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Abstract: MicroRNA-124 (miR-124) has been reported to be downregulated in the cells 

exposed to hypoxia, which was confirmed in our study. We then used online microRNA target 

prediction tools to identify GRB2, SMAD5, and JAG1 as the candidate target genes of miR-

124, and we next validated GRB2 as a direct gene by using luciferase reporter system. We also 

established the regulatory relationship between miR-124 and GRB2 by showing the negative 

linear relationship between GRB2 and miR-124 expression. Furthermore, we investigated the 

miR-124 and GRB2 expression levels of different genotypes including CC (n=30), GC (n=18), 

and GG (n=4), which supported the hypothesis that the presence of minor allele (C) of rs531564 

polymorphism compromised the expression of miR-124. Meanwhile, we also conducted real-time 

polymerase chain reaction and Western blot analysis to study the expression of GRB2 among 

different genotypes or pulmonary artery smooth muscle cells (PASMCs) treated with miR-124 

mimics, GRB2 small interfering RNA, and miR-124 inhibitors, respectively, and found that 

introduction of miR-124 or GRB2 small interfering RNA could reduce the expression of GRB2 

and inhibit the proliferation of PASMCs, while miR-124 upregulated the expression of GRB2 

and promoted the proliferation of PASMCs. A total of 412 COPD patients with PAH (n=182) 

or without PAH (n=230) were recruited in this study, and more individuals carrying at least one 

minor allele of rs531564 were found in the COPD patients with PAH than in those without PAH 

(odds ratio: 0.61, 95% confidence interval: 0.41–0.91; P=0.166). In conclusion, the presence of 

rs531564 minor allele may increase the risk of PAH in COPD by reducing miR-124 expression, 

increasing GRB2 expression, and promoting the proliferation of PASMCs.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and 

mortality worldwide with an increasing prevalence during the past decades.1 One estab-

lished complication of COPD is the development of pulmonary artery hypertension 

(PAH). Typically, PAH appears when airflow limitation is severe and is associated with 

chronic hypoxemia, with the main pathophysiological cause being chronic alveolar 

hypoxia, although new mechanisms have emerged recently.1 Alveolar hypoxia is prob-

ably the most important factor leading to an increased peripheral vascular resistance.2 

Acute hypoxia induces in humans, as well as in almost all species of mammals, a 

rise of peripheral vascular resistance and pulmonary artery pressure that is caused by 

hypoxic pulmonary vasoconstriction.3
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Hypoxia-induced pulmonary hypertension (HPH) is 

characterized by the sustained narrowing of pulmonary artery 

lumen and vascular remodeling, which contributes to the 

morbidity and mortality of adult and pediatric patients with 

hypoxemia caused by a wide spectrum of lung diseases.4 

Vascular structure remodeling plays an essential role in the 

development and persistent deterioration of HPH.4 Even 

though new therapies have been developed to treat HPH, few 

of them are effective to halt the progression of HPH.5 One 

of the major causes of hypoxia-induced vascular remodel-

ing is the abnormally enhanced proliferation of pulmonary 

artery smooth muscle cells (PASMCs).6 Therefore, a better 

understanding of the underlying molecular mechanism is 

of great significance to develop new methods to halt the 

deterioration of HPH.

