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Abstract. Chronic thromboembolic pulmonary hypertension 
(CTEPH) is a leading cause of pulmonary hypertension. The 
present study investigated the mechanisms of long non‑coding 
RNA growth arrest‑specific transcript 5 (GAS5) on spermi‑
dine (SP)‑induced autophagy. Pulmonary artery endothelial 
cells (PAECs) were collected from patients with CTEPH 
and the rat model. Immunofluorescence, Western blots, 
reverse transcription‑quantitative polymerase chain reaction, 
bioinformatics, rapid amplification of cDNA ends assays, 
luciferase reporter assays, RNA‑binding protein immuno‑
precipitation assays, GFP‑LC3 adenoviruses, tfLC3 assays 
and transmission electron microscopy were performed. The 
results revealed that SP‑induced autophagy increased GAS5 
in PAECs. The upregulation of GAS5 enhanced and the 
downregulation of GAS5 reversed the roles of SP in PAECs. 
Furthermore, GAS5 promoted SP‑induced autophagy in 
PAECs by targeting miRNA‑31‑5p. The miRNA‑31‑5p mimic 
suppressed and the inhibitor promoted SP‑induced autophagy. 
Furthermore, N‑Acetyltransferase 8 Like (NAT8L) was a 
target gene of miRNA‑31‑5p and knockdown of NAT8L 
inhibited the autophagic levels of PAECs. In vivo, SP treatment 
decreased miRNA‑31‑5p and increased NAT8L levels, which 
was reversed by the knockdown of GAS5. The downregula‑
tion of GAS5 abolished the stimulatory role of SP in PAECs 
of CTEPH rats. In conclusion, GAS5 promoted SP‑induced 
autophagy through miRNA‑31‑5p/NAT8L signaling pathways 
in vitro and in vivo and GAS5 may be a promising molecular 
marker for therapies of CTEPH.

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) 
is one of the leading causes of pulmonary hypertension (PH), 
which presents in 2‑4% of patients who have acute pulmo‑
nary embolism (1,2). A previous study revealed that vascular 
remodeling in the small pulmonary arteries is associated with 
the progression of CTEPH (3). Additionally, pulmonary artery 
endothelial cells (PAECs) were revealed to exhibit hyperpro‑
liferative potential while inhibiting apoptosis, implying that 
dysfunctional PAECs are involved in CTEPH (4). To date, 
CTEPH remains underdiagnosed and the exact prevalence and 
incidence of CTEPH in patients with PH remain unclear (1). 
Although vascular disobliteration via pulmonary endarterec‑
tomy is thought to be a potential strategy for CTEPH treatment, 
it is not suitable for all patients. Therefore, it is urgent to inves‑
tigate the mechanism underlying the pathology of CTEPH and 
develop novel strategies for diagnosing and treating CTEPH.

Autophagy is an evolutionarily conserved but dynamic 
process associated with the turnover of aggregated or 
dysfunctional cytoplasmic proteins, intracellular pathogens 
and aged organelles through lysosome‑dependent degradation 
pathways (5). The primary function of autophagy is to protect 
the living cell against various pathologies, including aging, 
heart disease, cancer and virus infections (6). On the basis of 
PH‑associated diseases, Lee et al (7) reported that autophagic 
protein microtubule‑associated protein‑1 light chain 3B (LC3B) 
functions as a protective factor in hypoxic‑induced PH. In addi‑
tion, Lahm et al (8) demonstrated that enhanced autophagy is 
associated with the 17β‑estradiol‑mediated protective role in 
hypoxia‑induced PH. Furthermore, Long et al (9) reported that 
the suppression of autophagy with Chloroquine serves miti‑
gative roles in a rat pulmonary arterial hypertension (PAH) 
model. Taken together, these results indicated that autophagy 
may be an essential regulator in the development and progres‑
sion of PH‑induced pathological processes.

Spermidine (SP) is an achiral organic polycation that is 
found in all eukaryotic cells in low concentrations (milli‑
molar) (10). Additionally, SP exerts multifunctional roles in 
a series of cellular activities, including anti‑inflammatory, 
anti‑oxidant, mitochondrial function and proteostasis (11). In 
recent years, it has been demonstrated that the physiological 
effect of SP is tightly associated with its inductive effect on 
cytoprotective autophagy  (10,12). Exogenous SP promotes 
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autophagy in yeast, flies, worms and human immune cells, 
which in turn increases the lifespan of these species (13). In 
humans and mice, vascular endothelial cell aging is associ‑
ated with aberrant expression of autophagy marker proteins, 
including LC3‑II and Beclin1, arterial endothelium‑associated 
dilatation and enhanced oxidative stress, which is reversed by 
SP (14). However, the mechanism underlying such positive 
effects of SP requires further investigation.

Long non‑coding RNAs (lncRNAs) are a class of tran‑
scribed RNAs >200 nt in length (15). The lncRNAs modulate 
gene expression through various mechanisms and serve essen‑
tial roles in various biological and pathological processes (16). 
As a multifunctional lncRNA, growth arrest‑specific tran‑
script 5 (GAS5) participates in several pathological processes, 
including cancer cell apoptosis and proliferation  (17,18), 
cardiac fibroblast fibrosis (19) and epithelial‑mesenchymal 
transitions in osteosarcoma  (20). Furthermore, GAS5 is 
involved in the regulation of autophagy in breast cancer and 
non‑small‑cell lung cancer (NSCLC) (21,22), suggesting a 
regulatory role of GAS5 in the autophagic process. Therefore, 
based on previous findings, the present study aimed to inves‑
tigate the effects of SP on PAECs of patients with CTEPH 
and elucidate the role of GAS5 in this process and associated 
signaling pathways.

Materials and methods

Ethics statement. All patients provided written informed 
consent prior to inclusion in the present study. All experimental 
protocols were performed in accordance with the Declaration 
of Helsinki. The experimental protocols were approved by the 
Ethics Committee of Cangzhou Central Hospital (Cangzhou, 
China). All experimental procedures involving animals were 
approved by the Institutional Animal Care and Use Committee 
of Cangzhou Central Hospital. All animal experiments were 
performed according to the guidelines of the local regulatory 
agencies and conformed to the Regulations for the Management 
of Laboratory Animals published by the Ministry of Science 
and Technology of the People's Republic of China.

