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Abstract. Pulmonary arterial hypertension is a progressive 
and fatal disease. Recent studies suggest that circular RNA 
(circRNAs/circs) can regulate various biological processes, 
including cell proliferation. Therefore, it is possible that 
circRNA may have important roles in pulmonary artery 
smooth muscle cell proliferation in hypoxic pulmonary hyper‑
tension (HPH). The aim of the present study was to determine 
the role and mechanism of circRNA‑glutamate metabotropic 
receptor 1 (circ‑Grm1; mmu_circ_0001907) in pulmonary 
artery smooth muscle cell (PASMC) proliferation and migra‑
tion in HPH. High‑throughput transcriptome sequencing was 
used to screen circRNAs and targeted genes involved in HPH. 
Cell Counting Kit‑8 (CCK‑8), 5‑ethynyl‑2‑deoxyuridine and 
wound healing assays were employed to assess cell viability 
and migration. Reverse transcription‑quantitative PCR and 
western blotting were used to detect target gene expression 
in different groups. Bioinformatical approaches were used to 
predict the interaction probabilities of circ‑Grm1 and Grm1 
with FUS RNA binding protein (FUS). The interactions 
of circ‑Grm1, Grm1 and FUS were evaluated using RNA 
silencing and RNA immunoprecipitation assays. The results 
demonstrated that circ‑Grm1 was upregulated in hypoxic 
PASMCs. Further experiments revealed that the knockdown 
of circ‑Grm1 could suppress the proliferation and migration 
of hypoxic PASMCs. Transcriptome sequencing revealed that 
Grm1 could be the target gene of circ‑Grm1. It was found 
that circ‑Grm1 could competitively bind to FUS and conse‑
quently downregulate Grm1. Moreover, Grm1 could inhibit 

the function of circ‑Grm1 by promoting the proliferative 
and migratory abilities of hypoxic PASMCs. The results also 
demonstrated that circ‑Grm1 influenced the biological func‑
tions of PASMCs via the Rap1/ERK pathway by regulating 
Grm1. Overall, the current results suggested that circ‑Grm1 
was associated with HPH and promoted the proliferation and 
migration of PASMCs via suppression of Grm1 expression 
through FUS.

Introduction

Pulmonary arterial hypertension (PAH) is a rare vascular 
disorder with an estimated prevalence of ~15 cases per million 
individuals (1,2). The pathogenesis of PAH is extremely 
complex, involving multiple pathological changes, including 
pulmonary vascular endothelial dysfunction, pulmonary arte‑
riolar contraction and pulmonary vascular remodelling (3). 
Hypoxic pulmonary hypertension (HPH) is characterized by 
increasing pulmonary artery blood pressure and remodelling 
of structural peripheral pulmonary arteries (4). Pulmonary 
artery smooth cell (PASMC) hyperproliferation plays a key 
role in pulmonary vascular remodelling in HPH.

At present, the treatment of PAH includes endothelin 
receptor antagonists, phosphodiesterase type‑5 inhibitors, 
soluble guanylate cyclase stimulators, prostacyclins and pros‑
tacyclin receptor agonists (5). There is widespread acceptance 
that new drugs should focus on genetically determined targets, 
epigenetic modifications, DNA damage, growth factors, 
oestrogen signalling and hypoxic stress (6). In the SERAPHIN 
and GRIPHON studies, whilst recent accessible treatments for 
PAH have advanced substantially, the disease presents high 
mortality rates (7,8). As the proliferation of PASMCs plays a 
key role in the pathogenesis of PAH, further elucidation of the 
molecular mechanisms via which PASMCs participate in PAH 
is critical for effective treatment.

Unlike other RNAs, circular RNAs (circRNAs/circs) 
are non‑coding RNAs, which are covalently enclosed 
contiguous loops and are expressed at high levels in the 
eukaryotic transcriptome (9). Typically, circRNAs are 
widely expressed in eukaryotic cells and could poten‑
tially be associated with the diagnosis and treatment of 
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diseases (10,11). Studies have shown that circRNAs play 
important roles in the pathogenesis of atherosclerosis, 
myocardial infarction, heart failure, cardiomyopathy, 
pulmonary hypertension and cell aging (12). circRNAs are 
also involved in regulating several biological processes, 
including the control of angiogenesis and smooth muscle 
cell functions (13). Recently, studies have revealed the func‑
tion of hsa_circ_0022342 and hsa_circ_0002062 in the 
development of chronic thromboembolic pulmonary hyper‑
tension (14,15). mmu_circ_0000790 is associated with the 
structural remodelling of pulmonary vessels in mice with 
HPH via miR‑374c/FOXC1/Notch axis (16). However, only 
a few reports have focused on the function of circRNAs 
in HPH. Therefore, the present study aimed to identify 
novel functional circRNAs and understand their roles in a 
hypoxia‑induced proliferation cellular model.

Studies have shown that circRNAs play crucial roles 
in regulating gene expression at the transcriptional level by 
interacting with RNA‑binding proteins (17‑19). Furthermore, 
it has been revealed that Grm1 influenced the biological func‑
tions of PASMCs via the ERK pathway (20‑23). In the present 
study, the RNA‑binding protein (RBP) FUS interacted with 
circ‑Grm1. circ‑Grm1 was selected as the representative to 
study the role of circRNAs in vascular remodelling of hypoxic 
PAH, and the molecular mechanism of its targeted regulation 
of Grm1 combined with FUS was evaluated, thereby providing 
a new molecular target in the study of HPH.

