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 Background: To study the role of the long-chain noncoding RNA (lncRNA) metastasis-related lung adenocarcinoma tran-
script 1 (MALAT1), microRNA-503 (miR-503), Toll-like receptor 4 (TLR4) signal axis in the pathogenesis of pul-
monary arterial hypertension (PAH).

 Material/Methods: Total RNA was extracted from the plasma of 45 PAH patients and 45 healthy subjects, and the expression of 
lncRNA MALAT1 and miR-503 was measured by quantitative real-time polymerase chain reaction (qRT-PCR). 
The effects of lncRNA MALAT1 and miR-503 on Toll-like receptor 4 (TLR4) and the proliferation, migration, and 
apoptosis of human pulmonary artery smooth muscle cells (hPASMCs) were tested following in vitro transfec-
tion of hPASMCs.

 Results: lncRNA MALAT1 was highly expressed in the plasma of PAH patients and in hypoxia-induced hPASMCs. Silencing 
lncRNA MALAT1 inhibited the proliferation and migration of hPASMC cells while promoting their apoptosis. 
MiR-503 is underexpressed in plasma and hPASMCs of patients with PAH. TLR4 was a target gene of miR-503 
and was highly expressed in peripheral blood mononuclear cells (PBMCs) of PAH patients. lncRNA MALAT1 was 
a “molecular sponge” of miR-503, regulating the expression of TLR4 and the proliferation, migration, and apop-
tosis of hPASMCs through miR-503.

 Conclusions: lncRNA MALAT1 promotes the proliferation and migration of hPASMCs and inhibits their apoptosis by inhibit-
ing the miR-503/TLR4 signal axis.
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Background

Cardiovascular diseases (CVDs) have a significant effect on hu-
man health [1], with high morbidity and mortality rates and 
a heavy economic burden on public health. Pulmonary arte-
rial hypertension (PAH) is a common CVD; although its cause 
is currently unknown, it may be associated with genes [2], 
the environment, and metabolism. The pathogenesis of PAH 
is closely related to pulmonary vasoconstriction, vascular wall 
remodeling, and in situ thrombosis. Owing to a variety of fac-
tors, pulmonary artery pressure (PAP) and pulmonary vascular 
resistance have been increasing annually [3], as have rates of 
sudden death due to these disorders. Pulmonary vascular re-
modeling is the main mechanism underlying the development 
of PAH, and can include dysfunction in fibroblasts, pulmonary 
endothelial cells, and pulmonary smooth muscle cells [4–6]. In 
addition, an increase in the extracellular matrix, stiffening the 
pulmonary vessel walls and/or narrowing the diameter of pul-
monary vessels, can lead to an irreversible increase in pulmonary 
vessel pressure and the eventual development of PAH [4–6].

Long-chain noncoding RNA (lncRNA) is a type of noncoding RNA 
>200 bp long involved in the basic process of gene regulation. 
LncRNA was shown to be involved in chromatin modification 
and direct transcriptional regulation, as well as the regulation 
of posttranscriptional splicing, editing, localization, transla-
tion, and degradation [7–10]. LncRNA metastasis-related lung 
adenocarcinoma transcript 1 (MALAT1) is a highly conserved 
lncRNA in mammals [11] and is encoded on chromosome 11q13. 
LncRNA MALAT1 has been associated with the pathogenesis of 
non-small cell lung cancer [12], cervical cancer [13], liver can-
cer [14], esophageal squamous cell carcinoma [15], metastasis 
and recurrence of colorectal carcinoma [16], gastric cancer [17], 
and breast cancer [18,19]. This lncRNA was also shown to play 
a crucial role in CVD. For example, hypoxia has been found to 
promote the angiogenesis of endothelial cells (ECs) through 
vascular endothelial growth factor (VEGF) signaling and can 
induce the expression of MALAT1 [20–23]. To date, however, 
the role, if any, of lncRNA MALAT1 in the pathogenesis of PAH 
has not been fully determined.

Toll-like receptors (TLRs) are pattern recognition receptors first 
identified in Drosophila [24]. TLRs have been shown to regu-
late innate and adaptive immunity and to play important roles 
in recognizing exogenous and endogenous ligands [24]. TLR4 
is mainly expressed in immune system cells [25], as well as in 
myocardial and microvascular ECs. TLR4 has been shown to 
play an important role in innate immunity, activating inflam-
matory pathways and mediating the occurrence of CVDs [26].

