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Purpose: Pulmonary hypertension (PH) is a pathological process mainly characterized by 
the progressive increase in pulmonary vascular resistance. The degradation of pulmonary 
artery smooth muscle cells (PASMCs) from contractile/differentiated phenotype to synthetic/ 
dedifferentiated phenotype is a key factor for hypoxic pulmonary hypertension.
Materials and Methods: In this study, qPCR was performed to evaluate the gene expres-
sion of mRNAs. Western blot, immunofluorescence and RNA pull down were used to detect 
gene expression levels.
Results: We found that the gene expression of polypyrimidine tract-binding protein1 
(PTBP1) was increased significantly in a time-dependent manner in rats PA tissues and 
PASMCs after hypoxia. PTBP1 knockdown can inhibit the phenotypic transition of 
PASMCs. PTBP1 inhibits the phenotypic transition of PASMCs. In addition, PTBP1 inhibits 
the integrin-linked kinase (ILK) expression under hypoxic conditions, thereby down- 
regulating the expression of downstream proteins. It inhibits the phenotypic transition of 
PASMCs and alleviates pulmonary hypertension.
Conclusion: In conclusion, PTBP1/ILK axis promotes the development of PH via inducing 
phenotypic transition of PASMCs. This may provide a novel therapy for PH.
Keywords: pulmonary hypertension, polypyrimidine tract-binding protein 1, integrin-linked 
kinase, pulmonary artery smooth muscle cells

Introduction
Pulmonary hypertension (PH) is a pathological process mainly characterized by the 
progressive increase in pulmonary vascular resistance and progressive failure of 
right heart function.1,2 PH is a common complication of many clinical diseases. 
Although extensive researches have been carried out to study the initiation and 
progression of pulmonary hypertension, the potential mechanisms are still unclear. 
Studies suggested PH may be related to several factors such as hypoxia, neurohu-
moral, congenital, genetic and others.3,4 Its pathogenesis has not been fully 
understood.

Polypyrimidine tract-binding protein1 (PTBP1) is a member of heterogeneous 
nuclear ribonucleoproteins (hnRNPs) (also named hnRNPI),5 which is involved in 
the transcriptional regulation of many genes. PTBP1 modulates tumor metastasis 
by regulating metastasis-related genes. In tumor cells, PTBP1 promotes the expres-
sion of PKM2 isoforms by regulating the alternative splicing of the pyruvate 
kinase PKM gene, thereby promoting the glycolysis process of tumor cells and 
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thus inducing tumorigenesis.6 Integrin-linked kinase 
(ILK) is a serine/threonine kinase that regulates cell sur-
vival, proliferation, and apoptosis through glycogen 
synthesis kinase 3β (GSK-3β).7 Hypoxia suppresses the 
expression of myocardin in smooth muscle cells and may 
be an essential mechanism involved in the formation of 
hypoxic PH.8,9 ILK is upstream to many intracellular 
molecules involved in hypoxic stress. Investigating the 
role of the ILK signaling pathway in the molecular 
mechanism of PH may provide theoretical and experimen-
tal evidence for clinical drug treatment of pulmonary 
hypertension.

In this study, we explored the role of PTBP1 and ILK in 
the hypoxia-induced PASMC phenotypic transition. We 
speculate that PTBP1 regulates PASMC by inhibiting the 
expression of ILK. To test this hypothesis, we identified the 
role of PTBP1 in the phenotypic transformation of PASMCs 
through silencing and overexpressing the PTBP1 gene 
in vivo and in vitro. Our results may provide a new ther-
apeutic strategy for the prevention and treatment of PH.

Materials and Methods
Pulmonary Hypertension Animal Model
Thirty male SD rats, weighing 280–320g, were provided 
by the Animal Center of Zhongda Hospital of Southeast 
University Medical School. The rats were divided into 
control group and hypoxia treatment group. To establish 
the PH model, the rats were housed in a hypobaric 
hypoxia chamber depressurized to 380 mmHg (PO2 
was reduced to about 79.6 mmHg accordingly) for 4 
weeks. All the rats were housed in a condition of 
12:12 hour light-dark cycle with free access to food 
and water. The Ethics Committee in Zhongda Hospital 
of Southeast University Medical School approved the 
animal study. All animal procedures were performed 
following the institutional guidelines and approved by 
the Zhongda Hospital of Southeast University Medical 
School.