Materials and methods

Isolation of PASMCs. Male, 10‑12‑week‑old C57BL/6 mice 
(weight, 21‑25 g) were purchased from Vital River Bioscience 
Co., Ltd. (Beijing, China). The mice were housed in a quiet 
room with a 12‑h light and dark cycle, at 22±2˚C and 60% 
relative humidity, with free access to food and water. This 
study was approved by the Ethical Animal Care and Use of 
Laboratory Animals Committee of Qilu Hospital, Cheeloo 
College of Medicine, Shandong University (approval 
no. KYLL‑2020‑002).

After 14 days, the mice were sacrificed via cervical 
dislocation, and the aortas were collected. The criteria used 
to confirm death included the cessation of heartbeat for 
>5 min and no pupillary reflex to strong light. The isolation 
of PASMCs from mice was conducted under a stereomicro‑
scope, following previously described methods (24,25). Under 
aseptic conditions, the thoracic cavity of mice was opened, 
and the pulmonary artery trunk and left and right pulmonary 
arteries were removed. The pulmonary artery vessels were 
isolated and washed with PBS to remove excess blood. Then, 
the artery vessels were scraped on both the internal and 
external sides of the vessel wall to remove endothelial cells. 
The tissue was then rinsed several times with DMEM/F12 
(cat. no. D6421; Sigma‑Aldrich; Merck KGaA) supplemented 
with 1% penicillin and streptomycin. The collected tissues 
were cut into 1‑mm3 blocks, washed with D‑Hank's solution 
and transferred into a culture platform. PASMCs were digested 
by adding 1 mg/ml collagenase (2 h at 37˚C; Sigma‑Aldrich; 
Merck KGaA) and collected via filtration using nylon nets with 
a 70‑mm diameter (Sigma‑Aldrich; Merck KGaA). Then, the 
cells were centrifuged at 1,200 x g for 10 min at 4˚C, washed 

with PBS and resuspended in DMEM containing 10% FBS 
(cat. no. 10099141; Gibco; Thermo Fisher Scientific, Inc.). 
After passage at a 1:3 ratio, the cells at passage 3‑5 were 
selected for subsequent experimentation.

PASMCs were cultured at 37˚C under 5% CO2 in DMEM 
containing 10% FBS (cat. no. 11965092; Gibco; Thermo 
Fisher Scientific, Inc.) and 100 U/ml penicillin/streptomycin 
(cat. no. P1400; Beijing Solarbio Science & Technology Co., 
Ltd.). 293 cells were purchased from the American Type 
Culture Collection and incubated in DMEM containing 10% 
FBS (cat. no. 10100147; Gibco; Thermo Fisher Scientific, Inc.) 
and 100 U/ml penicillin/streptomycin.

Normoxia or hypoxia exposure. Before any intervention, 
PASMCs were cultured in a serum‑free medium for 24 h 
to synchronize the cell cycles. PASMCs were also cultured 
under hypoxia conditions (3% O2, 5% CO2, 92% N2), and the 
cells were used to conduct the subsequent experiments. For 
normoxia exposure, cells were maintained in a humidified 
incubator with 5% CO2 and 21% O2 at 37˚C.

High‑throughput transcriptome sequencing. Total RNA from 
PASMCs in the normoxia (n=2) and hypoxia groups (n=3) 
was isolated using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). circRNA and mRNA expression levels 
were profiled using the SEQuoia RiboDepletion kit (Bio‑Rad 
Laboratories, Inc.) at Shanghai Fulgent Genetics Co., Ltd. 
Then, raw data were summarized and normalized at the 
transcript level using R (version 3.3.2.; https://cran.r‑project.
org/bin/windows/base/old/3.2.2/), and the limma package 
of R was used for pre‑processing and statistical analysis. 
Transcripts showing absolute log2‑fold of >1 were considered 
differentially expressed, and P<0.05 indicated a statistically 
significant difference between experimental and control 
groups.

Plasmid construction and transfection. The circ‑Grm1 
overexpression vector (oe‑circ‑Grm1) was designed, and the 
mouse full‑length circ‑Grm1 was inserted into a pCD5‑ciR 
vector by Guangzhou Geneseed Biotech Co., Ltd. The mock 
vector [oe‑negative control (NC)] without circ‑Grm1 sequence 
was served as a control. Small interfering (si)RNA targeting 
circ‑Grm1 (si‑circ‑1 and si‑circ‑2) and their correspond 
negative controls (si‑NCs) were purchased from Shanghai 
GenePharma Co., Ltd. si‑FUS, pcDNA3.1 (p)‑FUS (p‑FUS), 
p‑Grm1 and NCs (si‑NC and p‑NC) were purchased from 
Sangon Biotech Co., Ltd. The sequences were as follows: 
si‑circ‑1, 5'‑GGA GGT CTG GTT CGA TGA GAA‑3'; si‑NC1, 
5'‑GCG GGA AGT AGT ACG TGG TAT‑3'; si‑circ‑2, 5'‑GCT 
GAA TAT CGA TGA TTA CAA‑3'; si‑NC2, 5'‑GCT TGA AGA 
CGT ACA ATT ATA‑3'; si‑FUS, 5'‑GAC CCA TCC TAA CCT 
ACT CAT‑3'; si‑NC3, 5'‑GCC ACT TCA CAC TCT CCT AAA‑3'.

