-NOR1, NOR1 expression was increased significantly, as determined by 

western blot (Figure 8C). As shown in Figure 8D and E, transduction of Ad-NOR1 

significantly increased ASMC migration, under both baseline and PDGF-BB-stimulated 

conditions. Importantly, miR-638-mediated inhibition of human ASMC migration was 

completely abolished in Ad-NOR1 transduced cells. Together, these results suggest that 

miR-638 inhibits ASMC migration, at least in part, through inhibiting NOR1 expression in 

ASMCs.

4. Discussion

Airway smooth muscle remodeling, including abnormal cell proliferation and migration, 

plays critical roles in the development of chronic respiratory diseases such as asthma. Under 

normal conditions, ASMCs remain in a quiescent and non-migratory state(Kudo et al., 2013; 

Makinde et al., 2007). Diverse stimuli, including growth factors, contractile agonists, 

inflammatory cytokines, and extracellular matrix proteins, have been shown to induce 

ASMC proliferation and migration, which contributes significantly to increased ASM 

hyperplasia associated with the development of severe asthma(Fixman et al., 2007). 

Recently, it is increasingly recognized that miRNAs play significant roles in regulating 

airway smooth muscle functions (Chiba and Misawa, 2010; Deshpande et al., 2015). 

Identification of novel miRNAs that are critically involved in ASMC remodeling is a critical 

step towards developing effective therapies for the treatment of asthma. In the present study, 

we identified miR-638 as a novel regulator in controlling airway smooth muscle cell 

proliferation and migration. We show that the expression of miR-638 is significantly 

downregulated in human ASMCs in response to multiple pathological stimuli, such as 

PDGF-BB, TGF-β1, and FBS. Overexpression of miR-638 significantly attenuates the 

ASMC proliferation and migration through targeting cyclin D1 and NOR1, which are 

critical regulators for ASMC remodeling. Furthermore, we found that the MEK1/2 pathway 

is responsible for the PDGF-BB-induced down-regulation of miR-638 expression in 

ASMCs, however, whether this pathway is involved in TGF-β1-and FBS-induced down-

regulation of miR-638 expression remains to be further determined. In this regard, our study 

provides compelling evidence implicating miR-638 as a novel key regulator in human 

ASMC function.

miR-638 is expressed in human and non-human primates (Li et al., 2013; Ren et al., 2017). 

Recently, several published studies have focused on the function of miR-638 in cancer 

development. The expression of miR-638 has been found to be down-regulated in multiple 

types of cancers, including human gastric cancer, colorectal cancer, and acute leukemia (Lin 

et al., 2015b; Ren et al., 2017). Overexpression of miR-638 has been shown to inhibit cancer 

growth and metastasis, suggesting that it may function as a tumor suppressor (Lu et al., 

2015; Shen et al., 2017). In addition, miR-638 has been recently implicated in the 

pathogenesis of lupus nephritis (Lu et al., 2012), and may function as a predictor of early 

virological response to interferon treatment in chronic hepatitis B patients (Kumar et al., 
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2015; Liu et al., 2010). A recent study has demonstrated that expression of miR-638 may 

regulate regional emphysema severity and gene expression networks associated with the 

oxidative stress response and aging in emphysematous lung tissue (Christenson et al., 2013). 

Although miR-638 is highly expressed in ASMCs, its role in ASMC function remains 

completely unknown. In the present study, we demonstrate that miR-638 is essential 

regulator for suppressing ASMC proliferation. Mechanistically, our study identified cyclin 

D1 as a direct target of miR-638 in human ASMCs. Cyclin D1 plays a central role in the 

regulation of cell proliferation and is required for cell cycle progression through the G1 

phase (Bonacci et al., 2006). During the G1 phase, it is synthesized rapidly and accumulates 

in the nucleus, and then is degraded as the cell enters the S phase. Cyclin D1 binds cyclin 

dependent kinase 4 or 6 (CDK4/6) to form an active kinase that causes phosphorylation and 

inactivation of the retinoblastoma protein (Rb), which subsequently allows E2F transcription 

factors to promote the transcription of genes required for cell cycle progression (Garrido-

Castro and Goel, 2017; Musgrove et al., 2011). Cyclin D1 has been the most widely studied 

cyclin in ASM biology. Cyclin D1 has been shown to be significantly increased in ASMCs 

in response to various mitogenic stimuli and inhibition of cyclin D1 can potently suppress 

ASMC proliferation, further highlighting the critical importance of cyclin D1 in ASMC 

proliferation. As cyclin D1 mutation and amplification are frequently observed in various 

tumors (Musgrove et al., 2011) (Palmero and Peters, 1996) and dysregulation of both cyclin 

D1 and miR-638 may contribute to tumorigenesis, identification of cyclin D1 as a direct 

target of miR-638 may help us understand the functional significance of miR-638 not only in 

ASM biology but also in tumorigenesis.