Relative Ventricular Weight
The relative ventricular weight was assessed after sacrificing 
of the rats and clearing the blood from isolated hearts. The 
moisture over the hearts was absorbed with filter paper, and 
we determined the hearts’ weight. Then we calculated the 
right ventricular (RV)/left ventricle + septum (LV + S), RV 
weight-to-body weight (RV/BW), and (LV + S)/BW.

Hemodynamics Measurements
After hypoxia, the rats were injected with pentobarbital 
sodium (60 mg/k). A polyethylene microcatheter was 
inserted into the right ventricle and pulmonary artery and 
the mean pulmonary arterial pressure (mPAP).

The Detection of Wall Thickness (WT) 
and Wall Area (WA)
The right lower lung from the sacrificed animals were 
immersed in 10% formalin fixation. Then, specimens were 
dissected and stained with Hematoxylin. Ten pulmonary arter-
ioles, each having a tube diameter of 50 to 100 μm, were 
randomly selected. The wall thickness (WT) and external 
diameter (ED) were determined to calculate the percentage 
of pulmonary arteriolar wall thickness (WT%) to the diameter 
of the tube using this equation (WT% = 2 WT/ED ×100%). 
The wall area (WA) % of the blood vessel was calculated 
using this equation, WA% [WA% = (TA-LA)/TA × 100%].

Primary Culture of Pulmonary Artery 
Smooth Muscle Cells
Wister rats were anaesthetized intraperitoneally with 1% 
sodium pentobarbital (40mg/kg). Rat heart and lung tis-
sues were removed under aseptic conditions, pulmonary 
arteries were separated, and washed with Hanks’ solution 
to remove blood stains on the tissue surface. Then, the 
connective tissue and blood vessels were removed and 
the vascular endothelial cells were scraped. The tissues 
were divided into 0.5–1 mm3 size pieces and rinsed with 
Hanks solution until it became clear. Next, Hanks solu-
tion was removed, and digestion was performed using 
0.2 mL type II collagenase solution at 37°C for 15 min. 
The digested samples were filtered and centrifuged at 
1000 r/min for 5 min, and the supernatant was discarded. 
The pellet was washed with Hanks solution, followed by 
centrifugation; then the cells were resuspended in 
DMEM culture medium containing 10% fetal bovine 
serum and seeded into a 24-well culture plate.

Inducing Cellular Hypoxia
PASMCs were cultured medium containing 0.1% FBS for 
24 hours. Then, PASMCs were treated with CoCl2 (100 
μM) under the hypoxic condition for 1 h, 6 h, 24 h, 48 h, 
72 h. The cells were placed in a hypoxia-specific incubator 
(XBS-08, Aipu, Hangzhou, China) containing 5% CO2 at 
37°C. The control PASMCs were maintained under nor-
moxic conditions.
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Plasmid Transfection
siRNA for PTBP1 were synthesized by Genewiz (Beijing, 
China). The overexpressing vector of PTBP1 and ILK 
were purchased from Hanbio (Shanghai, China). 
Plasmids were transfected using Lipofectamine 3000 
(Invitrogen, USA) kit following the manufacturer’s 
instructions. Adeno virus silencing PTBP1 was purchased 
from Hanbio (Beijing, China). Ad-sh-PTBP1 (0.5 mL of 
4×108 plaque-forming units) was injected into the rats via 
tail vein.