MicroRNAs (miRNAs) are a class of noncoding RNAs 

of 18–25 nucleotides in length that bind to the 3′ untranslated 

region (3′-UTR) of target mRNA to regulate the gene expres-

sion and, consequently, cause degradation or translational 

repression.7 miRNAs play important roles in the regulation 

of gene expression, developmental processes, cell differ-

entiation, proliferation and migration, apoptosis, and stress 

responses.8 Aberrant miRNA expression is directly related 

to initiation and progression of many pathophysiological 

processes, including diabetes mellitus, cancer, and cardiac 

hypertrophy.9 A recent study also implicate a role of miRNAs 

in the complex pathology and molecular dysregulation that 

characterizes PAH.10 Several miRNA target genes, including 

BMPR2, RhoB, SHP2, NFAT, and Mst1, have been predicted 

to be highly enriched in PAH-associated pathways, suggesting 

extensive miRNA-regulated control of this disease.10

A class of miRNAs, known as “hypoximiRs”, is char-

acterized by the altered expression in response to hypoxia, 

with some of them upregulated (such as miR-210) and the 

others downregulated (such as miR-124).11 The focus of the 

present study was miR-124, and we confirmed the down-

regulation of miR-124 in the samples of COPD complicated 

with PAH, compared with those without PAH. One single-

nucleotide polymorphism (SNP; rs531564, C . G) situated 

within the “seed sequence” of pri-miR-124 has been shown 

to compromise the processing and production of mature 

miRNA, and is associated with a reduced expression of the 

miRNA,12 which may contribute to various human diseases.12 

Herein, we studied the effect of rs531564 on the expression 

of miR-124, GRB2, the proliferation of PASMCs, as well 

as the development of PAH.

Materials and methods
study population and lung tissue samples
Exactly 412 COPD patients with PAH (n=182) or without 

PAH (n=230) were recruited from the Affiliated Hospital 

of Guilin Medical University. Among them, resected 

specimens were available in 62 patients who had received 

surgery for lung tumor resection, including those with PAH 

(n=30) or without PAH (n=32). From all participants, 5 mL 

of peripheral blood was obtained. To evaluate the effect of 

smoking, we conducted pack-years calculation that indicates 

the cumulative smoking dose (pack-years = [cigarettes 

per day/20] × years smoked). The other demographic and 

clinicopathological characteristics are described in Table 1. 

The research protocol was approved by the research ethic 

committee of the Affiliated Hospital of Guilin Medical 

Table 1 Demographic data, clinical characteristics, and rs531564 genotype of the COPD patients grouped according to the presence 
of Pah

Genotype COPD + PAH+ (n=182) COPD + PAH− (n=230) P-value

age (years) 62.2±5.3 61.6±5.6 0.269
sex (M/F) 114.68 158/72 0.197
height (cm) 170.2±8.6 170.3±9.4 0.914
Weight (kg) 69.4±7.6 69.8±7.1 0.671
smoking (pack/years) 45.1±7.1 44.7±6.8 0.561
FVC (% of predicted value) 85.5±7.5 91.2±5.2 ,0.01
FeV1 (% of predicted value) 43.5±4.6 54.3±4.5 ,0.01
DlCO (% of predicted value) 59.5±6.4 66.2±5.4 ,0.01
rs531564

CC 105 (57.8%) 159 (69.1%) Or: 0.61
Cg 58 (31.9%) 59 (25.7%) 95% CI (0.41–0.91)
gg 19 (10.3%) 12 (5.2%) P=0.0166
Cg + gg 77 (42.2%) 71 (30.9%)

Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; DLCO, diffusion capacity of the lungs for carbon monoxide; F, female; FEV1, forced 
expiratory volume in 1 second; FVC, forced vital capacity; M, male; OR, odds ratio; PAH, pulmonary artery hypertension.
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University and written informed consent was obtained from 

each participant prior to the study.

genotyping
Genomic DNA was extracted using DNA extraction kit (Huas-

hun, Shanghai, People’s Republic of China). Genotyping was 

performed using the TaqMan method with ABI 7900 Real-

Time polymerase chain reaction (PCR) system (Thermo Fisher 

Scientific, Waltham, MA, USA). Controls were included in 

each plate to ensure accuracy of the genotyping. 

Cell culture
PASMCs were either purchased from the Shanghai Cell Bank 

of the Chinese Academy of Sciences (Shanghai, People’s 

Republic of China) or obtained from the patient samples. 