si‑circ‑1 (50 nM), si‑circ‑2 (50 nM), si‑FUS (20 µl/ml), 
p‑FUS (4 µg), oe‑circ‑Grm1 (50 nM), p‑Grm1 (4 µg) and NCs 
(si‑NC, oe‑NC and p‑NC) were transfected in PASMCs using 
Lipofectamine® 3000 transfection reagent (cat. no. L3000015; 
Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 48 h, 
according to the manufacturer's procedures, when cells were at 
a density of 1x106. After 48 h of hypoxia, cells were collected 
for subsequent analyses.
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Cell proliferation. The proliferative abilities of the 
PASMCs were detected using Cell Counting Kit‑8 (CCK‑8; 
cat. no. CK04; Dojindo Laboratories, Inc.), according to the 
manufacturer's instructions. The cells were seeded in 96‑well 
plates (2x103 cells/well) in 10 ml DMEM containing 5% FBS. 
After 48 h of transfection, 10 µl CCK‑8 solution was added to 
each well at 0, 24, 48, 72 and 96 h. Then, the cells were cultured 
with CCK‑8 solution for 4 h at 37˚C. The CCK‑8 reagents 
and stopping solution were added to each well, and then a 
microplate reader (Multiskan; Thermo Fisher Scientific, Inc.). 
was used to determine the optical density (OD) of each well 
at 450 nm.

The EdU assay was carried out with the EdU label‑
ling/detection kit (Guangzhou RiboBio Co., Ltd.) according 
to the manufacturer's instructions. Cells in the logarithmic 
growth phase were seeded into 96‑well plates with 4x103 cells 
per well in 10 ml DMEM containing 10% FBS. Each well 
was incubated with 50 µM EdU solution for 2 h and washed 
with PBS twice for 5 min. Then, PBS containing 4% para‑
formaldehyde was used to fix cells at room temperature for 
30 min, and the cells in each well were incubated in 1X Apollo 
staining solution for 30 min at room temperature. Finally, 
1X Hoechst 33342 solution was added to each well and incu‑
bated at room temperature in the dark for 30 min to stain DNA 
for observation under a fluorescence microscope (Olympus 
Corporation, magnification, x100).

Cell migration. The migration of PASMCs was measured using 
a wound healing assay, wherein 2.5x104 cells/cm2 PASMCs 
were seeded into six‑well plates and cultured overnight in 
the starvation medium (DMEM containing 5% FBS) for 
24 h. Once the cells reached ~80% confluence (or more), the 
monolayers were scratched using a sterile 200‑µl pipette tip. 
Then the prepared and filled plates were washed with 3‑5 ml 
PBS solution. Next, images at 0 and 24 h were obtained under 
a stereomicroscope (magnification, x100; Thermo Fisher 
Scientific, Inc.). ImageJ software v2.1.4.7 (National Institutes 
of Health) was used to detect the width of the scratch, and 
the migratory abilities of PASMCs were determined by the 
number of cells that crossed into the wound area from their 
reference point at 0 h.

RNA extraction and reverse transcription‑quantitative 
(RT‑q)PCR. Total RNA was extracted from cultured cells 
using TRIzol reagent. RNA (1 µg) was reverse transcribed 
to cDNA for a final volume of 20 µl using the PrimeScript 
RT Reagent kit (Takara Biotechnology Co., Ltd.) at 16˚C 
for 30 min, 42˚C for 30 min and 85˚C for 5 min. qPCR 
analyses were performed with the SYBR® Premix Ex Taq™ 
kit (cat. no. RR420A; Takara Biotechnology Co., Ltd.) using 
the ABI PRISM® 7500 Sequence Detection system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The following 
thermocycling conditions were used for qPCR: Initial dena‑
turation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 
10 sec, 60˚C for 20 sec and 72˚C for 30 sec. Changes in the 
target genes were determined based on the relative values 
of 2‑ΔΔCq (26). The primer sequences used are as follows: 
circ‑Grm1 forward, 5'‑GTC TGG AGA GGA GGT CTG GT‑3' 
and reverse, 5'‑GGC ATA CGT AGC CGA GGA AAA‑3'; Grm1 
forward, 5'‑GAG CTG AGG TGT CTG CGA AC‑3' and reverse, 

5'‑GCC ATA AGC TGG ACG CTG AG‑3'; FUS forward, 5'‑CAA 
TAA ATT TGG TGG TCC TCG G‑3' and reverse, 5'‑GGC CTT 
GCA CGA AGA TGG TA‑3'; GAPDH forward, 5'‑GAG GGA 
TGC TGC CCT TAC CC‑3' and reverse, 5'‑TTG TCT ACG GGA 
CGA GGA AAC‑3'.