Immunoprecipitation (IP)
Total protein was extracted from PASMCs with RIPA 
buffer. The protein sample was incubated with 25 μL 
protein A/G agarose and 25 μL immunoglobulin for 1 
h at 4°C followed by centrifugation at 2000 × g at 4°C 
for 5 min. Primary antibody (4 μg) was added and incu-
bated overnight at 4°C. Immunoglobulin (4 μg) was added 
to the protein sample as a negative control. Then, 25 μL of 
protein/G agarose was added, followed by centrifuging at 
4°C for 2 h. After washing, the immunoprecipitation com-
plex was boiled in 2 × protein loading buffer for 10 min 
for further Western blot analysis.10

Immunofluorescence
The changes in phenotypic markers of PASMCs were 
detected by immunofluorescence staining. According to 
the referenced method, cells grown over coverslips were 
washed with PBS buffer, fixed with formaldehyde for 
10min, and further washed with PBS. The primary anti-
body was added (1:1000 dilution) and incubated for 1 h at 
37°C on a shaker. Coverslips were washed three times 
with PBS and incubated with a FITC-labeled secondary 
antibody diluted 1:80 at 37°C for 30 min on a shaker. We 
used an imaging analysis system at 400x magnification 
power for each specimen. Images were taken to observe 
the intensity of F-actin staining and cell morphology. 
PTPB1 and ILK co-localization was determined by double 
staining.11

Western Blot
Proteins from tissue samples were isolated and quantified 
using BCA kit according to the instructions. Then, standard 
Western blotting was performed as following: SDS-PAGE 
electrophoresis, membrane transfer, primary antibody, and 
secondary antibody addition, development, and fixation. 
GAPDH was used as an internal reference. Band analysis 

was performed using image analysis software. The ratio of 
the grayscale of the target protein to the grayscale of the 
GAPDH color represents the relative expression of the 
target protein.12

Statistical Analysis
SPSS 19.0 software package was used for statistical data 
analysis Each index is expressed as a mean value ± stan-
dard deviation. Differences between different groups were 
analyzed using the Mann–Whitney non-parametric tests. 
P<0.05 was considered as statistically significant.13

Results
Identification PH Animal Model
In order to study the pathogenesis of PH, we constructed 
the PH animal model. After establishing a PH model, we 
measured the RV/(LV + S), mPAP, WT, and WA (n=6). 
Compared to the control group, these indexes started to 
increase 2 weeks after establishing the model and reached 
their maximum at 4 weeks. These findings indicated the 
successful establishment of the PH model (Figure 1A). We 
examined the expression of PTBP1 in pulmonary arterial 
tissue of rats with PH by Western blot and immunofluor-
escence assays. The results showed that the expression of 
PTBP1 was significantly increased 3 weeks after hypoxia 
(Figure 1B). Then, we evaluated the expression of PTBP1 
of PASMCs using Western blot and immunofluorescence. 
The results indicated that hypoxia significantly promoted 
the expression PTBP1 after 24h (Figure 1C and D).

PTBP1 Silencing Inhibits Phenotype 
Transition of PASMCs
Since the expression of PTBP1 was significantly 
increased in rats with HP, we speculated that it might 
play a role in the transformation of PASMCs, so we 
established a hypoxia model of PASMCs. We found that 
knockdown of PTBP1 inhibited the phenotype switching 
of PASMCs induced by hypoxia (Figure 2A), and the 
PASMCs length and area were significantly reduced 
(Figure 2B and C). The experimental results show that 
PTBP1 plays an essential role in the phenotypic transition 
of PASMCs.

PTBP1 Inhibits Expression of ILK and 
Downstream Signaling Pathway
In order to further confirm the regulation of PTBP1 on the 
deformation and transformation of PASMCs, we examined 
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Figure 2 PTBP1 interference inhibits phenotypic switching of pulmonary artery smooth muscle cells. (A) F-actin staining was used to detect phenotypic changes in smooth 
muscle cells. (B) The cell length of PASMCs was calculated. (C) Results of the area of PASMCs were detected. n=6, **p<0.01.