The cultured PASMCs were genotyped as wild type (WT; 

rs531564, CC). We also isolated PASMCs from the patients, 

which was genotyped as rs531564 GC. The PASMCs were 

maintained in a medium of Roswell Park Memorial Institute 

1640 supplemented with 20% fetal bovine serum at 37°C in 

5% CO
2
 (Thermo Fisher Scientific, Waltham, MA, USA) 

atmosphere. When confluence reached 80%, the cells were 

trypsinized and split at a ratio of 1:3, and maintained in 

5% fetal bovine serum Roswell Park Memorial Institute 

1640. Cells of the third to fifth-generation were collected for 

further experiments. Smooth muscle α-actin was employed 

to verify smooth muscle cell identity (95% positive of both 

markers in smooth muscle cells, data not shown).

rna extraction and reverse-
transcription polymerase chain 
reaction (rT-PCr)
Total mRNA was extracted from the cultured PASMCs or 

harvested pulmonary artery tissues with Trizol (Thermo 

Fisher Scientific, Waltham, MA, USA). In order to measure 

mRNA expression level, an RT-PCR Kit (Qiagen, Valencia, 

CA, USA) was adopted to perform RT-PCR with 2 mg of total 

RNA, in accordance with the manufacturer’s protocol. The 

protocol was conducted as below: 5 minutes at 95°C, then 35 

cycles of amplification (denaturation at 95°C for 30 seconds, 

annealing for 30 seconds [51°C for miR-124, 55°C for 

β-actin, 59°C for GRB2, 58°C for JAG1, 50°C for U6, and 

51°C for SMAD5], extension at 72°C for 40 seconds). Then 

1% agarose gel electrophoresis was performed with the 

polymerase chain reaction products and ethidium bromide 

staining was carried out to confirm the amplification of the 

expected molecular size. To calculate the relative expression 

level of the miRNA and mRNAs, 2−∆∆CT method was used.

Oligo transfection
PASMCs were seeded in six-well plates (1×106 cells/well) 

under a normoxia environment. The cells were then cultured 

under 3% hypoxia for another 24 hours before Western blot 

or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. miR-124 mimics/inhibitors and 

GRB2 small interfering RNA (siRNA) were purchased from 

Ambion (Austin, TX, USA). Fugene HD transfection reagent 

was employed to perform the transfection (Hoffman-La 

Roche Ltd., Basel, Switzerland).

Western blot
The cells were harvested and resuspended with mRIPA 

mammalian protein extraction lysis buffer (1 mM eth-

ylenediaminetetraacetic acid, 1% Nonidet P-40, 0.25% 

sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCl, pH 

7.5). The protein extracts were separated by 10% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis. The 

separated protein blots were then transferred to nitrocel-

lulose membrane. The membranes were blocked with 5% 

fat-free milk in Tris-Tween-Buffer-Saline (0.1% Tween 

20, 150 mM NaCl, and 20 mM Tris-HCl, pH 7.6). The 

corresponding primary antibodies (anti-GRB2 antibody, 

1:1,000 [Santa Cruz Biotechnology Inc., Dallas, TX, USA]; 

anti-β-actin antibody, 1:10,000 [Santa Cruz Biotechnology 

Inc.]) were used to incubate the blots, followed by horserad-

ish peroxidase-conjugated secondary antibodies at a final 

concentration of 1:10,000. Enhanced chemiluminescence 

kit was adopted to develop the membrane before exposing 

to X-ray film (Thermo Fisher Scientific).

Cell proliferation assay
The MTT method was applied to perform the cell pro-

liferation assay. In short, 0.5 mg/mL MTT was used to 

incubate PASMCs at 37°C for 4 hours after being treated 

under hypoxia or normoxia for 48 hours. Subsequently, we 

removed the culture medium, and used 200 μL dimethyl-

sulfoxide to dissolve the formazan salt crystals and shook 

them for 10 minutes. Spectramax M2 microplate Reader 

was employed to read the absorbance at 570 nm (Molecular 

Devices LLC, Sunnyvale, CA, USA). We performed the 

trypan blue exclusion in parallel, in order to confirm the 

validation of the MTT assay.

hypoxia exposure
PASMCs were exposed to hypoxia provided by connecting 

to a chamber equilibrated with a water-saturated gas mixture 

of 1% O
2
, 5% CO

2
, and 94% N

2
.
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5-Bromo-2-deoxyuridine incorporation 
assays
At the end of culture, cells were incubated with goat serum 

and anti-5-bromo-2-deoxyuridine antibody overnight at 4°C, 

followed by incubation with biotinylated goat anti-mouse 

immunoglobulin (Ig)G (1:200) for 1 hour, prior to stain-

ing with 3,3′-diaminobenzidine. The percentage of stained 

cells was calculated by counting the number of positively 

stained cells divided by the total number of cells in the same 

vision field.