Patients and samples. Proximal pulmonary vascular 
tissues were obtained from six patients with CTEPH who 
had undergone lung transplantations or surgical pulmo‑
nary endarterectomy (PEA) at Cangzhou Central Hospital 
(Cangzhou, China), between June 2017 and June 2018. The 
clinical features of the patients are summarized in Table I. 
Patients enrolled in this study were previously diagnosed 
with CTEPH by ventilation‑perfusion lung scans, right heart 
cardiac catheterization, or computed tomography pulmonary 
angiography. Patients with the following conditions were 
excluded from this study, including psychosis, severe obstruc‑
tive pulmonary disease, chronic liver disease, chronic kidney 
disease, amyloidosis, portal hypertension, drug addiction 
history, intellectual disability, etc. In addition, patients who 
had taken prostacyclin, L‑arginine, sildenafil and endothelin 
receptor antagonist were also excluded. The tissues used to 
isolate cells were free of thrombotic material and contained 
neointima and media. The tissues were transported from the 
operating room to the laboratory for subsequent processes 
immediately after.

Cell culture. The PAECs were isolated by collagenase diges‑
tion followed by immunomagnetic separation using anti‑CD31 
monoclonal antibody‑labeled beads (Abcam). The PAECs were 
cultured in M199 medium (Life Technologies; Thermo Fisher 
Scientific, Inc.), supplemented with 20% fetal bovine serum 
(FBS; Gibco; Thermo Fisher Scientific, Inc.), streptomycin 
(100 µg/ml), fungizone (1.25 µg/ml), penicillin (100 U/ml), 
heparin (10 U/ml) and α‑FGF (5 ng/ml; Abcam) at 37˚C in a 
humidified atmosphere with 5% CO2. The PAECs (at least 6 
passages) were used for subsequent experiments.

Immunofluorescence assay. The PAECs were fixed with 4% 
paraformaldehyde for 15 min at room temperature and washed 
with 0.1 M PBS three times. Next, the PAECs were permeabi‑
lized with 0.1% Triton X‑100 (Sigma‑Aldrich; Merck KGaA) 
and washed with 0.1 M PBS three times. Cells were blocked 
with 10% normal donkey serum (Sigma‑Aldrich; Merck KGaA) 
for 20 min at room temperature. The PAECs were incubated 
with the primary antibody against LC3B (dilution, 1:100; cat. 
no.  sc‑376404; Santa Cruz Biotechnology, Inc.) overnight 
at 4˚C and then incubated with the fluorescein‑conjugated 
secondary antibody (dilution, 1:200; cat. no. sc‑516102; Santa 
Cruz Biotechnology, Inc.) for 1 h at 37˚C. Following washing 
three times with 0.1 M PBS, cells were administered with 
4',6‑diamidino‑2‑phenylindole (Santa Cruz Biotechnology, 
Inc.) for 10 min and then washed three times with 0.1 M PBS. 
Cells were imaged by confocal fluorescence microscopy (x20 
magnification) (Olympus Corporation).

Western blotting. Total protein was extracted from PAECs 
using cell lysis buffer (Thermo Fisher Scientific, Inc.). 
Western blotting was performed as previously described (23). 
The primary antibodies against LC3B (dilution, 1:1,000; cat. 
no. sc‑271625), Beclin‑1 (dilution, 1:500; cat. no. sc‑48341), 
ATG7 (dilution, 1:1,000; cat. no. sc‑376212) and ACTB (dilu‑
tion, 1:5,000; cat. no. sc‑8432) were purchased from Santa 
Cruz Biotechnology, Inc. and NAT8L (dilution, 1:1,000; cat. 
no. ab76842) was purchased from Abcam. The primary anti‑
bodies were applied overnight at 4˚C. Mouse IgG secondary 
antibody (dilution, 1:10,000; cat. no. sc‑525409) (Santa Cruz 
Biotechnology, Inc.) and goat anti‑rabbit IgG H&L (HRP) 
(dilution, 1:10,000; cat. no. ab205718; Abcam) were applied as 
the secondary antibody for 1 h at 37˚C. The optical density 
of protein bands was quantified using the ImageJ software 
version 1.48 (National Institutes of Health) (24).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNAs were isolated from PAECs using 
the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). First‑strand cDNAs were synthesized using the M‑MLV 
Reverse Transcriptase (RNase H) kit (GeneCopoeia, Inc.), 
according to the manufacturer's protocols. Real‑time PCR 
reactions were conducted on an ABI StepOne Real‑Time PCR 
system (Applied Biosystems; Thermo Fisher Scientiifc, Inc.) 
using the recommended reaction conditions in the manufac‑
turer's protocols. The primers were synthesized by Shanghai 
GenePharma Co., Ltd. and summarized in Table II. The abun‑
dance of miRNA‑31‑5p was quantified by Hairpin‑it microRNA 
and RNU6 snRNA Normalization RT‑PCR Quantitation kit 
(Shanghai GenePharma Co., Ltd.). Additionally, GAPDH 
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was used as the internal control for mRNA and lncRNA, and 
U6 was used as the internal control for miRNA. Data were 
analyzed using the 2‑ΔΔCt method (25).

Nuclear/cytoplasmic RNA separation analysis. Nuclear and 
cytoplasmic RNA isolation in PAECs were performed as 
previously described (26). The abundance of GAS5 in each 
cellular fraction was assessed by RT‑qPCR.

5' and 3' rapid amplification of cDNA ends (RACE). To deter‑
mine the transcriptional initiation and termination sites of 
GAS5, 5'‑RACE and 3'‑RACE assays were performed using 
the 5'/3' RACE kit (2nd Generation; cat. no.  3353621001; 
Sigma‑Aldrich; Merck KGaA), according to the manufac‑
turer's protocols.