Figure 1 Establishment of an animal model of pulmonary hypertension. (A) Detection of RV/(LV + S)%, mPAP, WT% and WA% in rats. The results showed that the model 
was successfully prepared. (B) The western method was used to detect the expression of PTBP1 in the pulmonary artery tissue of rats with pulmonary hypertension. (C and 
D) The Western blot and immunofluorescence method were used to detect the expression of PTBP1 in the PASMCs. n=6, *p<0.05, **p<0.01.

https://doi.org/10.2147/DDDT.S275000                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2021:15 2028

Yan et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


the expression of PTBP1-related proteins. The results 
showed that knockdown of PTBP1 significantly decreased 
the protein level of ILK, meantime, it can inhibit the expres-
sion of Myocardin, SM a-actin, Calponin, and increase the 

expression of osteopontin (Figure 3A). ILK overexpression 
can reverse the PTBP1 regulatory effect. This finding indi-
cates that PTBP1 can regulate ILK and affect the expression 
of several downstream signaling proteins (Figure 3B).

Figure 3 PTBP1 inhibits ILK and downstream signaling pathway protein expression. (A) The expressions of ILK, Myocardin, SM a-actin, Calponin, and osteopontin were 
detected by Western blot. (B) Statistical results of expression changes of ILK, Myocardin, SM a-actin, Calponin, and osteopontin. n=6, **p<0.01.

Figure 4 PTBP1 interact with ILK and regulates its RNA stability. (A) RNA pulled down + silver staining were performed to identify that ILK mRNA interact with PTBP1 
protein. (B) RIP experiments along with the PCR was used to confirm the interaction between PTBP1 and ILK. (C) RNA pull down was performed to detect the interaction 
between PTBP1 and ILK. (D) Bioinformatics analysis proves that PTBP1 and ILK can be combined. (E) qPCR was used to evaluate the mRNA expression of ILK at different 
time point in the PASMCs after actinomycin D treatment. (F) Western blot was performed to confirm that overexpression of PTBP1 could inhibit ILK protein expression 
while PTBP1 knockdown promoted ILK expression. (G) Fish experiment was conducted to detect the co-localization of PTBP1 and ILK. n=6, **p<0.01.
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PTBP1 Binds to ILK’s RNA and Maintains 
the RNA Stability of ILK
To clarify the precise mechanism of action of PTBP1, we 
performed RNA pulled down and mass spectrometry experi-
ments (Figure 4A) also, RIP experiments (Figure 4B). The 
results showed that PTBP1 and ILK had direct interaction 
(Figure 4C). Bioinformatics analysis proves that these two 
molecules can interact with each other (Figure 4D). After the 
addition of transcription suppressor actinomycin D to the 
PASMCs, we found that PTBP1 overexpression inhibited 
the stability of ILK mRNA, and PTBP1 silencing can stabi-
lize ILK’s mRNA (Figure 4E). These results were further 
confirmed by Western blotting and immunofluorescence 
(Figure 4F). The FISH analysis demonstrated the co- 
localization of PTBP1 and ILK, which verified the interac-
tion of PTBP1 and ILK (Figure 4G).

PTBP1 Silencing Modulates the 
Expression of Phenotypic Transition 
Related Genes
Next, based on the above results, we detected the expression 
of phenotypic transition-related proteins. The results showed 
that ILK and osteopontin expression was significantly 
increased in PASMCs after hypoxia while ILK, myocardin, 
SM α-actin and Calponin were downregulated. However, 
this was reversed by PTBP1 knockdown (Figure 5A and B).

PTBP1 Silencing Alleviated the Pulmonary 
Hypertension of Rats
In order to further confirm the effect of PTBP1 in pulmon-
ary hypertension, we carried out in vivo study (n=6). 
Adeno virus silencing PTBP1 was injected into rats via 
tail vein. We found that compared to the control group, 

RV/(LV + S)%, mPAP, WT%, and WA% increased 4 
weeks after establishing the model, and PTBP1 silencing 
notably reduced these index compared to the Ad-sh-nc 
treatment group (Figure 6A–D).