Bioinformatics technology can determine targeted binding 
sites for lncRNA MALAT1 and miR-503 and for miR-503 and 
the 3’ untranslated region (UTR) of TLR4. We hypothesized that 

lncRNA MALAT1, miR-503, and TLR4 may interact in a cascade 
signal regulation axis that may be associated with the patho-
genesis of PAH. The present study therefore investigated the 
role of the lncRNA MALAT1/miR-503/TLR4 signal axis in the 
pathogenesis of PAH through in vitro cell transfection exper-
iments. These findings may suggest new markers for the di-
agnosis and treatment of PAH.

Material and methods

Subjects

Peripheral blood samples were obtained from 45 patients 
with PAH who underwent treatment at Shaoxing People’s 
Hospital from June 2018 to August 2019. PAH was diagnosed 
in accordance with the 2015 criteria of the European College 
of Cardiology and European Respiratory Society, in that the 
mean pulmonary artery pressure (PAPm), as measured by 
a right heart catheter in the resting state, of ³25 mmHg 
(1 mmHg=0.133 kPa) [27]. Patients with a history of malignancy, 
severe chronic obstructive pulmonary disease, or drug addic-
tion were excluded. As controls, peripheral blood samples were 
obtained from 45 healthy subjects, all of whom had a mean 
PAPm, as measured by a right heart catheter, of <25 mmHg. 
Subjects were included in the control group if they had no 
history of chest trauma or smoking (<ten packs of cigarettes 
per year), if chest radiographs showed clear lung areas, and if 
bronchoscopy showed clear bronchial tubes. The study protocol 
was approved by the Ethics Committee of Shaoxing People’s 
Hospital, and all subjects provided written informed consent.

Cell culture

Human pulmonary artery smooth muscle cells (hPASMCs) 
were purchased from the American Type Culture Collection 
(ATCC; Manassas, VA, USA), cultured for 24 hours, transferred 
to 6-well plates and cultured at 37°C in an atmosphere con-
taining 5% CO2 in Smooth Muscle Growth medium-2 BulletKit 
(Lonza, Basel, Switzerland) containing 10% (v/v) fetal bovine 
serum (FBS, Gibco; Grand Island, NY, USA), 0.5 ng/ml human 
recombinant epidermal growth factor (EGF), 2 ng/ml human 
reconstituted fibroblast growth factor (FGF), 5 µg/ml insulin, 
and 50 µg/ml gentamicin. hPASMC were passaged four times 
prior to transfection and detection of lncRNA MALAT1 and 
miR-503. HEK-293 cells (ATCC) were cultured in Dulbecco’s mod-
ified Eagle medium containing 10% FBS at 37°C and 5% CO2.

Cell transfection

Short hairpin RNAs (shRNA) targeting lncRNA MALAT1, a plas-
mid overexpressing of lncRNA MALAT1 (pcDNA-MALAT1), pcDNA 
vector (NC), an miR-503 mimic, and anmiR-503 inhibitor were 
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synthesized by Shanghai Integrated Biotechnology Solutions 
Co., Ltd. hPASMC cells were transfected with sh-MALAT1, 
pcDNA-MALAT1, and NC using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA), according to the manufacturer’s suppli-
er’s instructions. In addition, pcDNA-MALAT1 hPASMC cells 
were transfected with miR-503 mimic and co-transfected with 
sh-MALAT1 and miR-503 inhibitor. After culture for 24 and 48 
hours, the cells were collected for further experiments.

Quantitative reverse transcription- polymerase chain 
reaction (RT-qPCR)

Total RNA was isolated from peripheral blood mononuclear 
cells (PBMCs), hPASMCs, and subject plasma using TRIzol re-
agent (Thermo Fisher Scientific, Shanghai, China). The RNA 
was reverse transcribed to cDNA using All-in-One miRNA First-
Strand cDNA Synthesis Kits (GeneCopoeia, Rockville, MD, USA). 
Sequences of interest were amplified using FastFire qPCR 
PreMix (Tiangen Biotech, Co., Beijing, China) on an ABI StepOne 
Real-Time PCR System (Thermo Fisher Scientific, Shanghai, 
China), and using primers for MALAT1 (forward, 5’-GCA GGC GTT 
GTG CGT AGA G-3’; reverse, 5’-TTG CCG ACC TCA CGG ATT-3’), 
miR-503 (forward, 5’-TGC CCT AGC AGC GGG AAC-3’; reverse, 
5’-ACC CTG GCA GCG GAA ACA ATA-3’) TLR4 (forward, 5’-GAT 
AGC GAG CCA CGC ATT CA-3’; reverse. 5’-TTA GGA ACC ACC 
TCC ACG CA-3’), U6 (forward, 5’-CTC GCT TCG GCA GCA CA-3’; 
reverse, 5’-TGG TGT CGT GGA GTC G-3’), and GAPDH (forward, 
5’-GGG TGA TGC AGG TGC TAC TT-3’; reverse, 5’-GGC AGG TTT 
CTC AAG ACG GA-3’). The expression of lncRNA MALAT1 and 
miR-503 relative to U6, and the expression of TLR4 mRNA rel-
ative to GAPDH mRNA were calculated using the 2–DDCt method.