Cell transfection. The plasmid pcDNA3.1‑GAS5 (2  µg) 
containing the full length of GAS5 (2,651 bp) were obtained 
from Shanghai GenePharma Co., Ltd. The pcDNA3.1‑empty 
vector (2 µg) was used as the negative control (pcDNA3.1). 
Small interfering RNAs (siRNAs) of GAS5 (5'‑UCU​UCA​
AUC​AUG​AAU​UCU​GAG‑3'; 20 pmol) and NAT8L (5'‑CUU​
UAA​UUC​UUG​GGA​CAA​A‑3'; 20 pmol) were also obtained 
from Shanghai GenePharma Co., Ltd. Scramble siRNA 
was used as the negative control (5'‑ACG​UGA​CAC​GUU​
CGG​AGA​ATT‑3'; 20 pmol; siRNA‑control). miRNA‑31‑5p 
mimics (100 nM) and inhibitor (100 nM) were synthesized by 
Shanghai GenePharma Co., Ltd. and the sequences were as 
following: Mimics, forward 5'‑AGG​CAA​GAU​GCU​GGC​AUA​

GCU‑3' and reverse 5'‑CUA​UGC​CAG​CAU​CUU​GCC​UUU‑3'; 
inhibitor, 5'‑AGC​UAU​GCC​AGC​AUC​UUG​CCU‑3'; mimic 
control, forward 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and 
reverse 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'; inhibitor 
control, 5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'. Cell 
transfection was conducted using the Lipofectamine™ 3000 
Transfection Reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocols. After 24 h of 
transfection at 37˚C, the PAECs were immediately used for 
subsequent experiments.

Bioinformatics and luciferase reporter assay. The GAS5 
sequence was analyzed by an online database, lncipedia (27). The 
subcellular location of GAS5 was predicted by an online tool, 
lncLocator (28). The putative binding sites of miRNA‑31‑5p were 
predicted by online tools, StarBase 2.0 (29), TargetScan (30) and 
Miranda (31). Based on the predictions from online databases 
and preliminary experiments, targeting genes were selected 
for subsequent experiments. The luciferase vectors, including 
wild‑type or mutant 3'‑UTR of GAS5 and NAT8L containing 
the miRNA‑31‑5p binding site were synthesized by Shanghai 
GenePharma Co., Ltd. Plasmid DNA and miRNA‑31‑5p mimic 
were co‑transfected in PAECs using the Lipofectamine™ 3000 
Transfection Reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocols. After 48 h of 
transfection at 37˚C, luciferase activity was quantified using 
the Dual‑Light Chemiluminescent Reporter Gene assay system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and 
normalized to the Renilla luciferase activity.

Table II. Reverse transcription‑quantitative polymerase chain reaction primer sequences.

Gene name	 Primer sequence

LncRNA GAS5 forward	 5'‑GTGTGGCTCTGGATAGCAC‑3'
LncRNA GAS5 reverse	 5'‑ACCCAAGCAAGTCATCCATG‑3'
miRNA‑31‑5p 	 5'‑AGGCAAGATGCTGGCATAG‑3'
RNU6 forward	 5'‑CGCTTCGGCAGCACATATACTAAAATTGGAAC‑3'
RNU6 reverse	 5'‑GCTTCACGAATTTGCGTGTCATCCTTGC‑3'
GAPDH forward	 5'‑AGAAGGCTGGGGCTCATTTG‑3'
GAPDH reverse	 5'‑AGGGGCCATCCACAGTCTTC‑3'

Table I. Clinical features of the patients.

	A ge,		  PaO2,	 PaCO2,	 Ppa,	 CI,	 PVR, dyne
Patient ID	 year	 Sex	 mm Hg	 mm Hg	 mm Hg	 L/min/m2	 x s/cm 5

001	 43	 F	 72	 38.9	 40	 3.65	 590
002	 65	 M	 55	 39.5	 43	 3.11	 510
003	 61	 F	 58	 34.6	 57	 2.89	 879
004	 54	 M	 63	 37.6	 42	 3.78	 654
005	 37	 F	 78	 39.8	 51	 4.03	 397
006	 46	 F	 64	 33.6	 63	 3.87	 898

CI, cardiac index; Ppa, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; PaO2, partial pressure of oxygen; PaCO2, partial 
pressure of carbon dioxide.
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RNA‑binding protein immunoprecipitation (RIP) assay. 
The RIP assay was performed using a RNA immunopre‑
cipitation kit (cat. no.  ab206996; Abcam), according to 
the manufacturer's protocols. The PAECs were lysed and 
incubated with magnetic beads llama monoclonal to GFP 
VHH single domain (cat. no. ab193983; Abcam) conjugated 
with human anti‑AGO2 antibody or anti‑mouse IgG (cat. 
nos. ab186733 and ab150113; Abcam). The abundance of 
immunoprecipitated RNA was quantified by qPCR assay as 
aforementioned.

CTEPH rat model establishment. Twelve healthy male 
Sprague Dawley rats (6 weeks old; body weight, 220±15 g) 
were obtained from Beijing Vital River Laboratory Animals 
Co., Ltd. The animals were housed in an isolated room at 
20‑24˚C and 65‑70% humidity under a 12‑h light/dark 
cycle. All rats had free access to food and water. The rats' 
activity was restricted one week before the surgical proce‑
dure to mimic blood stasis in the clinical setting. Rats were 
randomly divided into three groups (n=4): sham, SP and 
SP+siRNA‑GAS5. Autologous blood clots were prepared one 
day ahead of the injection day followed by the previously 
reported procedure (32). During surgery, rats were fixed on 
an operating table and were anesthetized by intraperitoneally 
injecting 10% chloral hydrate (0.3 g/kg). No signs of perito‑
nitis or pain were observed in rats intraperitoneally injected 
with chloral hydrate. Autologous blood clots were aspirated 
into a syringe with 2 ml saline containing tranexamic acid 
(200 mg/kg/rat) and injected into the left external jugular 
vein of experimental rats three times on day  1, 3 and 7, 
respectively. Saline without tranexamic acid was injected 
into rats in the sham group. During the experiment, endog‑
enous fibrinolysis was suppressed by intraperitoneal injection 
of tranexamic acid (200 mg/kg) once per day. Following the 
operation, penicillin (10,000 U/kg/day) was administrated to 
rats for 3 days to prevent infection. Pulmonary arterial pres‑
sure of rats was measured to validate the CTEPH rat model. 
Three days after the last injection, rats in the SP group were 
intraperitoneally injected with SP (5 mg/kg) dissolved in 
PBS daily. Rats in the SP+siRNA‑GAS5 group received an 
injection of the adenovirus siRNA‑GAS5 following a slightly 
adjusted procedure as previously reported (33). After 5 days 
of adenovirus delivery, rats were euthanized by exsanguina‑
tion under deep chloral hydrate anesthesia (0.3 g/kg), and 
the proximal pulmonary vascular tissues were collected for 
subsequent experiments.