Discussion
Pulmonary hypertension (PH) is a group of diseases charac-
terized by a progressive increase in the circulation resistance 
of the pulmonary artery system.14–17 Its pathological changes 
include pulmonary vasoconstriction and remodeling, abnor-
mal proliferation of pulmonary vascular smooth muscle and 
endothelial cells. However, the cause of hypertension causes 
is still unclear. Several reasons could be involved in pulmon-
ary hypertension diagnosis difficulty. Therefore, it is crucial 
to improve the understanding of pulmonary hypertension, 
effective early screening, and early treatment.18–20

PASMCs exist in two forms: synthetic phenotype and 
contractile phenotype. The contractile phenotype of 
PASMCs is rich in Myosin and α-actin, which are the 
main components of contractile proteins.21–23 Therefore, 
observing the expression of α-actin in PASMCs is an impor-
tant method to determine the phenotypic transformation of 
cells. Previous reports showed that after 4 weeks of hypoxia, 
the content of α-actin in the cytoplasm of PASMCs is sig-
nificantly reduced, and the degree of cell proliferation is 
increased. The previous results are consistent with the results 
of pulmonary hypertension modeling in the literature, pro-
viding a basis for better follow-up research.

PASMCs are the main components of the pulmonary 
artery vascular media, and play a significant role in pul-
monary vascular remodeling. The abnormal proliferation 
of PASMCs manifested as the contraction, proliferation, 
differentiation, and matrix secretion of smooth muscle 
cells, which caused the thickening of the pulmonary artery 

Figure 5 PTBP1 silencing modulates the expression of phenotypic transition-related genes. (A) Western blot was used to detect the expression of phenotypic transition- 
related genes in PASMCs including PTBP1, ILK, Myocardin, SM a-actin, Calponin, and osteopontin. (B) Statistical results of protein expression was calculated. n=6, **p<0.01.
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vascular medial membrane. A variety of factors (such as 
hypoxia, inflammatory response, abnormal mechanical 
forces in blood vessels) induce PASMCs proliferation. It 
has been reported that PTBP1 knockout in glioma cells 
attenuates cell proliferation, and migration, and enhances 
cell adhesion via regulating the alternative splicing of the 
transmembrane factor RNT4.24 PTBP1 has been indicated 
to mediate the miR-124’s effect on regulating the endothe-
lial cell glycolysis in pulmonary arterial hypertension. In 
PH, miR-124, through the alternative splicing factor 
PTBP1, regulates the PKM2/PKM1 ratio to modulate the 
proliferative, and inflammatory state of cells.

In the present study, we confirmed that PTBP1 was 
increased significantly in PASMC after hypoxia which 

indicate the critical role of PTBP1 in PH progression. 
PTBP1 knockdown inhibited the phenotypic transition of 
PASMC. As PTBP1 is a RNA binding protein, to elucidate 
the mechanism of PTBP1, we performed RIP and mass 
spectrum assay. ILK was found to be bound with PTBP1. 
ILK was first discovered by Hannigan et al7. ILK is 
a central regulatory protein of cell signaling; it also 
depends on phosphatidylinositol-3 kinase (PI3K) activa-
tion, which in turn acts on the downstream GSK-3β. Shen 
et al25 reveal that ILK is one of the necessary genes to 
maintain the aortic vasoconstriction phenotype. ILK has 
a wide range of regulatory roles in various pathophysiolo-
gical processes, such as cell differentiation, development, 
and tumor growth. In this study, PTBP1 bound with ILK 

Figure 6 PTBP1 silencing alleviated pulmonary hypertension in rats. (A–D) After administration of Ad-sh-PTPB1 or Ad-sh-nc, RV/(LV + S)%, mPAP, WT% and WA% of the 
pulmonary hypertension or control rats were detected. n=6, **p<0.01.
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and inhibited the mRNA stability of the ILK, thus lead to 
the dysregulation of ILK. Moreover, ILK was involved in 
the modulation of phenotypic transition-related proteins 
including myocardin, SM α-actin, Calponin and osteopon-
tin. However, more investigations such as rescue experi-
ments will make this conclusion more credible.

Conclusion
This study found that PTBP1 was overexpressed in 
PASMCs after hypoxia. Silencing of PTBP1 inhibited the 
transformation of PASMCs by regulating ILK and its 
downstream signaling. This study suggests that PTBP1 is 
involved in regulating the occurrence and development of 
PH and may become a new biomarker for the diagnosis 
and prognosis of pulmonary hypertension.
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