Orphan nuclear receptor NOR1 belongs to the nuclear receptor 4A (NR4A) family and the 

members of this family, including Nur77, Nurr1, and NOR1, participate in diverse biological 

functions through their genomic and non-genomic effects(Mohan et al., 2012). NOR1 

expression is induced in various types of cells, by multiple stimuli, such as serum, PDGF-

BB, ox-LDL, VEGF, and cytokines (Mohan et al., 2012; Nomiyama et al., 2006; Pei et al., 

2005; You et al., 2009). Accumulating evidence suggests that NOR1 plays essential roles in 

cell proliferation and migration (Li et al., 2013; Wang et al., 2015). In Vascular SMCs, 

NOR1 is rapidly induced by mitogens including PDGF-BB and FBS (Nomiyama et al., 

2006). Overexpression of NOR1 has been shown to exert pro-proliferative in vascular SMCs 

(Nomiyama et al., 2006). Knockdown of NOR1 expression with anti-sense oligonucleotides 

in cultured SMCs has been shown to reduce SMC proliferation and migration. In NOR1 

knockout SMCs, PDGF-induced proliferation and migration is almost completely inhibited, 

which coincides with a strong reduction in cyclin D1 expression (Nomiyama et al., 2009). 

Since the expression and roles of NR4A family are context and tissue-specific (Rodriguez-

Calvo et al., 2017), and the role of NOR1 in ASM biology has not been explored thus far, we 

attempted to investigate the expression and role of NOR1 in ASMC function. In the present 

study, we found that NOR1 is highly expressed in human ASMCs and its expression is 

markedly induced by PDGF-BB stimulation and inhibited by miR-638, which is consistent 

with our previous notion showing that miR-638 directly binds to the 3′-UTR of human 

NOR1 mRNA and down-regulates its expression in vascular SMCs (Li et al., 2013). 

Furthermore, we found that miR-638 only specifically downregulated the expression of 

NOR1, but had no effect on the expression of Nur77 and Nurr1 in human ASMCs (data not 
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shown). Importantly, the inhibitory effects of miR-638 on ASMC migration is abolished by 

NOR1. Our results demonstrated that NOR1 is capable for promoting ASMC migration, 

further indicating that NOR1 is at least in part involved in the regulation of ASMC function 

by miR-638. Interestingly, in NOR1 knockout SMCs, the expression of cyclin D1 is strongly 

reduced. Indeed, sequence analysis of the cyclin D1 promoter identified a functional NGFI-

B response element in human (−1061 bp) and in mouse (−2197 bp) (Nomiyama et al., 2006), 

which suggest that NOR1 may function as a transcriptional activator for cyclin D1 

expression. Based on these observations, we attempt to speculate that miR-638 may regulate 

cyclin D1 expression through both directly binding the cyclin D1 3′-UTR and indirectly 

regulating NOR1 expression, thus exert potent anti-proliferative and migratory effects in 

human ASMCs (Figure 9). miR-638 exists only in human and non-human primates and it 

may have species-specific effect. Indeed, we found that the targeting sequences of miR-638 

in the 3′-UTR of human cyclin D1 and NOR1 mRNAs are not conserved among different 

species, thus further testing its functional significance by using small animal models of 

asthma is not possible. Nevertheless, the clinical relevance of miR-638 in the pathogenesis 

of asthma warrants further investigation.

In summary, the present study identified miR-638 as a novel regulator in human ASMCs by 

directly targeting both cyclin D1 and NOR1 expression. miR-638 expression was 

substantially down-regulated in proliferative human ASMCs and restoration of its expression 

markedly inhibited both ASMC proliferation and migration in response to PDGF-BB 

stimulation. In this regard, our study provides significant novel insight into the molecular 

mechanisms associated with ASMC remodeling, and suggests that targeted overexpression 

of miR-638 in ASMCs may present a potential novel therapeutic approach for inhibiting 

ASM hyperplasia associated with asthma pathogenesis.
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Figure 1. 
Expression of miR-638 is downregulated in proliferative ASMCs. Human ASMCs were 

seeded into 6-well plates and cultured in complete medium for 24 h at 40~60% confluence. 

Starvation was perform with 0.5% FBS medium and then treated with PDGF-BB (20 

ng/mL) or 10% FBS. A, PDGF-BB induced a time-dependent decrease of miR-638 

expression in ASMCs as determined by qRT-PCR (n=4). *p < 0.05 compared with the time 

at 0 h group. B, PDGF-BB induced a decreased expression of miR-638 in a dose-dependent 

manner at 24 h in ASMCs as determined by qRT-PCR (n=4). *p < 0.05 compared with the 

dose of 0 ng/mL group. C, FBS decreased expression of miR-638 in human ASMCs. 