Clonal formation

Transfected hPASMCs were seeded at a density of 
5×105 cells/well in 6-well plates, cultured for 24 h and digest-
ed with 0.25% trypsin. About 500 cells were seeded in each 
well of a 24-well plate, using triplicate samples from each 
group, and the culture medium was changed once per day. 
After incubation for 7 days, the colonies formed were count-
ed to evaluate cell proliferation ability.

Wound healing assay

Transfected hPASMCs were seeded at a density of 5×105/well 
in 6-well plates and cultured until the cells covered the bottom 
of the well. The cells in each well were scratched with a 20-μl 
sterile pipette tip with visualization using an inverted micro-
scope. The wells were washed three times with phosphate-
buffered saline (PBS) to remove non-adherent cells and cul-
tured in serum-free medium and in a 37°C, 5% CO2 incubator. 
The wells were photographed using an inverted microscope 
at 0, 24, and 48 h to record the migration of hPASMC cells.

Cell Counting Kit-8 (CCK-8) assays

Transfected hPASMCs were suspended in 100 μl of medium, 
added to wells of a 96-well plate, and cultured for 24 h at 37°C 
in 5% CO2. To each well was added 10 μl of CCK-8 reagent 
(Dojindo Laboratories, Kumamoto, Japan), with three auxiliary 
wells in each group. The, absorbance of each well at 450 nm 
was measured after 0, 24, 48, 72, and 96 h.

Detection of apoptosis by flow cytometry

hPASMC cells were collected by centrifugation at 500–1000 rpm 
for 5 min and the culture medium was discarded. After wash-
ing the cells once with 3 ml PBS, ice-cold 70% ethanol was 
added, and cells were fixed at 4°C for 1–2 h. After centrifuga-
tion to remove the fixation solution, the cells were resuspend-
ed in 3 ml PBS for 5 min, filtered through a 400-mesh screen, 
and centrifuged at 500–1000 rpm for 5 min. The cell pellets 
were resuspended in 1 ml PI staining solution and incubated 
at 4°C in the dark for 30 min. The cell suspensions were sort-
ed on an Accuri C6 flow cytometer (BD Biosciences, San Jose, 
CA, USA), and the results were analyzed using Cflow software 
(BD Biosciences).

Dual luciferase reporter experiment

A wild-type MALAT1 sequence and a TLR4 sequence containing 
miR-503 binding sites, along with mutant MALAT1 sequenc-
es and TLR4 sequences with binding site mutations were syn-
thesized by Shanghai Integrated Biotech Solutions Co., Ltd. 
The four sequences (MALAT1 WT, MALAT1 MUT, TLR4 WT, and 
TLR4 MUT) were each co-transfected in triplicate with miR-503 
mimic, miR-503 inhibitor, and NC into HEK-293 cells. Luciferase 
activity was measured using a dual-luciferase reporter assay 
(Promega, Madison, WI, USA).

Western blot

Proteins were extracted from hPASMC cells using RIPA buf-
fer (Beyotime Biotechnology Shanghai, China), separated by 
15% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), and transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore Inc., Bedford, MA, USA). The mem-
branes were incubated with solution containing 5% skim milk 
powder for 2 h at room temperature and then with anti-TLR4 
(1: 1000; ab13867, Abcam, Cambridge, MA, USA) and anti-b-
actin (1: 1000; ab179467, Abcam) at 4°C for 12–16 h. The mem-
branes, were washed and incubated with secondary antibody 
for 2 h at 26°C, followed by incubation with an enhanced che-
miluminescence (ECL) reagent. The expression of TLR4 relative 
to b-actin was analyzed in triplicate samples.
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Statistical analysis

All statistical analyses were was performed using GraphPad 
Prism7 (GraphPad Software, Inc., USA) and SPSS20.0 (IBM, 
Armonk, NY) software. Groups were compared by Student’s 
t-test and one-way analysis of variance. Cutoffs for plasma 
lncRNA MALAT1 and miR-503 associated with the diagnosis 
of PAH were determined by receiver operating curve (ROC) 
analysis. All tests were two-tailed, with p<0.05 indicating sta-
tistical significance.