Histopathology. Proximal pulmonary vascular tissues 
collected from CTEPH rats were fixed with 10% formaldehyde 
for 24 h at room temperature. Next, the tissues were embedded 
in paraffin and stained with hematoxylin and eosin (H&E) for 
3 min at room temperature. The tissue sections were imaged 
using an optical microscope (x40 magnification; DMI3000M; 
Leica Microsystems, Inc.).

GFP‑LC3 adenovirus assay. The PAECs collected from 
CTEPH rats were transfected with GFP‑LC3 adenovirus 
(Hanbio Biotechnology Co., Ltd.) for 24 h, according to the 
manufacturer's protocols. The GFP‑labeled autophagic vesi‑
cles in PAECs were evaluated using the ImageJ software (24).

GFP and RFP tandemly tagged LC3 (tfLC3) assay. The 
PAECs collected from CTEPH rats were transfected with 
mRFP‑GFP‑LC3 plasmids for 24  h using the Premo™ 
Autophagy Tandem Sensor RFP‑GFP‑LC3B kit (Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocols. Next, the PAECs were imaged by fluorescence 
microscopy (x20 magnification; Hitachi High‑Technologies 
Corporation) and quantified using ImageJ software (24).

Transmission electron microscopy (TEM). PAECs were 
collected by trypsinization and fixed in 0.1 M cacodylate 
buffer containing 4% paraformaldehyde and 2.5 gluteralde‑
hyde for 24 h at 4˚C, and then further fixed in 1% osmium 
tetroxide buffer for 1 h at 4˚C. Next, PAECs were dehydrated 
by a graded series of acetone and embedded in spur resin. The 
slices were sectioned (500 nm) using a HM 355S Automatic 
Microtome (Thermo Fisher Scientific, Inc.) and then stained 
with saturated solution of uranyl acetate and lead citrate in 
the dark for 1 h at room temperature. Images of autophagic 
vacuoles were captured using a JEM‑2100Plus Transmission 
Electron Microscope (x10,000 magnification; JEOL, Ltd.).

Statistical analysis. In the present study, each treatment group 
consisted of 3‑5 replicates. Statistical analysis was performed 
using SPSS v.19.0 software (IBM Corp.). Data are presented 
as the mean ± standard error of mean. Differences between 
two groups were analyzed by Student's t‑test, and multiple 
comparisons analysis was performed by one‑way analysis of 
variance and Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

GAS5 increases in SP‑induced autophagy in PAECs derived 
from patients with CTEPH. Spermidine is an autophagy inducer 
in numerous types of cells (10,12). Using immunofluorescence 
assays, Western blotting and TEM to test the effect of SP on 
PAECs derived from patients with CTEPH, the results revealed 
that concentrations of SP (10 and 100 µM) could significantly 
increase the level of autophagy in PAECs derived from CTEPH 
in a dose‑dependent manner (Fig. 1A and B). Additionally, 
protein expression of autophagy markers, beclin‑1 and ATG7, 
was increased by SP treatment (Fig.  1C)  (34‑36). For the 
subsequent experiments, the 10  µM dose of SP was used. 
Since GAS5 acts as an anti‑cancer regulator through modu‑
lating autophagy (21,22), and PAECs and tumor cells exhibit 
hyper‑proliferation and hypo‑apoptosis (37,38), GAS5 may be 
involved in SP‑induced autophagy in PAECs. To verify our 
hypothesis, the expression of GAS5 was measured in SP‑treated 
PAECs. The SP treatment increased the expression of GAS5 in 
a dose‑dependent pattern in PAECs (Fig. 1D). The sequence of 
GAS5 was analyzed using RACE assays which demonstrated 
that GAS5 was located in the reverse strand of chromosome 
1 (hg38), was 723 bp in full length and consisted of 13 exons 
(Fig. 1E). The protein coding potential of GAS5 was predicted 
to be non‑coding in four of the five predictive metrics (Fig. 1F). 
On a lncLocator platform, GAS5 was identified to be primarily 
distributed in the cytoplasm (Fig. 1G), which was verified using 
the nuclear/cytoplasmic RNA separation analysis. The expres‑
sion of cytoplasmic GAS5 was significantly higher than that 
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Figure 1. SP promotes autophagy and increases GAS5 in PAECs. (A) Abundance of LC3B in SP (10 and 100 µM)‑treated PAECs, as assessed by immunofluo‑
rescence assays (scale bar, 25 µm; magnification, x20). (B) Autophagic vacuoles in the cellular cytoplasm of SP (10 and 100 µM)‑treated PAECs, as evaluated 
by transmission electron microscopy (scale bar, 2 µm; magnification, x10,000). Red arrows indicate the autophagic vacuoles. (C) Protein expression of LC3B, 
Beclin‑1 and ATG7 in SP (10 and 100 µM)‑treated PAECs were assessed by Western blotting. (D) Expression of GAS5 in PAECs treated with SP (10 and 
100 µM). (E) Sequence information of GAS5. (F) Prediction of protein‑coding potential of GAS5. (G) Prediction of subcellular location of GAS5. (H) The 
subcellular location of GAS5 was assessed by nuclear/cytoplasmic RNA separation assays. (I) Effect of SP (10 µM) on the subcellular location of GAS5. 
*P<0.05; **P<0.01; ***P<0.001. There were at least three replicates in each group available for analysis. SP, spermidine; GAS5, growth arrest‑specific transcript 
5; PAECs, pulmonary artery endothelial cells. 
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in the nucleus (Fig. 1H). The SP increased the expression of 
GAS5 in the cytoplasm, but not in the nucleus (Fig. 1I). Taken 
together, these results suggested that GAS5 may be involved in 
the SP‑induced autophagy in PAECs originated from CTEPH.