Plasmid construction and luciferase 
reporter assay
The 3′-UTRs of GRB2, SMAD5, and JAG1, which have 

response element of miR-124, were cloned into the pIS0 

control luciferase vector (Promega Corporation, Fitchburg, 

WI, USA). We used site-directed mutagenesis kit (Strata-

gene) to introduce mutation to each 3′-UTR. PASMC cells 

were seeded in triplicate in 24-well plates (1×105/well) and 

cotransfected with WT/mutant (Mut) 3′-UTR vectors and 

miR-124 mimics/negative control and Renilla luciferase con-

trol vector. After 48 hours of transfection, a dual luciferase 

reporter assay system was applied to detect luciferase activity 

in accordance with the protocol of the manufacturer (Promega 

Corporation). When the confluence reached 80%, express-

ing plasmid of miR-10b and firefly luciferase reporter gene 

constructs were cotransfected into the cells for 48 hours. 

A dual luciferase reporter assay system was applied to detect 

luciferase activity in accordance with the protocol of the 

manufacturer (Promega Corporation).

statistical analysis
Categorical variables were analyzed using contingency 

tables. For continuous variables, median and range were 

computed. To investigate their relationship with the clinical, 

pathologic, and biologic parameters, single factor analysis 

was performed for categorical variables using Pearson’s 

chi-square test or Fisher’s exact test, when applicable. The 

relationship between the polymorphism and each patient’s 

clinicopathologic characteristics was also studied, and 

regression analyses were carried out to estimate the effect 

of miR-124 rs531564 polymorphisms on the risk of PAH 

in the presence of other known prognostic factors, includ-

ing age, sex, and smoking status. The difference among 

groups was determined using Student’s t-test (two groups) 

or one-way analysis of variance (more than two groups). 

Two-tailed P,0.05 was considered to indicate statistical 

significance. All statistical analyses were performed on the 

Statistical Package for the Social Sciences 19.0 software 

(IBM Corporation, Armonk, NY, USA).

Results
mir-124 was differentially expressed in 
PasMCs
To study the molecular mechanism underlying the devel-

opment of PAH in patients with COPD, we determined 

miRNA expressions in COPD sample cells as compared 

with those without PAH. As shown in Figure 1A, the nor-

malized mRNA expression level of miR-124 in PASMCs 

from COPD with PAH was obviously lower than that 

of the controls, indicating the differential expression of 

miR-124 might be involved in the pathogenesis of PAH in 

patients with COPD. Furthermore, we cultured PASMCs 

and exposed the cells to hypoxia, and found that miR-124 

was substantially downregulated (Figure 1B) and GRB2 

mRNA expression was markedly upregulated (Figure 1C) in 

the cells exposed to hypoxia, compared with those exposed 

to normoxia.

Figure 1 (A) The normalized mrna expression level of mir-124 in PasMCs from COPD patients with Pah was obviously lower than in those without Pah. (B) The 
mir-124 was substantially downregulated and (C) grB2 mrna expression was markedly upregulated in the cells exposed to hypoxia, compared with those exposed to 
normoxia. **P,0.01.
Abbreviations: COPD, chronic obstructive pulmonary disease; miR-124, microRNA-124; PAH, pulmonary artery hypertension; PASMCs, pulmonary artery smooth 
muscle cells.
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Figure 2 GRB2, SMAD5, and JAG1 were identified as candidate target genes of miR-124.
Abbreviation: mir-124, microrna-124.
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grB2 was a direct target of mir-124
As shown in Figure 2, to identify the candidate target of 