Western blot analysis. Protein samples were extracted 
and quantified using RIPA buffer (BioVision, Inc.) and a 
protein concentration detection kit (Guangzhou Yingdante 
Science & Technology Co., Ltd.). These proteins (50 µg) were 
separated via 12% SDS‑PAGE (cat. no. P0690; Beyotime 
Institute of Biotechnology) and transferred to a PVDF 
membrane (cat. no. SF1J090I08; MilliporeSigma). After 
being blocked with 5% BSA (Thermo Fisher Scientific, 
Inc.) for 2 h at 25˚C, the membrane was incubated with the 
following specific primary antibodies overnight at 4˚C: 
Anti‑cyclin A (1:1,000; cat. no. 4656), anti‑proliferating 
cell nuclear antigen (PCNA; 1:1,000; cat. no. 2586), 
anti‑GAPDH (1:1,000; cat. no. 97166), anti‑ERK1 (1:1,000; 
cat. no. 4372), anti‑Rap1 (1:1,000; cat. no. 2326; all from Cell 
Signaling Technology, Inc.), anti‑phosphorylated (ph)‑ERK1 
(1:1,000; cat. no. BS‑1522R; Thermo Fisher Scientific, Inc.), 
anti‑Grm1 (1:1,000; cat. no. ab183712), anti‑CDK1 (1:1,000; 
cat. no. ab265590) and anti‑Ki67 (1:1,000; cat. no. ab16667; 
all from Abcam). This was followed by incubation with the 
HRP‑labeled secondary antibody at room temperature for 
2 h (1:1,000; mouse secondary antibody, cat. no. ab150113; 
1:1,000; rabbit secondary antibody, cat. no. ab6721; both from 
Abcam). Finally, the proteins were visualized using a ECL 
reagent (cat. no. P0020; Beyotime Institute of Biotechnology) 
to obtain images. The relative expression of target proteins was 
calculated using ImageJ software v2.1.4.7 (National Institutes 
of Health).

RNA immunoprecipitation (RIP) assay. The EZ‑Magna RIP 
kit (MilliporeSigma) was used for the RIP assay, following 
the manufacturer's protocol. PASMCs were cross‑linked by 
treating with formaldehyde for 10 min at 37˚C. After washing 
with cold PBS, cells were incubated in 4 ml cell lysis buffer 
for 15 min in ice. After nuclear extraction using a Dounce 
homogenizer (Wheaton; DWK Life Sciences), the chromatin 
was sheared by sonication (25% power, 4.5 sec impact, 9 sec 
clearance, 14 times) at 37˚C. Then, PASMCs were incubated 
with RIP buffer containing magnetic beads conjugated 
with anti‑FUS or control antibodies (IgG), at 4˚C for 6 h by 
following DNase treatment for 30 min at room temperature. 
The beads were washed using the washing buffer, and the 
proteins were removed from the compounds via incuba‑
tion with 0.1% SDS/0.5 mg/ml Proteinase K (30 min, 55˚C). 
The RNA concentrations were detected using NanoDrop 
spectrophotometry (Thermo Fisher Scientific, Inc.), and the 
RNA qualities were analysed using a bioanalyzer (Agilent 
Technologies, Inc.).

Pull‑down assay. The RNA pull‑down assay was used to 
identify the circ‑Grm1 interaction with FUS using a Magnetic 
RNA‑protein pull‑down kit (Thermo Fisher Scientific, Inc.). 
Briefly, before harvesting, PASMCs were transfected with 
50 nM biotinylated DNA probe complementary to circ‑Grm1 
or negative control (Genepharm, Inc.) probe for 48 h. Then, the 
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PASMCs were washed with PBS and incubated for 10 min in the 
cell lysis buffer (Thermo Fisher Scientific, Inc.) on ice. Part of 
the lysates were aliquoted for input. The remaining lysates were 
incubated with streptavidin magnetic beads (Thermo Fisher 
Scientific, Inc.) precoated with 5% RNase‑free BSA (Thermo 
Fisher Scientific, Inc.) and yeast transfer RNA (MilliporeSigma) 
at 4˚C for 30 min. After washing and elution of RNA‑binding 
protein complexes, the proteins in the pull‑down materials were 
analysed via western blotting using an antibody recognizing 
FUS (1:1,000; cat. no. ab124923; Abcam).

Actinomycin D inhibition assay. The RNA stability of Grm1 
mRNA was determined using an Actinomycin D inhibition 
assay as described previously (27,28). Firstly, the circ‑Grm1 
and FUS siRNAs were transfected into PASMCs, which were 
then treated with actinomycin D (5 µg/ml; Sigma‑Aldrich; 
Merck KGaA) at 37˚C for 0, 3, 6 and 9 h. The total RNA was 
isolated, and Grm1 mRNA expression was quantified via 
RT‑qPCR, as aforementioned. RNA half‑life (t1/2) was calculated 
using linear regression analysis as described previously (27,28).

Bioinformatics analyses. The relationships of circ‑Grm1 
and Grm1 with FUS were predicted by the bioinformatical 
analysis tool starBase v 2.0 (http://starbase.sysu.edu.cn/index.
php) though ‘RBP‑target’ plate. Bioinformatical (RPISeq 
Version 1.0; http://pridb.gdcb.iastate.edu/RPISeq/) tools were 
used to predict the interaction probabilities of circ‑Grm1 
and Grm1 with FUS. For Kyoto Encyclopedia of Genes and 
Genomes (KEGG, https://www.genome.jp/kegg/pathway.
html) analyses, Grm1 expression was treated as a numeric 
variable. The Pearson correlation coefficient of other genes 
and Grm1 expression was calculated, and then the genes were 
sequenced according to the correlation coefficient. KEGG 
analyses based on the Grm1‑related gene were conducted 
using the clusterProfiler R package (https://bioconductor.
org/packages/release/bioc/html/clusterProfiler.html, version 
no. 4.0.5) (29) (organism=‘mmu’, P‑value Cutoff=0.05) to 
evaluate the potential biological mechanisms mediating 
Grm1‑related HPH.