GAS5 promotes SP‑induced autophagy in PAECs. To investi‑
gate the effect of GAS5 on SP‑induced autophagy in PAECs, 
pcDNA3.1‑GAS5 and siRNA‑GAS5 were transfected into 

PAECs to overexpress and knockdown the abundance of 
GAS5, respectively. The transfection efficiency was evaluated 
by RT‑qPCR (Fig. 2A and B), and the most effective pcDNA3.1 
plasmid and siRNA were used for subsequent experiments. 
Following overexpressing GAS5 in SP‑treated PAECs, the 
stimulatory effect of SP on autophagy in PAECs was enhanced 
by increased expression of GAS5 (Fig. 2C‑E). By contrast, the 
overexpression of GAS5 was reversed by the downregulation 

Figure 2. GAS5 promotes SP‑induced autophagy in PAECs. (A) Transfection efficiency of pcDNA3.1‑GAS5 in PAECs. (B) Transfection efficiency of 
siRNA‑GAS5 in PAECs. (C) The abundance of LC3B in PAECs treated with the combination of SP (10 µM) and pcDNA3.1‑GAS5, as assessed by immuno‑
fluorescence assays (scale bar, 25 µm; magnification, x20). (D) Autophagic vacuoles in the cellular cytoplasm of PAECs treated with the combination of SP 
(10 µM) and pcDNA3.1‑GAS5, as evaluated by transmission electron microscopy (scale bar, 2 µm; magnification, x10,000). Red arrows indicate the autophagic 
vacuoles. (E) Protein expressions of LC3B, Beclin‑1 and ATG7 in SP (10 µM)‑treated PAECs transfected with pcDNA3.1‑GAS5 and the combination of 
pcDNA3.1‑GAS5 and siRNA‑GAS5, as assessed by Western blotting. (F) Abundance of LC3B in PAECs transfected with pcDNA3.1‑GAS5 and the combina‑
tion of pcDNA3.1‑GAS5 and siRNA‑GAS5, as assessed by Western blotting. *P<0.05. There were at least three replicates in each group available for analysis. 
GAS5, growth arrest‑specific transcript 5; SP, spermidine; PAECs, pulmonary artery endothelial cells; siRNA, small interfering RNA. 
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of GAS5 through transfecting with the siRNA  (Fig.  2E). 
Similarly, the effect of GAS5 on autophagy was also observed 
when PAECs were not given the SP treatment (Fig. 2F). In 
conclusion, GAS5 may function as an autophagy enhancer in 
PAECs.

GAS5 promotes SP‑induced autophagy in PAECs via targeting 
miRNA‑31‑5p. To further determine the signaling pathway 
underlying the effect of GAS5 in PAECs, bioinformatic anal‑
ysis was used to predict the potential miRNAs that interact 
with GAS5. The results demonstrated that the 3'‑UTR region 
of GAS5 contained a putative binding site of miRNA‑31‑5p 
(Fig.  3A). The expression of miRNA‑31‑5p in SP‑treated 
PAECs was measured and the results revealed that the level 
of miRNA‑31‑5p was decreased by the SP treatment (Fig. 3B), 
suggesting that miRNA‑31‑5p may be associated with the effect 
of SP on PAECs. To determine the function of miRNA‑31‑5p 
in PAECs, miRNA‑31‑5p mimic was used to increase the 
expression of miRNA‑31‑5p while the inhibitor was applied 
to decrease the expression of miRNA‑31‑5p. The transfection 
efficiency was evaluated by RT‑qPCR (Fig. 3C). The over‑
expression of GAS5 decreased the miRNA‑31‑5p expression 
and the knockdown of GAS5 increased the miRNA‑31‑5p 
expression (Fig. 3D), suggesting a possible negative associa‑
tion between GAS5 and miRNA‑31‑5p. The luciferase reporter 
assays demonstrated that the luciferase activity of PAECs that 

were co‑transfected with the wild‑type GAS5 plasmid and 
miRNA‑31‑5p mimic decreased, while the co‑transfection of 
the mutant GAS5 plasmid was not affected (Fig. 3E), suggesting 
a physical interaction between GAS5 and miRNA‑31‑5p. 
This interactive association was also verified by RIP assays, 
in which GAS5 and miRNA‑31‑5p were enriched in AGO2 
immunoprecipitates (Fig. 3F). Taken together, these results 
suggested that miRNA‑31‑5p may participate in the regulation 
of SP‑induced autophagy in PAECs.

MiRNA‑31‑5p suppresses SP‑induced autophagy in PAECs. 
To investigate the function of miRNA‑31‑5p in autophagy in 
PAECs, miRNA‑31‑5p mimic and inhibitor were applied to 
SP‑treated PAECs, respectively. The results demonstrated 
that the miRNA‑31‑5p mimic may reverse the effect of SP on 
autophagy in PAECs (Fig. 4A‑C). By contrast, miRNA‑31‑5p 
inhibitor was found to enhance the autophagic level of 
SP‑treated PAECs (Fig. 4D‑F). Therefore, the miRNA‑31‑5p 
may act as a target gene of GAS5 to regulate SP‑induced 
autophagy in PAECs.