Results

lncRNA MALAT1 is highly expressed in the plasma of PAH 
patients and hypoxia-induced hPASMC cells

Peripheral blood samples were obtained from 45 patients 
with PAH, consisting of 28 men and 17 women, of mean age 
56.31±8.73 years (range, 35–74 years). As controls, peripheral 
blood samples were obtained from 45 healthy subjects, 25 men 
and 20 women, of mean age 56.42±11.64 years (range. 34–77 

years). The plasma levels of lncRNA MALAT1 were significantly 
higher in the 45 PAH patients than in the 45 controls (p<0.01, 
Figure 1A). ROC analysis showed that the area under the curve 
(AUC) of plasma lncRNA MALAT1 diagnostic of PAH was 0.89 
(95% confidence interval [CI]: 0.83–0.95, p<0.01, Figure 1B), indi-
cating that the plasma lncRNA MALAT1 levels are potential mo-
lecular biomarkers for the diagnosis of PAH. In addition, the lev-
el of lncRNA MALAT1 was higher in hypoxia-induced hPASMC 
cells than in non-hypoxic hPASMC cells (p<0.01, Figure 1C).

Silencing MALAT1 inhibit the proliferation and migration 
of hPASMCs and promote their apoptosis

qRT-PCR showed that the expression of lncRNA MALAT1 in 
hPASMCs was reduced following transfection with sh-MALAT1 
but was significantly increased after transfection with pcDNA-
MALAT1 compared with the NC group (p<0.05, Figure 2A). 
The number of hPASMC clones was also significantly lower af-
ter transfection with sh-MALAT1, whereas the number of clones 
was significantly higher after transfection with pcDNA-MALAT1, 
when compared with the NC group (p<0.05, Figure 2B). In ad-
dition, the CCK-8 assay showed that knockdown of lncRNA 
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Figure 1.  Long-chain non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) is highly expressed in the 
plasma and hypoxic human pulmonary artery smooth muscle cells (hPASMCs) of patients with PAH. (A) Quantitative reverse 
transcription-PCR (qRT-PCR) detection of plasma lncRNA MALAT1 levels. (B) Receiver operating curve (ROC) for the diagnosis 
of PAH based on plasma lncRNA MALAT1 level. (C) Comparison of lncRNA MALAT1 levels in hypoxic and non-hypoxic hPASMC 
cells by RT-qPCR
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MALAT1 significantly inhibited the proliferation of hPASMCs, 
whereas overexpression of lncRNA MALAT1 significantly en-
hanced the proliferation of these cells (p<0.05, Figure 2C).

Wound healing assays performed to assess the migration 
of hPASMC cells after transfection found That cell migration 
was significantly lower after transfection with sh-MALAT1, 
but was significantly greater higher after transfection with 
pcDNA-MALAT1, when compared with the NC group (p<0.05 
each, Figure 2D). Transwell tests showed similar results, with 
the migration ability of hPASMCs decreasing significantly af-
ter transfection with sh-MALAT1 but increasing significant-
ly after transfection with pcDNA-MALAT1 (p<0.05, Figure 2E).

Flow cytometry assessments of hPASMC apoptosis after trans-
fection showed that transfection with sh-MALAT1 significantly 
increased the apoptosis rate of hPASMCs, whereas transfec-
tion with pcDNA-MALAT1 significantly reduced the apoptosis 
rate of these cells, when compared with the NC group (p<0.05 
each, Figure 2F). Taken together, these results indicate that si-
lencing lncRNA MALAT1 inhibits the proliferation and migra-
tion of hPASMCs while promoting their apoptosis.

