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ORIGINAL RESEARCH

Promotor Hypomethylation Mediated 
Upregulation of VCAN Targets Twist1 
to Promote EndMT in Hypoxia-Induced 
Pulmonary Hypertension
Jinyan Yu , MD*; Shanchao Hong, PhD*; Lingjia Yang, BS*; Shugao Ye, MD; Zhen Yu, BS;  
Zheming Zhang, MD; Ziteng Wang, MD; Shulun Huang, MD; Yuan Chen, MD; Tao Bian , PhD; Yan Wu , MD

BACKGROUND: Hypoxia-induced pulmonary hypertension (HPH) is a severe vascular disorder that is characterized by the in-
volvement of endothelial-to-mesenchymal transition (EndMT) in its pathogenesis. Our previous research has suggested that 
the gene versican may have a crucial role in the development of HPH. However, the exact function of versican in HPH requires 
further investigation.

METHODS AND RESULTS: The expression of versican and markers of EndMT was assessed using Western blot, immunohisto-
chemistry, and immunofluorescence. Vascular remodeling and right ventricular hypertrophy in patients with HPH and mice 
were evaluated through hematoxylin and eosin staining, Masson’s staining, and hemodynamic measurements. Protein in-
teractions were validated using co-immunoprecipitation, and the DNA methylation level of versican was examined using 
methylation-specific polymerase chain reaction. Compared with the control, EndMT was observed in patients with HPH, HPH 
mouse models, and hypoxia-treated human pulmonary artery endothelial cells, accompanied by a significant increase of 
versican. Endothelium-specific knockdown of versican reversed HPH progression and effectively prevented EndMT in mouse 
models and human pulmonary artery endothelial cells. We further confirmed that versican participated in EndMT by targeting 
the key transcription factor Twist1. Additionally, the upregulation of versican may be attributed to promoter hypomethylation, 
which was mediated by reduced DNA methyltransferases activity under hypoxic conditions.

CONCLUSIONS: This study provides the initial evidence showcasing the role of promoter hypomethylation-mediated versican 
upregulation in promoting EndMT by targeting Twist1, which facilitates vascular remodeling and the progression of HPH. 
These findings offer a promising new target for the treatment of HPH.
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Hypoxia-induced pulmonary hypertension (HPH) is a 
progressive cardiopulmonary disorder commonly 
associated with chronic hypoxic lung diseases, 

which is defined as a resting mean pulmonary arterial 
pressure >20 mm Hg.1 With an estimated impact on 
≈1% of the global population, pulmonary hypertension 

has become a significant global public health concern, 
particularly among individuals aged 65 years and older, 
where its prevalence can reach up to 10%.2 Given the 
rising prevalence of chronic lung diseases such as 
chronic obstructive pulmonary disease and idiopathic 
pulmonary fibrosis, HPH has become the second 
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common cause of pulmonary hypertension.3,4 It is char-
acterized by hypoxia-induced pulmonary vasoconstric-
tion and subsequent pulmonary vascular remodeling,5 
ultimately leading to right heart failure and even death.6 
Unfortunately, the mechanisms causing increased 
pulmonary vascular resistance in HPH are poorly un-
derstood, and current treatment strategies are limited, 
leading to a generally poor prognosis for patients with 
HPH.7 Thus, urgent development of novel diagnostic 
and therapeutic strategies is necessary.

Pulmonary endothelial cells, located on the inner 
wall of vessels, protect vascular cells from pathologi-
cal stimuli and damage.8 Normal endothelial cell func-
tion and the adhesion of extracellular matrix (ECM) 
are crucial for the structural integrity of the endothe-
lial barrier.9 Chronic hypoxia can disrupt endothe-
lial homeostasis and cause excessive deposition of 

ECM, which drives disease progression by inducing a 
process called endothelial-to-mesenchymal transition 
(EndMT).10,11 EndMT involves the transformation of en-
dothelial cells into mesenchymal cells.12 Accumulating 
evidence suggests that EndMT plays a crucial role in 
the development and progression of HPH,13 but its un-
derlying mechanisms are not yet fully elucidated and 
deserve further investigation.