Statistical analysis. All experimental values are shown as the 
mean ± SD obtained using SPSS 26.0 statistical analysis (IBM 
Corp.). All experiments were performed independently in trip‑
licate. The two‑tailed Student's t‑test was used to compare the 
differences among two groups, whereas comparison among 
multiple groups was analysed using a one‑way ANOVA with 
a Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

circ‑Grm1 is associated with the pathogenesis of PAH in 
hypoxic PASMCs. To evaluate the altered phenotype of 
PAH‑PASMCs, cell libraries of primary cultured PASMCs 
from mice lung tissues were established (Fig. 1A). The results 
of high‑throughput transcriptome sequencing demonstrated 
that circ‑Grm1 expression increased in the hypoxic groups and 
showed higher expression levels compared with the control 
group (Fig. 1B and C). Additionally, the high‑throughput 
transcriptome sequencing analyses showed that the expression 

of circ‑Grm1 was elevated in the hypoxic PASMCs compared 
with the normxia group (Fig. 1D). These results suggested 
that hypoxia could promote the expression level of circ‑Grm1 
in PASMCs.

Silencing of circ‑Grm1 suppresses the proliferation and 
migration of hypoxic PASMCs. To assess the significance of 
circ‑Grm1 in hypoxic PASMCs, the expression of circ‑Grm1 
was knocked down using the RNA silencing technique. The 
results of RT‑qPCR analysis demonstrated the efficiency 
of RNA silencing, which revealed successful downregula‑
tion of circ‑Grm1 at the RNA level (Fig. 2A). Then, the 
effects of circ‑Grm1 silencing on the proliferative ability of 
hypoxic PASMCs were detected using CCK‑8 and EdU assays 
(Fig. 2B‑D). Additionally, the expression levels of prolifera‑
tion‑associated proteins (cyclin A, PCNA, CDK1 and Ki67) 
were estimated via western blot analysis. As shown in Fig. 2D, 
the expression levels of these proteins were significantly down‑
regulated after the knockdown of circ‑Grm1 compared with 
the si‑NC group. These findings suggested that the knockdown 
of circ‑Grm1 could inhibit the proliferation of PASMCs.

As shown in Fig. 2E, the results of the wound healing 
assay indicated that knockdown of circ‑Grm1 significantly 
decreased the migration of PASMCs. Furthermore, the effects 
of circ‑Grm1 knockdown on migration were also confirmed 
by detecting the expression levels of migration‑associated 
proteins, MMP‑2 and MMP‑9. The results demonstrated that 
the knockdown of circ‑Grm1 significantly decreased MMP‑2 
and MMP‑9 expression in PASMCs (Fig. 2D). Collectively, 
it was suggested that silencing of circ‑Grm1 inhibited the 
proliferation and migration of hypoxic PASMCs.

Grm1 is targeted by circ‑Grm1 and circ‑Grm1 can bind with 
FUS. Fig. 3A and B show the volcano map and heat map anal‑
yses measured via high‑throughput transcriptome sequencing, 
respectively. The results of high‑throughput transcriptome 
sequencing suggested that the expression level of Grm1 was 
significantly lower in the hypoxic group compared with that 
of the normxia group (Fig. 3C) and varied inversely with the 
expression of circ‑Grm1 (Fig. 3D) in hypoxic and normxia 
group. The bioinformatical analysis tool starBase v 2.0 
(http://starbase.sysu.edu.cn/index.php) was used to predict 
whether GRM1 could bind to FUS. FUS is a multifunctional 
RBP that plays a vital role in various cellular processes, 
including transcription, cell cycle progression, angiogenesis 
and apoptosis (30‑34). The prediction of the binding abun‑
dance between FUS and Grm1 was also determined using 
bioinformatics (http://pridb.gdcb.iastate.edu/RPISeq/). The 
binding scores of FUS and GRM1 are shown in Fig. 3E. The 
RIP assay revealed that Grm1 was highly bound to FUS in 
PASMCs (Fig. 3F).

The significance of the circRNA‑protein interaction has 
recently been revealed, including via a RBP (35,36). The 
binding scores of FUS and circ‑Grm1 are shown in Fig. 3G, 
and this this result was verified using a RIP assay. The RIP 
and pull‑down assays demonstrated that circ‑Grm1 showed a 
significant binding ability to FUS in PASMCs (Fig. 3H and I).

circ‑Grm1 recruits FUS to inhibit Grm1 mRNA stability and 
expression. To further examine whether the circ‑Grm1/FUS 
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complex could modulate the downstream genes of Grm1, the 
stability of the Grm1 mRNA was investigated in the pres‑
ence of actinomycin D, a transcription inhibitor. The results 
of RNA stability assay indicated that the degradation rate 
of Grm1 mRNA was increased and decreased in PASMCs 
upon circ‑Grm1 and FUS knockdown, respectively, compared 
with that of the control group at 0, 3, 6 and 9 h (Fig. 3J). 
These findings confirmed that circ‑Grm1 could sponge FUS 
and suppress Grm1 mRNA stability. As shown in Fig. 3K, 
RT‑qPCR was used to verify the expression level of Grm1 
after FUS overexpression or knockdown and circ‑Grm1 
knockdown. The transfection efficiency of circ‑Grm1 knock‑
down and FUS overexpression or knockdown was shown in 
Figs. 2A and S1A and B, respectively. It was found that the 
knockdown effect of si‑circ‑2 group was higher. Therefore, 
si‑circ‑2 was selected for use in subsequent experiments 
experiment.