Low expression of miR-503 in plasma and hPASMC cells of 
patients with PAH

qRT-PCR measurements of miR-503 expression in plasma 
showed that the level of expression of miR-503 in plasma was 
lower in patients with PAH than in control subjects (p<0.05, 
Figure 3A). ROC analysis showed that the AUC for the diagno-
sis of PAH based on plasma miR-503 levels was 0.85 (95% CI: 

0.77–0.93, p<0.01, Figure 3B). Moreover analysis of the effect 
of hypoxia on miR-503 expression in hPASMC cells showed that 
expression of miR-503 was significantly lower in hypoxic than 
in non-hypoxic hPASMC cells (p<0.01, Figure 3C).

lncRNA MALAT1 can be directly targeted to miR-503 as 
ceRNA

Using an online lncRNA-microRNA binding site prediction tool 
(starBase v2.0: http://starbase.sysu.edu.cn/) [28], we found 
an interaction site between lncRNA MALAT1 and miR-503 
(Figure 4A). A double luciferase reporter assay was performed 
to verify whether lncRNA MALAT1 and miR-503 bind at this pre-
dicted binding site. This assay confirmed the interaction be-
tween lncRNA MALAT1 and miR-503, consistent with the pre-
dicted binding site (Figure 4B). This shows that lncRNA MALAT1 
can directly target miR-503 as ceRNA.

TLR4 is a target gene of miR-503 and is highly expressed 
in PBMCs of PAH patients

Bioinformatics predicted that the 3’ UTR region of TLR4 is pres-
ent at the binding site of miR-503 (Figure 5A). A dual luciferase 
reporter assay tested whether miR-503 binds to this predicted 
target site. Co-transfection of miR-503 mimic with TLR4 wild 
type (WT) into hPASMC cells resulted in reduced luciferase ac-
tivity, whereas co-transfection of miR-503 inhibitor with TLR4 
WT resulted in an increase in luciferase activity. Transfection of 
either miR-503 mimic or miR-503 inhibitor with TLR4 mutant 
(MUT), however, had no effect on luciferase activity (Figure 5B), 
indicating that TLR4 is a target gene of miR-503.

Figure 2.  Silencing of long-chain non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) significantly 
inhibits the proliferation and migration of hPASMCs. (A) Levels of lncRNA MALAT1 expression in hPASMCs with silenced and 
overexpressed lncRNA MALAT1. (B) Numbers of clones formed by hPASMCs with silenced and overexpressed lncRNA MALAT1. 
(C) Cell counting kit-8 (CCK-8) assays of the proliferation of hPASMCs with silenced and overexpressed lncRNA MALAT1. 
(D) Wound healing assay assessing the effect of lncRNA MALAT1 silencing and overexpression on the migration ability of 
hPASMC cells. (E) Transwell assays assessing the effect of lncRNA MALAT1 silencing and overexpressed on the migration 
of hPASMC cells. (F) Flow cytometry assays of the effect of lncRNA MALAT1 silencing and overexpression on hPASMC cell 
apoptosis.* p<0.05, ** p<0.01 compared with the no template control (NC) group.
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To assess the role of TLR4 in patients with PAH, the expres-
sion of TLR4 mRNA in PBMCs of PAH patients and healthy 
subjects was evaluated qRT-PCR. We found that the level of 
expression of TLR4 mRNA was significantly higher in PAH pa-
tients than in healthy controls (p<0.01, Figure 5C). Similarly, 

Western blotting showed that the expression of TLR4 protein 
was higher in PAH patients than in healthy subjects (p<0.01, 
Figure 5D), indicating an association between high TLR4 ex-
pression and the development of PAH.
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Figure 3.  Low expression of microRNA-503 (miR-503) in plasma and hypoxic hPASMCs in patients with pulmonary hypertension 
(PAH). (A) Plasma miR-503 levels in plasma samples from patients with PAH and healthy controls. (B) Receiver operating 
curve (ROC) analysis for the diagnosis of PAH based on plasma miR-503 level. (C) miR-503 levels in hypoxic and non-hypoxic 
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lncRNA MALAT1 is a “molecular sponge” for miR-503, 
which regulates the expression of TLR4.

To further evaluate the interactions of lncRNA MALAT1, miR-503, 
and TLR4, hPASMC cells were transfected with sh-MALAT1, 
pcDNA-MALAT1, miR-503 mimic, and miR-503 inhibitor, and 
the effects of transfection on cell growth and TLR4 expression 
were evaluated. qRT-PCR showed that sh-MALAT1 significantly 
inhibited TLR4 mRNA expression, whereas pcDNA-MALAT1 en-
hanced TLR4 mRNA expression (Figure 6A). In addition, Western 
blotting showed that sh-MALAT1 significantly inhibited TLR4 
protein expression; whereas pcDNA-MALAT1 enhanced TLR4 
protein expression (Figure 6B). Transfection of miR-503 inhib-
itor increased the levels of TLR4 protein in hPASMCs, an up-
regulation significantly reversed by transfection of sh-MALAT1 
(Figure 6C). In contrast, transfection of miR-503 mimic reduced 
the expression of TLR4 protein in hPASMCs, with this downreg-
ulation of expression being significantly reversed by transfec-
tion of pcDNA-MALAT1 (Figure 6D). These findings indicated 

that lncRNA MALAT1 is a “molecular sponge” of miR-503 and 
regulates the expression of TLR4.

lncRNA MALAT1 regulates the proliferation, migration, and 
apoptosis of hPASMC cells through miR-503.