Versican is a large chondroitin sulfate proteoglycan 
predominantly found in the ECM.14 It plays a critical role 
in promoting endothelial cell proliferation, adhesion, 
and differentiation by participating in the regulation 
of the transforming growth factor β/bone morphoge-
netic protein signaling pathway, binding with vascu-
lar endothelial growth factor.15 Previous studies have 
demonstrated that the activation of versican induced 
by transforming growth factor β in tumor cells can trig-
ger epithelial-to-mesenchymal transition, facilitating 
increased cell migration and invasion.16 Through bioin-
formatics analysis, our preliminary research has identi-
fied versican as a potential crucial gene involved in the 
development of HPH. Furthermore, we have observed 
a significant upregulation of versican in the endothe-
lium of pulmonary blood vessels in patients with HPH.17 
These findings provide initial evidence supporting the 
hypothesis that versican may contribute to the progres-
sion of HPH through regulation of EndMT. Previous re-
search has also suggested the involvement of versican 
in modulating the epithelial-to-mesenchymal transition 
process through its interaction with the transcription 
factor Snail.18 Based on this knowledge, our investiga-
tion aims to identify the downstream targets of versi-
can among these transcription factors (TFs), thereby 
enhancing our understanding of versican’s contribu-
tion to EndMT. However, it is important to note that 
further research is needed to fully elucidate the spe-
cific mechanisms underlying versican involvement in 
EndMT and determine whether versican interacts with 
specific TFs in this regulatory context.

In recent years, there has been increasing attention 
to the role of epigenetics in the regulatory mechanisms 
of HPH.19,20 DNA methylation is a common epigenetic 
modification that plays a crucial role in gene transcrip-
tion regulation.21 Hypoxia has been found to affect 
the expression of DNA methyltransferases (DNMTs), 
leading to aberrant DNA methylation, which regulates 
the transcription and expression of genes involved in 
disease progression and potentially serving as a ther-
apeutic target.22,23 We hypothesize that hypoxia can 
also result in changes in the levels of DNMTs in pulmo-
nary endothelium. Previous study by Luo et al identified 
the presence of CpG islands in versican sequence and 
demonstrated that DNA hypomethylation-mediated 
overexpression of versican played a significant role in 
the pathogenesis of upper urinary tract urothelial car-
cinoma.24 Therefore, we speculated that hypoxia may 
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to-mesenchymal transition in patients with pul-
monary hypertension.

•	 The transcription factor Twist1 has been iden-
tified as a key downstream target of versican 
and is a necessary regulator of endothelial-to-
mesenchymal transition.

•	 Upregulation of versican in pulmonary hyper-
tension may be due to the reduction of DNA 
methyltransferases under hypoxic conditions, 
which mediated DNA promoter hypomethyla-
tion of versican.

What Question Should Be Addressed 
Next?
•	 As a key endothelial-to-mesenchymal transi-

tion–related regulatory gene in pulmonary hy-
pertension, questions remain regarding the 
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to exert its effect.
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cific mechanism by which DNA methyltrans-
ferases regulate versican DNA methylation 
levels under hypoxic conditions.
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influence the methylation levels of versican by modulat-
ing the expression of DNMTs, ultimately regulating the 
EndMT process in HPH.

In this study, we demonstrated the upregulation of 
versican in patients with HPH, mice, and cell models 
for the first time. Knockdown of versican effectively re-
versed EndMT both in vitro and vivo, highlighting the 
significant role of versican in HPH through its regula-
tion of EndMT. Additionally, unlike the EndMT process 
in other diseases, we identified transcription factor 
Twist1 as a key downstream target of versican in HPH. 
Furthermore, we found that the elevated expression 
of versican in HPH may be due to hypoxia-induced 
reduction of DNMTs, leading to DNA promoter hy-
pomethylation. These unprecedented findings provide 
valuable insights into the involvement of versican in the 
pathogenesis of HPH and present it as an intriguing 
therapeutic target.

METHODS
Data Availability Statement
All data and supporting materials have been provided 
with the published article.

Ethics Statement
This study was conducted with the approval of the 
Medical Ethics Committee of the Affiliated Wuxi 
People’s Hospital of Nanjing Medical University 
(Approval No. KS000024) and was carried out in ac-
cordance with the principles outlined in the Declaration 
of Helsinki. Informed consent was obtained from all 
patients participating in this study. Animal experiments 
were conducted following the guidelines provided in 
the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health. The 
study protocols were approved by the Animal Ethics 
Committee of Nanjing Medical University (Approval No. 
KY21033).

Sample Collection
We selected a total of 6 patients for our study, consist-
ing of 3 patients with HPH and 3 patients without HPH. 
Lung tissue samples of 2 groups were obtained from 
lobectomies for benign lung nodules at the Affiliated 
Wuxi People’s Hospital of Nanjing Medical University. 
Chronic obstructive pulmonary disease was selected 
as a representative disease of HPH, which was di-
agnosed by postbronchodilator forced expiratory 
volume in 1 second/forced vital capacity ratio lower 
than 70% and without other lung diseases, such as 
bronchiectasis, diffuse interstitial lung disease, cystic 
fibrosis, or lung cancer. The assessment of HPH was 
conducted through right heart catheterization during 

surgery, with mean pulmonary arterial pressure higher 
than 20 mm Hg.2 Additionally, other types of pulmonary 
hypertension and systemic diseases were excluded in 
the evaluation process. The screening criteria for the 
normal group are patients similar to the HPH group in 
sex and age, without smoking history, and exclusion 
of chronic lung disease. Table 1 presents the demo-
graphic and clinicopathological characteristics of all 
the subjects included in the study.