miR-124, we used online miRNA target prediction tools 

(www.mirdb.org) and, consequently, identified GRB2, 

SMAD5, and JAG1 to be the possible target genes of miR-124 

with different specific sites on 3′-UTR of each gene. To fur-

ther identify the exact target gene of miR-124, we treated the 

PASMCs with constructs containing the WT or Mut target 

gene 3′-UTR segments together with miR-124 mimics or 

scramble controls. As shown in Figure 3, cells transfected 

with WT GRB2 3′-UTR segments showed substantially 

lower luciferase activity when compared with cells treated 

with Mut GRB2 3′-UTR segments as well as the scramble 

controls, while those cells treated with 3′-UTRs of SMAD5 or 

JAG1 had minimal effect on the luciferase activity. The earlier 

results all indicated GRB2 is direct target gene of miR-124.

Furthermore, to explore the regulatory relationship 

between miR-124 and GRB2, we also investigated the 

correlation line between GRB2 mRNA and miR-124 

expression level. As shown in Figure 4, the expression of 

GRB2 is correlated with miR-124 in our samples, which 

revealed the negative regulatory relationship between 

miR-124 and GRB2.

expression level of mir-124 and grB2 
was associated with genotype groups of 
rs531564 polymorphism
The rs531564 polymorphism was previously reported to be 

interfering with the expression of miR-124.12 Among the 

COPD samples collected as shown in Figure 5A, GG (n=30) 

showed substantially higher miR-124 expression level when 

compared with GC (n=18) and CC (n=4), indicating that 

the presence of minor allele (C) of rs531564 polymorphism 

compromised the expression of miR-124.

We further conducted real-time polymerase chain reac-

tion and Western blot analysis to study the mRNA and 

protein expression level of GRB2 among different geno-

types. As shown in Figure 5B and C, both the mRNA and 

protein expression level of GRB2 in the GG sample group 

were substantially lower when compared with the minor 

allele carrying groups, GC and CC sample groups, indicat-

ing the negative regulatory relationship between miR-124 

and GRB2.

mir-124 inhibits the expression of grB2 
in PasMCs with CC, but not in PasMCs 
with gC
To further validate the hypothesis of the negative regula-

tory relationship between miR-124 and GRB2, we treated 

PASMCs genotyped as CC with miR-124 mimics, GRB2 

siRNA, and miR-124 inhibitors. The effect of miR-124 

mimics and inhibitor on its expression was evaluated 

(Figure 6A and B). As shown in Figure 6C and E, the GRB2 

protein (Figure 6A) and mRNA expression level (Figure 6C) 

of cells (CC) treated with miR-124 mimics or GRB2 siRNA 

were substantially lower than the scramble control, while 

cells (CC) treated with miR-124 inhibitors showed substan-

tially higher GRB2 mRNA and protein expression level than 

the scramble control.

As shown in Figure 6D and F, the GRB2 protein 

(Figure 6D) and mRNA expression level (Figure 6F) of 

PASMCs genotyped as GC treated with GRB2 siRNA 

were substantially lower than the scramble control, while 

PASMCs genotyped as GC treated with miR-124 mimics 

or inhibitors did not show any change in the expression 

of GRB2.

mir-124 interfered with the viability of 
PasMCs with CC, but not in PasMCs 
with gC
We also investigated the viability of PASMCs when trans-

fected with miR-124 mimics, GRB2 siRNA, and miR-124 
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Figure 4 The expression of grB2 is correlated with mir-124 in the samples 
collected from COPD patients with or without pulmonary artery hypertension.
Abbreviations: COPD, chronic obstructive pulmonary disease; miR-124, 
microrna-124.