The results demonstrated that overexpression of FUS 
significantly increased the expression level of Grm1 in 
PASMCs (Fig. 3L), thereby suggesting that FUS expres‑
sion was positively associated with Grm1 expression in 
PASMCs. Additionally, it was determined that the knockdown 
of circ‑Grm1 significantly elevated Grm1 expression in 
PASMCs (Fig. 3M). Compared with the si‑circ‑Grm1 group, 

the co‑transfection of si‑circ‑Grm1 and si‑FUS significantly 
decreased the expression level of Grm1 (Fig. 3M). These find‑
ings indicated that the circ‑Grm1/FUS complex could lead to 
the prohibition of mRNA stability and expression of Grm1.

Grm1 reverses the promoting role of circ‑Grm1 in the hypoxia 
PASMCs. To investigate the effects of GRM1 in response to 
circ‑Grm1, Grm1 was overexpressed in hypoxic PASMCs. 
The results of western blotting assays demonstrated the 
overexpression efficiency in the cells, which showed upregu‑
lation of GRM1 at the protein level (Fig. 4A). Moreover, the 
transfection efficiency of circ‑Grm1 overexpression and Grm1 
overexpression was examined via RT‑qPCR (Fig. S1C and D). 
The CCK‑8 and EdU assays results demonstrated that the cell 
proliferative ability was inhibited after the co‑transfection 
of oe‑circ‑Grm1 and pcDNA3.1‑Grm1 compared with the 
co‑transfection of oe‑circ‑Grm1 and pcDNA3.1‑NC at 0, 24, 
48, 72 and 96 h (Fig. 4B and C). Furthermore, the expression 
levels of proliferation‑associated proteins (cyclin A, PCNA, 
CDK1 and Ki67) were detected via western blot analysis. As 
shown in Fig. 4D, the expression levels of these proteins were 
significantly upregulated after overexpression of circ‑Grm1, 
whereas they were downregulated after the co‑transfection of 
oe‑circ‑Grm1 and p‑Grm1. Additionally, the wound healing 

Figure 1. High‑throughput transcriptome sequencing showed that circ‑Grm1 is involved in the pathogenesis of pulmonary arterial hypertension in hypoxic 
PASMCs. (A) Primary culture of PASMCs from mice lung tissue. (B) Heat map and (C) Volcano map analysis of circular RNAs measured via high‑throughput 
transcriptome sequencing analysis in hypoxic PASMCs. (D) High‑throughput transcriptome sequencing analysis of circ‑Grm1 expression in PASMCs of 
normoxia and hypoxia groups. PASMCs, pulmonary artery smooth muscle cells; circ, circular RNA; circ‑Grm1, circular RNA glutamate metabotropic 
receptor 1; DEGs, differentially expressed genes.
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Figure 2. Silencing of circ‑Grm1 suppresses the proliferation and migration of hypoxic PASMCs. (A) circ‑Grm1 expression was detected via reverse 
transcription‑quantitative PCR analysis in cells of normoxia, si‑NC and si‑circ‑Grm1groups. (B) Cell Counting Kit‑8 assay and (C) EdU assays were performed 
to determine the proliferative ability of PASMCs in the normoxia, si‑NC and si‑circ‑Grm1 groups. (D) Western blot analysis was performed to measure the 
expression levels of cyclin A, PCNA, CDK1, Ki67, MMP‑2 and MMP‑9 in cells from the normoxia, si‑NC and si‑circ‑Grm1 groups. (E) Wound healing assay 
was performed to determine the migratory abilities of PASMCs. Scale bar, 100 µm. The experiments were independently conducted three times, and values 
are shown as the mean ± SD. **P<0.01. EdU, 5‑ethynyl‑2‑deoxyuridine; si, small interfering RNA; NC, negative control; PASMCs, pulmonary artery smooth 
muscle cells; circ, circular RNA; circ‑Grm1, circular RNA glutamate metabotropic receptor 1; PCNA, proliferating cell nuclear antigen; OD, optical density.
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Figure 3. circ‑Grm1 binds to FUS and suppresses Grm1 translation. (A) Volcano map and (B) heat map analysis measured via high‑throughput transcriptome 
sequencing in normxia and hypoxic PASMCs. (C) Analysis of Grm1 expression in PASMCs via high‑throughput transcriptome sequencing analysis. (D) Scatter 
plots were used to depict the correlations between circ‑Grm1 and Grm1. (E) Interaction probabilities of Grm1 with FUS were predicted using bioinformatics 
analysis (predictions with P>0.5 were considered ‘positive’). (F) RIP assay showed that FUS precipitated with Grm1 in PASMCs. (G) Interaction probabilities 
of circ‑Grm1 with FUS were predicted using bioinformatics analysis, which indicated that circ‑Grm1 and FUS were likely to interact (predictions with P>0.5 
were considered ‘positive’). (H) RIP assays were conducted to detect the combination of circ‑Grm1 and FUS, and then RT‑qPCR was performed to detect the 
co‑precipitated RNA. (I) Pull‑down assay indicated that biotin‑labelled circ‑Grm1 interacted with FUS. (J) Actinomycin D was used to disturb RNA synthesis 
in PASMCs, and RT‑qPCR was performed to detect the degradation rates of the RNA every 3 h. (K) After transfection with si‑circ‑Grm1, si‑FUS and p‑FUS, 
RT‑qPCR was used to detect Grm1 expression in PASMCs. After transfection with (L) p‑FUS, (M) si‑circ‑Grm1 and si‑FUS, western blotting was used to 
detect Grm1 expression in PASMCs. Values were presented as the mean ± SD from three independent experiments. **P<0.01. RIP, RNA immunoprecipitation; 
RT‑qPCR, reverse transcription‑quantitative PCR; si, small interfering RNA; NC, negative control; PASMCs, pulmonary artery smooth muscle cells; circ, 
circular RNA; circ‑Grm1, circular RNA glutamate metabotropic receptor 1; p‑, pcDNA3.1; FC, fold change; RF, Random Forest; SVM, Support Vector Machine.