MiRNA‑31‑5p inhibits SP‑induced autophagy in PAECs 
through targeting NAT8L. Based on the sponge role of 
miRNAs for mRNAs (39), bioinformatic analysis was used 
to further determine the possible target gene of miRNA‑31‑5p 
associated with SP‑induced autophagy. The results 

Figure 3. GAS5 promotes SP‑induced autophagy in PAECs through targeting miRNA‑31‑5p. (A) Putative binding site of miRNA‑31‑5p in 3'‑UTR of GAS5. 
(B) Effect of SP (10 µM) on the expression of miRNA‑31‑5p. (C) Transfection efficiency of miRNA‑31‑5p mimic and inhibitor. (D) Effect of pcDNA3.1‑GAS5 
and siRNA‑GAS5 on the expression of miRNA‑31‑5p. (E) Relative luciferase activity in PAECs co‑transfected with mutant/wild‑type plasmids containing the 
putative binding site of miRNA‑31‑5p in GAS5 and miRNA‑31‑5p mimic. (F) Physical communication between GAS5 and miRNA‑31‑5p in PAECs assessed 
by RNA binding protein immunoprecipitation assays. *P<0.05; **P<0.01. There were at least three replicates in each group available for analysis. GAS5, growth 
arrest‑specific transcript 5; SP, spermidine; PAECs, pulmonary artery endothelial cells; siRNA, small interfering RNA. 
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demonstrated that there was a binding site of miRNA‑31‑5p 
in the 3'‑UTR sequence of NAT8L (Fig.  5A). Luciferase 
reporter assays demonstrated that PAECs co‑transfected 
with the wild‑type NAT8L plasmid and miRNA‑31‑5p mimic 

decreased the luciferase activity compared with those trans‑
fected with the mutant NAT8L plasmid and miRNA‑31‑5p 
mimic (Fig. 5B), suggesting a physical interaction between 
miRNA‑31‑5p and NAT8L. Functional studies revealed that 

Figure 4. MiRNA‑31‑5p inhibits SP‑induced autophagy in PAECs. (A) Abundance of LC3B in PAECs treated the combination of SP (10 µM) and miRNA‑31‑5p 
mimic, as assessed by Western blotting. (B) Protein expression of LC3B, Beclin‑1 and ATG7 in PAECs treated with the combination of SP (10 µM) and 
miRNA‑31‑5p mimic, as assessed by immunofluorescence assays (scale bar, 25 µm; magnification, x20). (C) Autophagic vacuoles in the cellular cytoplasm 
of PAECs treated the combination of SP (10 µM) and miRNA‑31‑5p mimic, as evaluated by transmission electron microscopy (scale bar, 2 µm; magnifica‑
tion, x10,000). Red arrows indicate the autophagic vacuoles. (D) Protein expression of LC3B, Beclin‑1 and ATG7 in PAECs treated with the combination of SP 
(10 µM) and miRNA‑31‑5p inhibitor, as assessed by Western blotting. (E) The abundance of LC3B in PAECs treated with the combination of SP (10 µM) and 
miRNA‑31‑5p inhibitor, as assessed by immunofluorescence assays (scale bar, 25 µm; magnification, x20). (F) Autophagic vacuoles in the cellular cytoplasm of 
PAECs treated with the combination of SP (10 µM) and miRNA‑31‑5p inhibitor, as evaluated by transmission electron microscopy (scale bar, 2 µm; magnifica‑
tion, x10,000). Red arrows indicate the autophagic vacuoles. *P<0.05. There were at least three replicates in each group available for analysis. SP, spermidine; 
PAECs, pulmonary artery endothelial cells. 
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miRNA‑31‑5p mimic decreased and the inhibitor increased 
the protein level of NAT8L (Fig. 5C and D, respectively). 
Furthermore, similar effects of miRNA‑31‑5p mimic and 
inhibitor on NAT8L were found in SP‑treated PAECs, which 

suggested that NAT8L may be involved in the regulation of 
SP‑induced autophagy in PAECs (Fig.  5E). Furthermore, 
the overexpression of GAS5 increased and the knockdown 
of GAS5 decreased the protein expression of NAT8L in 

Figure 5. MiRNA‑31‑5p inhibits SP‑induced autophagy in PAECs through targeting NAT8L. (A) The putative binding site of miRNA‑31‑5p in 3'‑UTR of 
NAT8L. (B) Relative luciferase activity in PAECs co‑transfected with mutant/wild‑type plasmids containing the putative binding site of miRNA‑31‑5p in 
NAT8L and miRNA‑31‑5p mimic. (C and D) Effect of miRNA‑31‑5p mimic and inhibitor on the protein expression of NAT8L in control PAECs. (E) Effect of 
miRNA‑31‑5p mimic and inhibitor on the protein expression of NAT8L in control PAECs treated with SP (10 µM). (F) Protein expression of NAT8L in PAECs 
transfected with pcDNA3.1‑GAS5 and the combination of pcDNA3.1‑GAS5 and siRNA‑GAS5, as assessed by Western blotting. *P<0.05. There were at least 
three replicates in each group available for analysis. SP, spermidine; PAECs, pulmonary artery endothelial cells. 
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PAECs (Fig. 5F). Therefore, GAS5 may modulate autophagy 
of PAECs through the miRNA‑31‑5p/NAT8L axis.

GAS5/miRNA‑31‑5p/NAT8L axis regulates SP‑induced 
autophagy in PAECs. To verify the regulatory role of the 
GAS5/miRNA‑31‑5p/NAT8L axis in SP‑induced autophagy, 
siRNA‑NAT8L was used to downregulate the expression of 

NAT8L and the transfection efficiency was confirmed by 
Western blotting (Fig. 6A). Using Western blotting, immuno‑
fluorescence assays and TEM, SP‑treated PAECs decreased 
protein expression of NAT8L, which was associated with 
inhibited autophagic levels and was reversed by the overex‑
pression of GAS5 through transfecting with pcDNA3.1‑GAS5 
(Fig.  6B‑D, respectively). Taken together, the results 

Figure 6. NAT8L promotes SP‑induced autophagy in PAECs. (A) Transfection efficiency of siRNA‑NAT8L in PAECs. (B) Protein expression of LC3B, 
Beclin‑1 and ATG7 in PAECs transfected with siRNA‑NAT8L and the combination of siRNA‑NAT8L and pcDNA3.1‑GAS5, as assessed by Western blotting. 
(C) The abundance of LC3B in PAECs, as assessed by immunofluorescence assays (scale bar, 25 µm; magnification, x20). (D) Autophagic vacuoles in the 
cellular cytoplasm of PAECs, as evaluated by transmission electron microscopy (scale bar, 2 µm; magnification, x10,000). Red arrows indicate the autophagic 
vacuoles. *P<0.05; **P<0.01. There were at least three replicates in each group available for analysis. SP, spermidine; PAECs, pulmonary artery endothelial 
cells; siRNA, small interfering RNA. 
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demonstrated that GAS5 may promote SP‑induced autophagy 
in PAECs through the miRNA‑31‑5p/NAT8L signaling axis.