Figure 3 grB2 was the direct target gene of mir-124.
Notes: (A) Cells transfected with wild-type grB2 3′-UTr segments showed substantially lower luciferase activity when compared with cells treated with mutant grB2 
3′-UTr segments as well as the scramble controls. (B) Cells transfected with wild-type and mutant sMaD5 showed no evident difference when compared with the scramble 
controls. (C) Cells transfected with wild-type and mutant Jag1 showed no evident difference when compared with the scramble controls. **P,0.01.
Abbreviations: 3′-UTr, 3′-untranslated region; miR-124, microRNA-124.

′ ′′ ′

′ ′

inhibitors, compared with the scramble controls. As shown 

in Figure 7A and B, cells transfected with miR-124 mimics 

and GRB2 siRNA showed comparably lower viability when 

compared with the scramble controls, while cells trans-

fected with miR-124 inhibitors showed substantially higher 

viability, indicating miR-124 negatively interfered with the 

viability of PASMCs by targeting GRB2.

As shown in Figure 7C and D, cells transfected with 

miR-124 mimics and GRB2 siRNA showed comparably 

lower viability when compared with the scramble controls, 

while cells transfected with miR-124 inhibitors showed 

substantially higher viability, indicating miR-124 nega-

tively interfered with the viability of PASMCs by targeting 

GRB2.
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Figure 5 The presence of minor allele (C) of rs531564 polymorphism compromised the expression of mir-124.
Notes: (A) sample cells genotyped as gg (n=30) showed substantially higher mir-124 expression level, when compared with gC (n=18) and CC (n=4). (B) The expression 
level of grB2 protein of gg sample groups was substantially lower when compared with the minor allele carrying groups (gC and CC sample groups). (C) The expression 
level of grB2 mrna of gg sample groups was substantially lower when compared with the minor allele carrying groups (gC and CC sample groups).
Abbreviation: mir-124, microrna-124.

Figure 6 The expression of grB2 was inhibited by mir-124.
Notes: The effect of (A) mir-124 mimics and (B) inhibitor on its expression was evaluated. (C) The grB2 protein expression levels of PasMCs genotyped as rs531564 
CC treated with mir-124 mimics or grB2 sirna were substantially lower than the scramble control, while cells treated with mir-124 inhibitors showed comparably lower 
expression level. (D) The grB2 protein expression levels of PasMCs genotyped as rs531564 gC treated with grB2 sirna were substantially lower than the scramble 
control, while cells treated with mir-124 mimics or inhibitors did not show any change in the expression of grB2. (E) The grB2 mrna expression levels of PasMCs 
genotyped as rs531564 CC treated with mir-124 mimics or grB2 sirna were substantially lower than the scramble control, while cells treated with mir-124 inhibitors 
showed substantially higher grB2 mrna expression level. (F) The grB2 protein expression levels of PasMCs genotyped as rs531564 gC treated with grB2 sirna were 
substantially lower than the scramble control, while cells treated with mir-124 mimics or inhibitors did not show any change in the expression of grB2. **P,0.01.
Abbreviations: miR-124, microRNA-124; PASMCs, pulmonary artery smooth muscle cells; siRNA, small interfering RNA.
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rs531564 is associated with risk of Pah 
in patients with COPD
A total of 412 COPD patients with PAH (n=182) or without 

PAH (n=230) were recruited in this study. Information on 

the known risk factors of PAH, such as age, height, weight, 

and smoking status, and lung function such as forced vital 

capacity, forced expiratory volume in 1 second, and diffusion 

capacity of the lungs for carbon monoxide are described in 

Table 1. The genotype frequency of the SNP in the study 

population was compatible with Hardy–Weinberg equilib-

rium, and the recruited COPD patients showed expected 

physiologic alterations including significantly lower forced 

expiratory volume in 1 second and lower diffusion capacity 

of the lungs for carbon monoxide. Furthermore, by using 

regression analysis, more individuals carrying at least one 

minor allele of rs531564 were noted in the COPD patients 

with PAH that those without PAH (odds ratio: 0.61, 95% 

confidence interval: 0.41–0.91; P=0.0166).