Clone formation experiments showed that the number of 
hPASMC clones increased significantly after transfection of 
pcDNA-MALAT1 and decreased significantly after transfection 
of miR-503 mimic. Co-transfection of both pcDNA-MALAT1 
and miR-503 mimic significantly reversed the effects of either 
alone (p<0.05, Figure 7A). The number of hPASMC clones de-
creased significantly after transfection of sh-MALAT1 and in-
creased significantly after transfection of miR-503 inhibitor. 
Again, co-transfection of both sh-MALAT1 and miR-503 in-
hibitor significantly reversed the effect of either alone on the 
number of hPASMC clones (p<0.05, Figure 7B).
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Figure 5.  Long-chain non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) can directly target 
microRNA-503 (miR-503) as a competing endogenous RNAs (ceRNA). (A) Prediction of the binding site of lncRNA MALAT1 
and miR-503. (B) Double luciferase reporter gene test results. * p<0.05, compared with the no template control (NC) group. 
(C) Toll like receptor-4 (TLR-4) mRNA expression in peripheral blood mononuclear cells (PBMCs) of PAH patients and healthy 
controls. (D) TLR4 protein expression in PBMCs of PAH patients and healthy controls.
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CCK-8 assays of cell proliferation showed similar results, in that 
the number of hPASMCs decreased significantly after transfec-
tion of sh-MALAT1 and increased significantly after transfec-
tion of miR-503 inhibitor, with co-transfection of sh-MALAT1 
and miR-503 inhibitor significantly reversing the effect of ei-
ther alone on hPASMC cell proliferation (p<0.05, Figure 7C). 
The number of hPASMC cells increased significantly after trans-
fection of pcDNA-MALAT1 and decreased significantly after 
transfection of miR-503 mimic. Co-transfection of both pcDNA-
MALAT1 and miR-503 mimic significantly reversed the effects of 
either alone on hPASMC cell proliferation (p<0.05, Figure 7D).

We also tested the effects of transfection on the migration 
of hPASMCs in wound healing assays. The migration rate of 
hPASMCs after transfection with sh-MALAT1 was slower than 
that of the NC group at 24 h and 48 h. In contrast, the migra-
tion rate was higher after transfection with miR-503 inhibitor 
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Figure 6.  Long-chain non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) and microRNA-503 
(miR-503) regulate the expression of toll like receptor-4 (TLR-4). (A) Levels of TLR4 mRNA expression on hPASMCs with silenced 
or overexpressed lncRNA MALAT1. (B) Effect of TLR4 protein expression on hPASMCs cells with silenced or overexpressed 
by lncRNA MALAT1. (C) TLR4 protein expression levels in hPASMC cells transfected with sh-MALAT1, miR-503 inhibitor, 
sh-MALAT1+miR-503 inhibitor, or no template control (NC). (D) TLR4 protein expression levels in hPASMC cells transfected with 
miR-503 mimic, pcDNA-MALAT1, pcDNA-MALAT1+miR-503 mimic, or NC. * p<0.05 compared with the NC group.

than that of the NC group at 24 h and 48 h. Co-transfection with 
sh-MALAT1 and miR-503 inhibitor significantly reversed the ef-
fects of either alone on hPASMC migration (p<0.05, Figure 8A). 
Transfection of pcDNA-MALAT1 increased the migration rate 
of hPASMCs after 24 h and 48 h when compared with the NC 
group,. whereas transfection with miR-503 mimic reduced the 
hPASMC migration rate after 24 h and 48 h when compared 
with the NC group. Co-transfection with pcDNA-MALAT1 and 
miR-503 mimic significantly reversed the effect either alone 
on hPASMC cell migration (p<0.05, Figure 8B).