GAS5/miRNA‑31‑5p/NAT8L axis regulates SP‑induced 
autophagy in PAECs in vivo. To confirm the results from the 
in vitro studies, the CTEPH rat model was created through 
the administration of autologous blood clots (9) and confirmed 
by assessment of pulmonary arterial pressure (Table III). The 
pathological feature of the CTEPH rat model was investigated 
by H&E staining and the results demonstrated that CTEPH 
rats had more alveolar exudation and hemorrhages (Fig. 7A), 
suggesting that the CTEPH rat model was successfully estab‑
lished. The SP and the combination of SP and siRNA‑GAS5 
was delivered to CTEPH rats, and the expression of GAS5, 
miRNA‑31‑5p and NAT8L was assessed. The results demon‑
strated that in PAECs of CTEPH rats, SP treatment enhanced 
the expression of GAS5 and NAT8L, as well as inhibiting the 
level of miRNA‑31‑5p, and that this effect of SP treatment was 
reversed by the downregulation of GAS5 via siRNA‑GAS5 
(Fig.  7B‑D). To assess the autophagic levels in SP and 
SP+siRNA‑GAS5‑treated rats, western blotting, immuno‑
fluorescence assays and TEM were applied. The results 
demonstrated that SP treatment enhanced autophagic levels in 
PAECs of rats with CTEPH, while such roles were attenuated 
by the downregulation of GAS5 (Fig. 8A‑C). Additionally, 
similar observations were demonstrated by using two other 
assays to evaluate the autophagic level, GFP‑LC3 adenovirus 
and tfLC3 (Figs.  7E  and  8D). Taken together, the results 
demonstrated that GAS5 may regulate SP‑induced autophagy 
in PAECs through modulating the miRNA‑31‑5p/NAT8L axis 
(Fig. 8E).

Discussion

Pulmonary embolism (PE) is characterized by the obstruction 
of the pulmonary artery or its branches by embolus, and the 
most common PE is pulmonary thromboembolism (PTE) (40). 
In addition, CTEPH is classified as a late sequela of PTE (41). 
At present, CTEPH remains underdiagnosed and undertreated; 
therefore, investigating the pathology of CTEPH has drawn a 
great amount of attention in basic and clinical research fields. 
It has been demonstrated that there is a tight anatomical 
correlation between the thrombus and pulmonary artery endo‑
thelium (4), suggesting that there is an essential involvement of 
PAECs in CTEPH. Accordingly, PAEC dysfunction, including 
hyperproliferation and reduced‑apoptosis, is known to 

contribute toward the pathogenic vascular remodeling seen in 
CTEPH (37). However, very few studies report the involvement 
of autophagy, a complicated intracellular degradation process, 
in the development and progression of CTEPH. Therefore, 
investigating the effect of autophagy on PAECs originated 
from CTEPH was a primary objective of the present study.

In the current study, endogenous SP promoted autophagy 
of PAECs of CTEPH in a dose‑dependent manner. In the 
past decade, studied have revealed that SP, a natural poly‑
amine, is an autophagy enhancer and promotes immune cell 
longevity (13), anti‑aging (12), cardioprotective effects (42) 
and stress resistance  (43), in which autophagy is required 
for such health‑facilitating roles. Furthermore, autophagy is 
tightly associated with the degradation of impaired organ‑
elles, dysfunctional protein aggregates and the clearance of 
cytoplasmic materials that may accumulate during aging, 
thereby ensuring cell homeostasis and proteostasis (44). It has 
been reported that the mechanism underlying the stimulatory 
effect of SP on autophagy is associated with the upregulation 
of autophagy‑relevant proteins via histone H3 hypoacety‑
lation (13) and de‑acetylation of histone H3 (45). Currently, 
the role of SP on PAECs is unknown. Therefore, the promoting 
effect of SP on PAECs reported in the present study extends 
the understanding of SP function and provides a potential 
agent for CTEPH treatment.

To investigate the mechanism of SP action on PAECs, 
lncRNAs, a group of non‑protein‑coding RNAs serving 
essential roles in gene expression at transcriptional, 
post‑transcriptional and epigenetic level (46) were studied. 
Based on previous studies, GAS5 functions as an antitumor 
factor in multiple cancer types through modulating autophagy. 
Gu et al (21) reported that GAS5 exerts key roles in regulating 
autophagy in breast cancer via the miRNA‑23a/autophagy 
related 3 (Atg3) pathway. Additionally, GAS5 promotes the 
cisplatin sensitivity of tumor cells via suppressing autophagy 
in NSCLC  (22). Furthermore, GAS5 is found to blunt 
cisplatin resistance through inhibiting autophagy via the 
mTOR signaling pathway in glioma cells (47). Since PAECs 
originating from CTEPH display certain common character‑
istics with tumor cells, including enhanced proliferation and 
inhibited apoptosis (37,38), GAS5 may also serve important 
roles in the regulation of autophagy in PAECs. Therefore, in 
the present study, the upregulation of GAS5 was observed in 
SP‑induced autophagy in PAECs of CTEPH. Additionally, 
the downregulation of GAS5 through siRNA‑GAS5 reversed 
the effects of SP on autophagy in PAECs. Taken together, 
these results indicated that GAS5 may be a key regulator in 
SP‑induced autophagy in PAECs.