Discussion
PAH, characterized by increased pulmonary arterial pres-

sure and pulmonary vascular resistance, is a life-threatening 

disease.13 Even though the exact mechanisms responsible 

for the development of PAH remains elusive, it has been 

found that abnormally enhanced proliferation of PASMCs 

was detected at the early stage of the disease, and numer-

ous factors are involved in the aberrant proliferation of 

PASMCs.14 Hypoxia has been used as a model of pulmonary 

hypertension for many years and is a real-life cause of pul-

monary hypertension in humans.15 Remodeling of hypoxic 

pulmonary vasculature results in enhanced muscularization 

of pulmonary artery. A consensus has been reached that 

Figure 7 (A) PasMCs genotyped as rs531564 CC transfected with mir-124 mimics and grB2 sirna showed comparably lower viability when compared with the scramble 
controls, while cells transfected with mir-124 inhibitors showed substantially higher viability using MTT assay. (B) PasMCs genotyped as rs531564 CC transfected with 
mir-124 mimics and grB2 sirna showed comparably lower viability when compared with the scramble controls, while cells transfected with mir-124 inhibitors showed 
substantially higher viability using MTT assay. (C) PasMCs genotyped as rs531564 gC transfected with grB2 sirna showed comparably lower viability when compared with 
the scramble controls, while cells transfected with mir-124 mimics or inhibitors did not show any change in viability using BrdU incorporation assays. (D) PasMCs genotyped 
as rs531564 gC transfected with grB2 sirna showed comparably lower viability when compared with the scramble controls, while cells transfected with mir-124 mimics 
or inhibitors did not show any change in viability using BrdU incorporation assays. **P,0.01.
Abbreviations: BrdU, 5-bromo-2-deoxyuridine; miR-124, microRNA-124; PASMCs, pulmonary artery smooth muscle cells; siRNA, small interfering RNA.
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hypoxia could lead to vascular remodeling and prolifera-

tion of pulmonary vascular cells. A previous study have 

demonstrated that hypoxia increases cell proliferation by 

inducing production and releasing different inflammatory 

mediators (eg, MCF-1, interleukin-8, interleukin-6) and 

mitogenic stimuli (eg, vascular endothelial growth factor, 

serotonin, platelet-derived growth factor, endothelin-1, 

5-hydroxytryptamine) from vascular smooth muscle cells 

and/or by inhibiting antimitogenic factors (eg, prostacy-

clin and nitric oxide).15 It has been previously reported 

that miR-124 is downregulated in response to hypoxia 

exposure,11 and in this study, we confirmed the downregula-

tion of miR-124 in the samples of COPD complicated with 

PAH, compared with those without PAH. Furthermore, we 

found that the normalized mRNA expression level of miR-

124 in PASMCs from COPD with PAH was obviously lower 

than that of controls, indicating the differential expression 

of miR-124 might be involved in the pathogenesis of PAH 

in patients with COPD.