Establishment of HPH Mouse Model and 
Hemodynamic Evaluation
The male C57BL/6 mice aged 6 to 8 weeks were ob-
tained from Changzhou Cavens Experimental Animal 
Co., Ltd. All mice had free access to water and a stand-
ard laboratory diet, and they were kept in a 12-hour 
light/dark cycle at room temperature. The mice were 
randomly assigned to 4 groups (n=8 per group), includ-
ing the normoxia group, hypoxia group, hypoxia+sh-NC 
group, and hypoxia+sh-versican group. At the begin-
ning of the experiment, on day 0, the hypoxia+sh-NC 
and hypoxia+sh-versican groups were intratracheally 
administered adeno-associated virus serotype 5 con-
taining the expression of NC and versican inhibitors, 
respectively. To minimize interference with versican ex-
pression in epithelial and other cells within lung tissue, 
we used adeno-associated virus-sh-versican labeled 
with the vascular endothelial-specific Tie promoter. An 
aliquot of the vector at 1011 genome equivalents was 
prepared in 20 to 30 μL of phosphate buffered saline 
for intratracheal administration, and the control group 
received an equal volume of phosphate buffered sa-
line. After 3 weeks, the effectiveness of versican inter-
ference was confirmed, and the normoxia and hypoxia 
treatment began. The mice in the hypoxia groups were 
housed in a hypobaric chamber containing 10% O2 for 
exposure to hypoxia, while the mice in the normoxia 
group were continuously housed under normal condi-
tions (21% O2).

Four weeks later, relevant indicators were measured 
in different groups of mice. The mice were weighed and 
anesthetized by intraperitoneal injection of 50 mg/kg  

Table 1.  Demographic and Clinicopathological 
Characteristics of the Participants

Group HPH (n=3) Normal (n=3) P value

Age 77.00±2.65 73.67±7.57 0.51

FEV1/pred, % 51.70±2.87 91.83±1.79 <0.001

FEV1/FVC, % 48.90±2.62 84.97±2.12 <0.001

mPAP, mm Hg 59.67±13.87 17.33±2.08 <0.001

Mean±SD. P<0.05 is considered to be significant. FEV1 indicates forced 
expiratory volume in 1 s; FEV1/pred, forced expiratory volume in 1 s as 
percentage of predicted value; FVC, forced vital capacity; HPH, hypoxia-
induced pulmonary hypertension; and mPAP, mean pulmonary artery 
pressure.
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3% pentobarbital sodium. Right ventricular systolic 
pressure was measured using a pressure transducer 
attached to a catheter inserted into the right ventricle 
and collected using the PowerLab data acquisition 
system and LabChart 8.0 software. The Fulton index, 
calculated by determining the ratio of right ventricle 
weight to left ventricle weight and septum weight [RV/
(LV+S)], was also determined as an indicator of pulmo-
nary hypertension. Additionally, lung and heart tissues 
from the mice were collected for further experiments.

Establishment of Hypoxic HPAEC Model 
and Cellular Transfection
Human pulmonary artery endothelial cells (HPAECs) 
obtained from iCell (Shanghai, China) were cultured 
in endothelial cell medium (iCell, #002) supplemented 
with 5% fetal bovine serum, 1% endothelial cell growth 
supplement, and 1% penicillin and streptomycin (iCell, 
Shanghai, China). HPAECs at passages 3 to 8 were 
used for independent replication experiments. To es-
tablish an in  vitro model of HPH, HPAECs in the hy-
poxia group were incubated in a hypoxic chamber 
maintained at 1% O2, 4% CO2, and 95% N2. The nor-
moxia group was cultured at 37 °C in a humidified at-
mosphere of 5% CO2.

Small interfering RNAs (siRNAs) targeting versican 
and Twist1 were purchased from RiboBio (Guangzhou, 
China). A nontargeted control siRNA (siRNA-NC) was 
used as a negative control. The sequences of the con-
structs used in this study are listed in Table 2. HPAECs 
were divided into 5 groups: normoxia group, hypoxia 
group, hypoxia+si-NC group, hypoxia+si-versican group, 
and hypoxia+si-Twist1 group. Transfection of siRNAs 
was performed using Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA) following the manufacturer’s protocols 
when HPAECs reached 30% to 50% confluency. The 

transfection efficiency was assessed by quantitative 
polymerase chain reaction (qPCR). After 24 hours of 
transfection, HPAECs were cultured at 37 °C for an ad-
ditional 48 hours either in a normoxic environment (21% 
O2 and 5% CO2 incubator) or under hypoxic conditions 
(1% O2 and 5% CO2 incubator). After 48 hours of cul-
ture, cell migration, invasion, and the expression levels 
of EndMT-related proteins were evaluated.