As one of the primary roles, lncRNAs functions as miRNA 
sponges to inhibit the regulatory effect of miRNAs on target 
genes (48). This lncRNA‑miRNA interaction also serves impor‑
tant roles in various biological and pathological processes (49). 
Therefore, by applying bioinformatics and functional studies, 
SP treatment decreased the expression of miRNA‑31‑5p in 
PAECs, and GAS5 modulated the autophagic process in PAECs 
through sponging miRNA‑31‑5p. In addition, miRNA‑31‑5p 
has been reported to participate in a variety of diseases; for 
example, the upregulation of miRNA‑31‑5p functions as a 
tumor suppressor to inhibit cell migration, proliferation and 
invasion through the Sp1 transcription factor in hepatocellular 

Table III. Pulmonary arterial pressure in the rat CTEPH model.

Parameter	 Sham 	C TEPH	 P‑value

mPAP, mmHg	 15.5±2.1	 33.6±3.1	 0.021
dPAP, mmHg	 12.6±1.3	 24.9±3.7	 0.038
sPAP, mmHg	 22.1±1.2	 46.3±4.2	 0.020

CTEPH, chronic thromboembolic pulmonary hypertension; mPAP, 
mean pulmonary arterial pressure; dPAP, diastolic pulmonary arterial 
pressure; sPAP, systolic pulmonary arterial pressure.
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Figure 8. NAT8L regulates SP‑induced autophagy in PAECs in vivo. (A) Protein expression of LC3B, Beclin‑1 and ATG7 in PAECs of CTEPH rats treated with 
SP and the combination of SP and siRNA‑GAS5. (B) The abundance of LC3B in PAECs of rats with CTEPH treated with SP and the combination of SP and 
siRNA‑GAS5, as assessed by immunofluorescence assays (scale bar: 25 µm; magnification, x20). (C) Autophagic vacuoles in the cellular cytoplasm of PAECs 
of CTEPH rats treated with SP and the combination of SP and siRNA‑GAS5, as evaluated by transmission electron microscopy (scale bar, 2 µm; magnifica‑
tion, x10,000). Red arrows indicate the autophagic vacuoles. (D) GFP signals in PAECs as assessed by tfLC3 assays. (Scale bar, 50 µm; magnification, x20). 
(E) Schematic of GAS5 regulating PAECs autophagy induced by SP. *P<0.05. There were at least three replicates in each group available for analysis. SP, 
spermidine; PAECs, pulmonary artery endothelial cells; siRNA, small interfering RNA; CTEPH, chronic thromboembolic pulmonary hypertension. 

Figure 7. GAS5/miRNA‑31‑5p/NAT8L axis is associated with SP‑induced autophagy in PAECs in vivo. (A) Representative hematoxylin and eosin staining 
images of proximal pulmonary vascular tissues. (Scale bar, 20 µm; magnification, x40). (B) Expression of GAS5 in PAECs of CTEPH rats treated with SP 
and the combination of SP and siRNA‑GAS5. (C) Expression of miRNA‑31‑5p in PAECs of rats with CTEPH treated with SP and the combination of SP 
and siRNA‑GAS5. (D) Protein expression of NAT8L in PAECs of rats with CTEPH treated with SP and the combination of SP and siRNA‑GAS5. (E) The 
percentage of GFP‑LC3 positive PAECs as assessed by GFP‑LC3 adenovirus assays. (Scale bar, 50 µm; magnification, x20). *P<0.05. There were at least three 
replicates in each group available for analysis. GAS5, growth arrest‑specific transcript 5; SP, spermidine; PAECs, pulmonary artery endothelial cells; siRNA, 
small interfering RNA; CTEPH, chronic thromboembolic pulmonary hypertension. 
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carcinoma cells  (50). Furthermore, miRNA‑31‑5p caused 
endothelial dysfunction, vascular remodeling and hypertension 
via inhibiting post‑transcription of endothelial nitric‑oxide 
synthase mRNA (51). To date, the role of miRNA‑31‑5p in 
PAECs has barely been reported. Therefore, miRNA‑31‑5p 
as an essential regulator in autophagy in PAECs may provide 
novel insight into the function of miRNA‑31‑5p.

As a class of short non‑coding RNAs, miRNAs are 
associated with the regulation of gene expression at the 
post‑transcriptional level through two main mechanisms: 
mRNA degradation and translational repression (39). To further 
investigate the mechanism underlying the effect of GAS5 on 
autophagy in PAECs, bioinformatics and functional studies 
were performed to investigate the downstream target gene of 
miRNA‑31‑5p. The results demonstrated that NAT8L was a 
direct target gene of miRNA‑31‑5p and that NAT8L mediated 
effects of the GAS5‑miRNA‑31‑5p signaling pathway in PAEC 
autophagy. Furthermore, NAT8L is an enzyme associated 
with synthesizing NAA that acts as a molecular transporter 
of acetate in lipid synthesis in the brain (52). Regarding the 
regulation of autophagy, NAT8L is a downstream regulator in 
lncRNA TGFB2‑OT1‑associated autophagy and inflammation 
of vascular endothelial cells through modulating mitochon‑
drial function (53). Additionally, the overexpression of NAT8L 
induces autophagy as a compensatory pattern to modulate 
energy homeostasis in brown adipose tissue (54). Combined 
with the results of the present study, the results of this previous 
study suggested that NAT8L‑associated regulatory pathway 
may be a promising target for modulating autophagy.

In conclusion, these results demonstrated that SP may 
promote autophagy in PAECs derived from patients with 
CTEPH and a rat model. Additionally, GAS5 may regulate 
SP‑induced autophagy through the miRNA‑31‑5p/NAT8L 
axis. The results of the present study suggested that GAS5 
may be regarded as a potential target for therapeutic strategies 
of CTEPH. Furthermore, it is necessary to highlight that the 
observations obtained from in vivo studies should be further 
verified with a larger sample size due to the limited sample 
size in animal experiments.
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