The miR-124 was initially described as a brain-specific 

miRNA that is associated with various nervous system 

diseases such as Alzheimer disease and medulloblastoma.16 

However, several reports have shown that miR-124 is also 

expressed in non-neuron tissues/cells such as pancreas,17 

breast,18 bone marrow-derived mesenchymal stem cells,19 

lung,20 fibroblast,21 and fetal tissues22 and has functions in 

these tissues. PASMCs in the adult are highly specialized 

cells that regulate the vessel tone through the expression of 

a unique repertoire of SMC-specific genes such as -SMA, 

SM22, smooth muscle myosin heavy chain (SM-MHC), and 

calponin.23 Unlike terminally differentiated muscle cells, 

PASMCs are remarkably plastic and can modulate their 

phenotype from contractile to proliferative, synthetic type 

in response to vascular injury.23 Reduced miR-124 expres-

sion occurs on acquisition of a highly proliferative, invasive 

phenotype.24 Downregulation of miR-124 has also been 

documented in carcinogenesis in other cell systems25 and in 

rheumatoid arthritis where altered expression of miRNAs, 

in general, and miR-124 specifically has been shown to 

regulate cell proliferation and inflammation in synovial 

fibroblasts.26

Studies in cancer and neuronal cells have begun to 

establish the downstream targets of miR-124, which may 

be associated with proliferation or other aspects of activated 

cell phenotype, such as Sox9, small C-terminal domain phos-

phatase 1, polypyrimidine tract–binding protein 1 (PTBP1), 

Jag1, ephrin-B1, NfatC3, and monocyte chemotactic 

protein-1.27–29 PTBP1 is especially interesting because of its 

effects on notch signaling and other aspects of proliferation 

in cancer cell types.30 There are three cell types including 

smooth muscle cells, fibroblasts, and endothelial cells that 

are involved in the pathogenesis of PAH. PTBP1 contributes 

to the disease by its effect on fibroblasts,30 and one miRNA 

may have different target genes in different cell types. In 

this study, we identified GRB2, SMAD5, and JAG1 as the 

possible targets of miR-124 and validated GRB2 as a direct 

target of miR-124 by using luciferase assay. In addition, 

we showed that the expression of GRB2 is correlated with 

miR-124 in human tissue samples, and the GRB2 protein 

and mRNA expression level of cells treated with miR-124 

mimics or GRB2 siRNA were substantially lower than those 

of scramble control, while cells treated with miR-124 inhibi-

tors showed substantially higher GRB2 mRNA and protein 

expression level than those of scramble control.

The expression of GRB2 has been detected in a wide 

range of tissues, and it plays a key role in regulating multiple 

cellular functions.31 Inhibition of GRB2 function impairs 

developmental processes in various organisms and sup-

presses the transformation and proliferation of various cell 

types.32 GRB2 is well known for its role to link the epidermal 

growth factor receptor tyrosine kinase to the activation of 

Ras and its downstream kinases, which may explain its abil-

ity to enhance the proliferation of human cells.33 Evidence 

demonstrates that ERK2/GRB2/Shc pathway is critical in 

vascular smooth muscle cell proliferation which is mediated 

by c-Src, though the precise signaling mechanisms by which 

c-Src is involved in critical cellular events remain opaque.34 

It has been reported that MEK kinase phosphorylates ERK1/2 

upon mitogenic stimulation, followed by entry into the 

nucleus, where DNA synthesis and expression of cell cycle 

regulators are regulated.35 In this study, we found that the 

cells transfected with miR-124 mimics and GRB2 siRNA 

showed comparably lower viability when compared with 

the scramble controls, while cells transfected with miR-124 

inhibitors showed substantially higher viability, indicating 

miR-124 negatively interfered with the viability of PASMCs 

by targeting GRB2.

One SNP (rs531564, C . G) situated within the “seed 

sequence” of pri-miR-124 has been shown to compromise the 

processing and production of mature miRNA, and is associ-

ated with a reduction in expression of the miRNA.12 In this 

study, we collected tissue samples and genotyped them as GG 

(n=30), GC (n=18), and CC (n=4), and GG genotype group 

showed substantially higher miR-124 expression level when 

compared with GC or CC, whereas both the mRNA and pro-

tein expression level of GRB2 in the GG sample group were 
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substantially lower when compared with the minor allele 

carrying groups, GC and CC sample groups. Furthermore, 

we collected blood samples from 412 COPD patients with 

(n=182) or without (n=230) PAH and found that more indi-

viduals carrying at least one minor allele of rs531564 were 

noted in the COPD patients with PAH than in those without 

PAH (odds ratio: 0.61, 95% confidence interval: 0.41–0.91; 

P=0.166) by using regression analysis.

Conclusion
In conclusion, our findings presented a novel role of miR-124 

in repressing the proliferation of PASMCs by targeting 

GRB2, providing an important lead for the development 

of PAH in response to hypoxia. The presence of rs531564 

minor allele may increase the risk of PAH in COPD by reduc-

ing miR-124 expression, increasing GRB2 expression, and 

promoting the proliferation of PASMCs.
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