Starved ASMCs were treated with 10% FBS for the indicated times and expression of 

miR-638 was determined by qRT-PCR (n=4). *p < 0.05 compared with the time at 0 h 

group. D, human ASMCs were treated with various mitogens for 24 h and expression of 

miR-638 was determined by qRT-PCR (n=4). miR-638 expression was significantly 

inhibited by PDGF-BB (20 ng/mL) and TGF-β1 (20 ng/mL), but not by other stimuli, such 

as PGE2 (20 ng/mL) and ET-1 (20 ng/mL). *p < 0.05 compared with vehicle.
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Figure 2. 
PDGF-BB-induced downregulation of miR-638 is MEK1/2 dependent. Starved human 

ASMCs were pre-treated with protein kinases’ inhibitors, including MEK1/2 inhibitor 

PD98059 (50 μM), p38 inhibitor SB203580 (20 μM), JNK inhibitor SP600125 (20 μM), and 

PI3K inhibitor LY294002 (50 μM) for 1 h and then stimulated with vehicle or PDGF-BB (20 

ng/mL) for 24 h in (A) and 30 min in (B). A, the expression of miR-638 in ASMCs was 

determined by qRT-PCR (n=4). B, the phosphorylation and total expression of ERK1/2 were 

determined by western blot (n=4). *p < 0.05 compared with miR-638 expression in vehicle 

control group.
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Figure 3. 
miR-638 overexpression inhibits ASMC proliferation. A, human ASMCs were treated with 

vehicle control (CTRL), Ad-LacZ, or Ad-miR-638, at indicated MOI for 48 h and 

expression of miR-638 was then determined by qRT-PCR (n=4). *p < 0.05 compared with 

Ad-LacZ group. B and C, human ASMCs were transduced with either Ad-miR-638 or Ad-

LacZ (100 MOI), 24 h after transduction, cells were starved for 48 h and stimulated with 

either vehicle, PDGF-BB (20 ng/mL), TGF-β1 (20 ng/mL), or 10% FBS. Cell proliferation 

was determined by WST-8 proliferation assay at 48 h in (B) and cell counting in (C) at 

indicated time points (n=6). *p < 0.05 compared with Ad-LacZ in PDGF-BB group at 24 h, 

48 h, or 72 h. D, cultured human ASMCs were transduced with either Ad-LacZ or Ad-

miR-638 (100 MOI). 48 h after transduction, expression of PCNA was determined by 

western blot (n=4). *p < 0.05 compared with Ad-LacZ group. E, human ASMCs were 

transfected with either miR-638 mimic or control miR (30 nM). 24 h after transfection, the 

expression of miR-638 was determined by qRT-PCR (n=4). *p < 0.05 compared with control 

miR group. F, human ASMCs were transfected with either miR-638 mimic or control miR 

(30 nM). 24 h after transfection, cells were starved for 48 h and then stimulated with or 

without PDGF-BB (20 ng/mL) for 48 h. Cell proliferation was determined by WST-8 

proliferation assay (n=6).
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Figure 4. 
miR-638 knockdown enhances ASMC proliferation. A, human ASMCs were transfected 

with either anti-miR-638 or control miR (100 nM). 72 h after transfection, miR-638 

expression was determined by qRT-PCR (n=4). *p < 0.05 compared with control miR group. 

B, human ASMCs were transfected with either Anti-miR-638 or control miR (100 nM). 24 h 

after transfection, cells were starved for 48 h then stimulated with or without PDGF-BB (20 

ng/mL) for 48 h, relative proliferation was determined by WST-8 proliferation assay (n=6). 

C, cultured human ASMCs were transfected with either anti-miR-638 or control miR (100 

nM). 48 h after transduction, expression of PCNA was determined by western blot (n=4). *p 
< 0.05 compared with control miR group.
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Figure 5. 
Overexpression of miR-638 inhibits ASMC migration. A, human ASMCs were seeded into 

6-well plates and transduced with either Ad-miR-638 or Ad-LacZ (100 MOI). 24 h after 

transduction, cells were starved for 48 h, then scratched and stimulated with or without 

PDGF-BB (20 ng/mL), migration was monitored by cells within the wound area at 0 h and 

24 h. Migrated cells were quantitated using ImageJ software program and the result was 

shown in (B). n=4. C, human ASMCs were seeded into 6-well plates and transfected with 

either anti-miR-638 or control miR (100 nM). 24 h after transfection, starvation was 

performed for 48 h, then cells were scratched and stimulated with or without PDGF-BB (20 

ng/mL), migration was monitored by cells within the wound area at 0 h and 24 h. Migrated 

cells were quantitated using ImageJ software program as shown in (D). n=4.
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Figure 6. 
Cyclin D1 is a direct target of miR-638 in human ASMCs. A,cyclin D1 is a direct target 

gene of miR-638, as predicted by TargetScan database. Schematic representation of the 

miR-638 putative binding site in the 3′-UTR of the human cyclin D1 gene and alignment of 

predicted wild-type and mutant cyclin D1 3′-UTR sequence at the binding site. Four 

mutated nucleotides are underlined. B, cyclin D1-3′UTR-WT or cyclin D1-3′UTR-MUT 

vector was co-transfected into HEK-293T cells, with either miR-638 mimic, anti-miR-638 

or Non-targeting control miR. 48 h after transfection, renilla luciferase activities were 

measured (n=6). C and D, human ASMCs were pre-infected with either Ad-miR-638 or Ad-