Flow cytometry results showed that hPASMCs transfected 
with pcDNA-MALAT1 had a lower rate of apoptosis, whereas 
hPASMCs transfected with miR-503 mimic had a higher rate of 
apoptosis than the NC group. Co-transfection of both pcDNA-
MALAT1 and miR-503 mimic significantly reversed the effect 
of either alone on hPASMC cell apoptosis (p<0.05, Figure 8C). 
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Compared with the NC group, transfection with sh-MALAT1 in-
creased the apoptosis rate of hPASMCs, whereas transfection 
with miR-503 inhibitor reduced the apoptosis rate of hPASMC 
cells. Co-transfection of sh-MALAT1 and miR-503 inhibitor sig-
nificantly reversed the effect of either alone on hPASMC cell 
apoptosis (p<0.05, Figure 8D). Taken together, these results 

indicate that lncRNA MALAT1 regulates the proliferation, migra-
tion, and apoptosis of hPASMCs through miR-503.
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Discussion

This study analyzed the expression of lncRNA MALAT1 and 
miR-503 in PBMCs of PAH patients and healthy subjects. 
ROC curve analysis showed that plasma lncRNA MALAT1 and 
miR-503 levels were potential diagnostic markers of PAH. 
Sites on lncRNA MALAT1 and TLR4 mRNA were found to bind 
to miR-503. Silencing of lncRNA MALAT1 was shown to inhibit 
the proliferation and migration of hPASMCs, while promoting 
their apoptosis. These findings indicate that lncRNA MALAT1 
is a “molecular sponge” for miR-503 that regulates the ex-
pression of TLR4, enhances the proliferation and migration 
of hPASMCs, and inhibits the apoptosis of these cells. Therse 
findings therefore suggest that the lncRNA MALAT1/miR-503/
TLR4 signal axis plays a crucial role in the development of PAH.

PAH is histologically characterized by dysregulation of endo-
thelial cell function, stimulation of inflammation, and increased 
proliferation and reduced apoptosis of hPASMC cells [29,30]. 
Pulmonary vascular remodeling is an important pathological 
basis for the continuous progression of PAH and is a compensa-
tory response to changes in the external environment [31,32]. 
The process of vascular remodeling includes abnormal endo-
thelial cell apoptosis, smooth muscle cell proliferation, and 
fibroblast proliferation [33]. The abnormal proliferation and 
migration of hPASMC cells and the suppression of their apop-
tosis are important features of pulmonary vascular remodeling. 
Therefore, agents that inhibit vascular remodeling are partic-
ularly important in the treatment of PAH, and finding appro-
priate targets is necessary.

lncRNA has been shown to play a significant role in vascular 
remodeling. For example, lncRNA MALAT was found to regulate 
endothelial cell function and vascular growth, with silencing 
of lncRNA MALAT inhibiting blood vessel growth in vivo [34]. 
Silencing of MALAT in the present study inhibited the prolif-
eration and migration of hPASMCs, while enhancing their rate 
of apoptosis. These findings indicate that lncRNA MALAT1 pro-
motes the proliferation and migration of hPASMC s and inhib-
its their senescence. Moreover, these findings are consistent 
with results showing that the expression of lncRNA MALAT1 
is higher in PBMCs of PAH patients than of healthy subjects.

The specific mechanism by which lncRNA MALAT1 regulates 
PAH occurrence remains unknown. The starBase tool (http://
starbase.sysu.edu.cn/agoClipRNA.php?source=lncRNA) predict-
ed the presence of miR-503 binding sites on lncRNA MALAT1, 
and the TargetScan tool predicted that the presence of miR-503 
binding sites on the TLR4 gene. Several studies have con-
firmed that lncRNA MALAT1 acts as a “molecular sponge” of 
microRNA [35,36]. Moreover, lncRNA MALAT1 was shown to 
act as a “molecular sponge” of miR-124-3p.1, to regulate the 
expression of KLF5, and to promote the vascular remodeling 
and cell cycle process of PAH [37]. These findings suggested 
that lncRNA MALAT1 may also act as a “molecular sponge” of 
miR-503, regulating TLR4 expression and participating in vas-
cular remodeling.