SUN et al:  ROLE OF circ‑Grm1/FUS/Grm1 AXIS IN HPH8

Figure 4. Grm1 reverses the promoting role of circ‑Grm1 in the hypoxia PASMCs. (A) GRM1 expression in PASMCs from all groups was detected via western 
blotting. (B) Cell Counting Kit‑8 and (C) EdU assays exhibited the proliferative ability of PASMCs in different groups. Scale bar, 100 µm. (D) Western blot 
analysis was performed to measure the expression levels of cyclin A, PCNA, CDK1, Ki67, MMP‑2 and MMP‑9 in normoxia and hypoxia PASMCs. (E) Wound 
healing assay was performed to detect the migratory ability of PASMCs. Values are shown as the mean ± SD of three independent tests. **P<0.01. NC, negative 
control; PASMCs, pulmonary artery smooth muscle cells; circ, circular RNA; circ‑Grm1, circular RNA glutamate metabotropic receptor 1; p‑, pcDNA3.1; 
EdU, 5‑ethynyl‑2‑deoxyuridine; OD, optical density; oe, overexpression; PCNA, proliferating cell nuclear antigen.
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assay results suggested that overexpression of circ‑Grm1 
significantly increased the migration of PASMCs. However, 
after the co‑transfection of oe‑circ‑Grm1 and p‑Grm1, the 
migratory ability of PASMCs was impaired (Fig. 4E). MMPs 
modulate extracellular matrix composition and integrity, 
and MMP‑2 and 9 play key roles in cleaving the extracel‑
lular matrix components that contribute to cell migration 
and vascular remodelling (37,38). Thus, the migration results 
were also verified by detecting the expression levels of migra‑
tion‑associated proteins, MMP‑2 and MMP‑9. These findings 
suggested that Grm1 could inhibit the function of circ‑Grm1 
with the promotion of the proliferative and migratory abilities 
in hypoxic PASMCs.

circ‑Grm1 and Grm1 are involved in function of PASMCs 
by regulating the Rap1 signalling pathway. The effects 
of circ‑Grm1 and Grm1 on the signalling pathways were 
determined using KEGG analysis and western blotting. The 
‘Rap1 signalling pathway’ was significantly associated with 
the circ‑Grm1 and Grm1 in HPH (Fig. 5A). Additionally, the 
western blotting results indicated that the protein expression 
levels of Grm1 and Rap1b in the hypoxia groups were lower 
compared with those of the normoxia group, whereas these 
were increased in cells overexpressing Grm1 compared with 
oe‑circ‑Grm1 group (Fig. 5B). Conversely, the expression 

level of ph‑ERK1 in the hypoxia groups was higher compared 
with the control group, whereas it was lower in cells with 
overexpressing Grm1 compared with oe‑circ‑Grm1 group 
(Fig. 5B). In addition, the co‑transfection of oe‑circ‑Grm1 and 
p‑Grm1 reversed the effects of Grm1 overexpression on the 
expression levels of Grm1, Rap1b and ph‑ERK1. Therefore, 
it was suggested that circ‑Grm1 could inhibit the biological 
functionalities of the Rap1 signalling pathway in PASMCs in 
HPH and promote the phosphorylation of ERK1.

Discussion

A previous study revealed that hypoxia‑induced pulmonary 
hypertension was mainly caused by hypoxic pulmonary 
vasoconstriction, pulmonary vascular remodelling and poly‑
cythaemia (39). Pulmonary vascular remodelling is a key 
feature of hypoxia‑induced pulmonary hypertension associ‑
ated with the dysfunction of endothelial cells, smooth muscle 
cells and fibroblasts (40). Previous studies have shown that 
circRNAs are involved in PASMC proliferation, migration and 
apoptosis, leading to pulmonary vascular remodelling (4,41). 
In the present study, to the best of our knowledge, it was 
demonstrated for the first time that circ‑Grm1 was involved 
in HPH and the mechanisms via which circRNA regulated 
PASMC proliferation and migration were shown in Fig. 6.

Figure 5. circ‑Grm1 and Grm1 are associated with the function of PASMCs by regulating the Rap1 signalling pathway. (A) Kyoto Encyclopedia of Genes and 
Genomes (https://www.genome.jp/kegg/pathway.html) analysis was performed using the clusterProfiler R package. (B) Expression levels of Grm1, Rap1b, 
p‑ERK1 and ERK1 protein obtained in PASMCs from normoxia, hypoxia, oe‑NC + p‑NC, oe‑circ‑Grm1, p‑Grm1 and oe‑circ‑Grm1 + p‑Grm1 groups were 
detected via western blot analysis. Data are shown as the mean ± SD based on three independent experiments. **P<0.01. NC, negative control; PASMCs, pulmo‑
nary artery smooth muscle cells; circ, circular RNA; circ‑Grm1, circular RNA glutamate metabotropic receptor 1; p‑, pcDNA3.1; ph‑, phosphorylated.
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As a non‑coding RNA, circRNA was recently discovered. 
Previous studies have reported that circRNAs are associated 
with vascular dysfunction and multiple processes, such as 
vascular development, growth and remodelling (42‑48). The 
present study performed a high‑throughput transcriptome 
sequencing analysis of the PASMCs to investigate the differ‑
ently expressed circRNAs and finally identified the upregulated 
circ‑Grm1. circ‑Grm1 was first found to be upregulated in 
hypoxic PASMC models, as determined by high‑throughput 
transcriptome sequencing. The functional cellular experiments 
revealed that the knockdown of circ‑Grm1 could effectively 
inhibit the proliferation and migration of PASMCs in vitro. 
Therefore, these results indicated that circ‑Grm1 participates 
in the regulation of the biological function of PASMCs. 