LacZ (100 MOI) for 24 h and then starved for 48 h, cyclin D1 mRNA was measured by qRT-

PCR (n=4) at 24 h after stimulated with or without PDGF-BB (20 ng/mL). Cyclin D1 

protein expression was detected by western blot (n=4). E and F, human ASMCs were pre-

transfected with either anti-miR-638 or control miR (100 nM) for 24 h and then starved for 

48 h. Relative levels of cyclin D1 mRNA and protein were detected at 24 h by qRT-PCR and 

western blot, respectively. n=4.
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Figure 7. 
miR-638 inhibits ASMC cell cycle progression. A, human ASMCs were seeded into P-60 

dishes at 40~60% confluence and transduced with either Ad-miR-638 or Ad-LacZ (100 

MOI). 24 h after transduction, cells were starved for 48 h, then stimulated with or without 

PDGF-BB (20 ng/mL) for 48 h. Cells were fixed and stained with propidium iodide, cell 

cycle profiles were analyzed by flow cytometry. Data were analyzed as means ± standard 

deviation as shown in (B). n=4. *p < 0.05, compared with Ad-LacZ without PDGF-BB 

treatment. **p < 0.05, compared with Ad-LacZ with PDGF-BB treatment.
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Figure 8. 
NOR1 is critically implicated in ASMC migration. A, human ASMCs were transduced with 

either Ad-miR-638 or Ad-LacZ (100 MOI) for 24 h and then serum-deprived for 48 h. 3h 

after treated with PDGF-BB (20 ng/mL) or vehicle, NOR1 mRNA was measured by qRT-

PCR (n=4). B, 6 h after treated with PDGF-BB (20 ng/mL) or vehicle, expression of NOR1 

protein was detected by western blot (n=4). C, human ASMCs were infected with either Ad-

NOR1 or Ad-LacZ (100 MOI) for 48 h, expression of NOR1 was detected by western blot 

(n=3). D, migration of human ASMCs was detected by scratch wound assay. Cells were 

seeded into 6-well plates and then transduced with adenovirus (100 MOI) as indicated. 24 h 

after transduction, cells were starved for 48 h, then scratched and stimulated with or without 

PDGF-BB (20 ng/mL). Migration was monitored by cell numbers within the wound area at 

0 h and 24 h. Migrated cells were quantitated using ImageJ software program and 

quantitative results were shown in (E). n=4.
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Figure 9. 
Proposed mechanism underlying miR-638-induced inhibition of airway smooth muscle cell 

proliferation and migration in asthmas. Pathological stimuli, such as PDGF-BB and TGF-β, 

downregulate the expression of miR-638, which in turn leads to an increased expression of 

cyclin D1 and orphan nuclear receptor NOR1 and a subsequent AMS hyperplasia in asthma.

Wang et al. Page 22

J Cell Physiol. Author manuscript; available in PMC 2019 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 23

TABLE 1

Primers used in this study

Name Sequence (5′-3′)

Primers used in quantitative RT-PCR

18S rRNA-F GTAACCCGTTGAACCCCATT

18S rRNA-R CCATCCAATCGGTAGTAGCG

U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT

hsa-miR-638 AGGGAUCGCGGGCGGGUGGCGGCCU

cyclin D1-F CCTCGGTGTCCTACTTCAAATG

cyclin D1-R CACTTCTGTTCCTCGCAGAC

NOR1-F ATAGTCTGAAAGGGAGGAGAGG

NOR1-R ATCATGCAGATTGGAGGAGAAG

Primers used in plasmid construction

Cyclin D1-3′-UTR-F GAGATCTAGATTGCTGCTATTGGAGGAT

Cyclin D1-3′-UTR-R GAGACTCGAGCCATAGCTACACGCAAAG

Cyclin D1-3′UTR-MUT-1F GACACGCGGGCGCAGTCCCACACAGGCT

Cyclin D1-3′UTR-MUT-1R AGCCTGTGTGGGACTGCGCCCGCGTGTC

Cyclin D1-3′UTR-MUT-2F CGCGGGCGCAGTGGCACACAGGCTGG

Cyclin D1-3′UTR-MUT-2R CCAGCCTGTGTGCCACTGCGCCCGCG
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