To verify this hypothesis, a dual luciferase reporter gene assay 
was performed to confirm that lncRNA MALAT1 is a “molec-
ular sponge” of miR-503 and that miR-503 targets the TLR4 
gene. lncRNA MALAT1, which has high transfection efficien-
cy in HEK 293 cells, was shown to regulate TLR4 expression 
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Figure 7.  Long non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) regulates the proliferation 
of hPASMCs through microRNA-503 (miR-503). (A) Number of clones of hPASMCs after transfection with pcDNA-MALAT1, 
miR-503 mimic, pcDNA-MALAT1+miR-503 mimic, or no template control (NC). (B) Number of clones of hPASMCs after 
transfection with miR-503 inhibitor, sh-MALAT1, sh-MALAT1+miR-503 inhibitor, or NC. (C, D) Cell counting kit assays showing 
the proliferation of hPASMCs (C) after transfection with miR-503 inhibitor, sh-MALAT1, sh-MALAT1+miR-503 inhibitor, or NC, 
and (D) after transfection with pcDNA-MALAT1, miR-503 mimic, pcDNA-MALAT1+miR-503 mimic, or NC.
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Figure 8.  Long non-coding RNA metastasis-related lung adenocarcinoma transcript 1 (lncRNA MALAT1) regulates the migration and 
apoptosis of hPASMCs through microRNA-503 (miR-503). (A, B) Wound healing assays showing the migration of hPASMCs 
(A) after transfection with sh-MALAT1, miR-503 inhibitor sh-MALAT1+miR-503 inhibitor, or no template control (NC), and 
(B) after transfection with pcDNA-MALAT1, miR-503 mimic, pcDNA-MALAT1+miR-503 mimic, or NC. (C, D) Flow cytometry, 
showing the apoptosis of hPASMCs after (C) transfection with pcDNA-MALAT1, miR-503 mimic, pcDNA-MALAT1+miR-503 
mimic, or NC, and (D) after transfection with, sh-MALAT1, miR-503 inhibitor, sh-MALAT1+miR-503 inhibitor, or NC.

through miR-503 in this cell line. Consistent with previous find-
ings [38], we found that the levels of miR-503 in plasma were 
lower in patients with PAH than in healthy controls. In addi-
tion to being downregulated in PAH, miR-503 acts as a recep-
tor targeting fibroblast growth factor 2 (FGF2). This receptor 
is a key factor for endothelial FGF signaling, and increase ex-
pression of this receptor is related to the excessive prolifera-
tion of hPASMCs.

We also found that co-transfection with sh-MALAT1 and 
miR-503 inhibitor, as well as co-transfection with pcDNA-
MALAT1 and miR-503 mimic, significantly reversed the effects of 
either construct alone on hPASMC cell proliferation and migra-
tion. These findings further indicate that lncRNA MALAT1 acts 
as a “molecular sponge” of miR-503, promoting the prolifera-
tion and migration of hPASMCs and inhibiting their apoptosis.

Enhancement and activation of TLR4 expression are positively 
related to vascular inflammation, oxidative stress, and vaso-
constriction, factors closely associated with the homeostasis 
of vascular function. Interestingly, the mechanism by which 
TLR4 induces vascular remodeling remains unclear. For exam-
ple, TLR4 was found to induce vascular remodeling by gen-
erating reactive oxygen species (ROS) [39]. Specifically, TLR4 

inhibits the expression and activity of the antioxidant enzyme 
ecSOD and simultaneously activates NADPH oxidase to regu-
late Ang II-induced vascular ROS levels. Activation of NADPH 
oxidase can therefore enhance inflammation and promote vas-
cular remodeling. In contrast, TLR4 was shown to play a cru-
cial role in maintaining normal pulmonary blood vessels and 
hypoxia-induced PAH [40]. TLR4 deficiency can lead to vascu-
lar hypertrophy and vascular remodeling. Although the results 
of the present study indicate that TLR4 promotes vascular re-
modeling, they have not yet been validated in vivo, so direct 
evidence remains lacking.

This study had several limitations. First, only the hPASMC cell 
line was analyzed. Other types of cells, such as vascular endo-
thelial cells, should be studied simultaneously. Second, lncRNA 
MALAT1 may be involved in the pathogenesis of PAH through 
other signal-regulating axes or signal regulation networks. It 
is unclear whether there cross-reactions occur, with further re-
search needed to assess this possibility. In addition, the results 
obtained in vitro require validation in vivo. Finally, all PAH pa-
tients in this study were from a single center, requiring con-
firmation in other cohorts of patients with PAH.
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Conclusions

The present study found that lncRNA MALAT1 promotes the 
proliferation and migration of hPASMC cells, and inhibit their 
apoptosis, by inhibiting the miR-503/TLR4 signal axis. These 
results suggest that the lncRNA MALAT1/miR-503/TLR4 sig-
nal axis may play a crucial role in the development of PAH.
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