circRNA plays a vital role in regulating downstream 
molecules, such as Grm1. As a G‑protein‑coupled receptor, 
Grm1 is normally localized to the central and peripheral 
nervous systems. Grm1 is correlated with cell proliferation, 
migration and invasion in prostate cancer (49). It has been 
shown that Grm1 activation is coupled with ERK1/2 (50). 
Moreover, activation of ERK1/2 via phosphorylation on tyro‑
sine and threonine residues plays a pivotal role in intracellular 
signalling and can mediate cellular processes, such as cell 
proliferation, invasion, metastasis, survival angiogenesis and 
apoptosis (51,52).

As aforementioned, the high‑throughput transcriptome 
sequencing analysis results identified that circ‑Grm1 was 
upregulated in hypoxic PASMC models, but the expression of its 
cognate mRNA (Grm1) was significantly decreased. To clarify 
this phenomenon, we hypothesized that FUS could mediate the 
expression of circ‑Grm1 and Grm1. Therefore, bioinformatics 
analysis was used to predict whether circ‑Grm1 and Grm1 
may bind to FUS. The RIP and pull‑down assays revealed that 
FUS could interact with both circ‑Grm1 and Grm1. Based on 

the observed FUS binding to circ‑Grm1 and Grm1 mRNA, 
Grm1 expression following circ‑Grm1 knockdown or FUS 
overexpression was increased, but decreased following FUS 
knockdown. Cui and Placzek (53) and Zhao et al (54) reported 
that mRNA translation and mRNA stability were major factors 
contributing to protein expression levels. Thus, to test this, 
si‑NC, circ‑Grm1 and si‑FUS transfected cells were treated 
with actinomycin D to block transcription, and incremental 
RNA samples were harvested to assess Grm1 mRNA half‑life. 
The RNA stability assay demonstrated that linear regres‑
sion decay curves of Grm1 mRNA showed an increase and 
decrease in half‑life for si‑circ‑Grm1 and si‑FUS transfected 
PASMCs under hypoxia, respectively. These results suggested 
that circ‑Grm1 could sponge FUS and suppresses Grm1 
mRNA stability and Grm1 protein expression.

The present study found that Grm1 reversed the boosting 
function of circ‑Grm1 in the progression of HPH. Previous 
reports have shown that circ‑0000790 monitors FOXC1 by 
binding to miR‑374c, and affects the biological functionalities 
of PASMCs in mice in the HPH model, whereas miR‑374c 
reversed the enhanced functionalities of mmu_circ_0000790 
of silencing‑RNA groups with the progression of HPH (4). 
Therefore, these results indicated that circ‑Grm1 participates 
in the regulation of PASMCs' biological function.

circRNAs act as molecular connectors for proteins, which 
were combined with corresponding pathways. In the present 
study, circ‑Grm1 was upregulated in hypoxic PASMCs and 
competed with binding of FUS (an RBP), which could inhibit 
the expression of downstream transcripts of Grm1. Then, the 
Rap1 signalling pathway was inhibited and accompanied by 
activation of the ERK signalling pathway. Rap1 is associated 
with the mass of cellular signal transduction pathways, which 
have been associated with proliferative and migratory cell 
phenotypes (55), and the signalling pathway of ERK acts as a 

Figure 6. A circ‑Grm1/Grm1/Rap1 signalling axis regulates the proliferation and migration of pulmonary artery smooth muscle cells in hypoxia‑induced 
pulmonary arterial hypertension. circ, circular RNA; circ‑Grm1, circular RNA glutamate metabotropic receptor 1; FUS, FUS RNA binding protein.
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significant modulator in proliferation, differentiation, migra‑
tion, senescence and apoptosis in cells (56,57). Nikam et al (58) 
reported that reduced p‑ERK expression could have been 
responsible for the slower growth rate of HMVECs following 
the suppression of Rap1a or ‑1b expression. Studies have 
also shown that Rap1 activated GAP‑GTP by immediately 
restraining the reactivities of the phosphorylation of ERK 
to promote proliferation and migration in VSMCs (59), and 
this was also demonstrated in the present study. The current 
results demonstrated that the circ‑Grm1/Grm1/Rap1 signal‑
ling axis regulated PASMC proliferation and migration in 
hypoxia‑induced PAH, thereby providing a new potential 
target for the treatment and diagnosis of this disease.

In conclusion, the present study identified that circ‑Grm1 
was involved in vascular remodelling in PAH by promoting 
the proliferation and migration of PASMCs via suppression 
of GRM1 expression by FUS. Furthermore, it was found that 
the Rap1 signalling pathway was also involved in this process. 
Taken together, the current results suggest that circ‑Grm1 may 
be used as a novel biomarker in the diagnosis and treatment 
of PAH.
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