Hematoxylin and Eosin, Masson’s 
Trichrome, and Immunohistochemical 
Staining
The lung tissues were fixed in 4% paraformaldehyde 
(biosharp, BL539A) and then embedded in paraf-
fin. The paraffin-embedded tissues were cut into 
4-μm-thick sections. Afterwards, the sections were de-
waxed and rehydrated. Hematoxylin and eosin staining 
kit (Solarbio, G1120) and Masson’s trichrome staining 
kit (Nanjing Jiancheng, D026) were used according to 
the provided instructions to assess the thickness of the 
pulmonary artery media and the extent of perivascu-
lar collagen deposition fibrosis. Immunohistochemical 
staining was performed to examine the protein levels 
of versican and Twist1. The antibodies used were anti-
versican (Abcam, ab270445, 1:200) and anti-Twist1 
antibodies (Proteintech, 25 465-1-AP, 1:200). The 
stained tissues were observed using a light micro-
scope (Olympus Corporation, Tokyo, Japan).

Immunofluorescence and 
Immunocytochemistry
The lung tissue sections or cells cultured in confocal 
dishes (whb-bio, WHB-35-14-1) were washed and fixed 
in 4% paraformaldehyde. They were then incubated 
with 0.2% Triton X-100 (Beyotime, P0096) to permeabi-
lize the membranes. After serum blocking, the samples 
were incubated with primary antibodies overnight. The 
antibodies used were platelet endothelial cell adhesion 
molecule-1 (CD31) (proteintech, 28 083-1-AP, 1:200) 
and α-smooth muscle actin (α-SMA) (proteintech, 
67 735-1-Ig, 1:200), or versican (abcam, ab270445, 
1:200) and von Willebrand Factor (proteintech, 66 682-
1-Ig, 1:200). The next day, appropriate fluorescent sec-
ondary antibodies (Alexa Fluor 647 Goat Anti-Rabbit 
IgG H&L, abcam, ab150079, 1:1000; Alexa Fluor 488 
Goat Anti-Mouse IgG H&L, abcam, ab150113, 1:1000) 
and Dapi (Beyotime, P0131) were applied. Confocal 
laser microscopy (Leica, TCS SP8 DLS, Germany) was 
used for fluorescence detection.

Western Blot Analysis and Co-IP
Total protein from lung tissues and cultured HPAECs 
was extracted and quantified using the bicinchoninic 
acid protein assay kit (BCA, Beyotime, P0012). Equal 

Table 2.  Sequences of siRNAs and PCR Primers

Name Sequence

si-VCAN-1 CCAGTAAATTCACCTTCGA

si-VCAN-2 GTAGGCTGTTATGGAGATA

si-VCAN-3 GATGAAACCTCGTTATGAA

si-Twist1-1 TGGCAAGCTGCAGCTATGT

si-Twist1-2 GCAAGATTCAGACCCTCAA

si-Twist1-3 TGAGCAACAGCGAGGAAGA

β-Actin-Forward 5’-ATCATGTTTGAGACCTTCAACA-3’

β-Actin-Reverse 5’-CATCTCTTGCTCGAAGTCCA-3’

VCAN-Forward 5’-CCATCTCACAAGCATCCTGTCTCAC-3’

VCAN-Reverse 5’-CTGCCATCAGTCCAACGGAAGTC-3’

Twist1-Forward 5’-GCCAGGTACATCGACTTCCTCT-3’

Twist1-Reverse 5’-TCCATCCTCCAGACCGAGAAGG-3’

PCR indicates polymerase chain reaction; siRNA, small interfering RNA; 
and VCAN, versican.
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amounts of protein (20 μg) were loaded onto 10% SDS-
PAGE gels and transferred to polyvinylidene fluoride 
membranes (Millipore, IPVH00010). The membranes 
were blocked with 5% nonfat milk at room temperature 
and then incubated with primary antibodies overnight 
at 4 °C. Primary antibodies used included anti-versican 
(abcam, ab270445, 1:200), anti-CD31 (proteintech, 
28 083-1-AP, 1:1000), anti-vascular endothelial-cadherin 
(proteintech, 66 804-1-Ig, 1:1000), anti-Vimentin (CST, 
#5741, 1:1000), anti-α-SMA (abcam, ab32575, 1:3000), 
anti-Twist1 (Proteintech, 25 465-1-AP, 1:500), anti-
DNMT3a (proteintech, 20 954-1-AP, 1:5000) and anti-
DNMT3b (proteintech, 26 971-1-AP, 1:1000). The next 
day, the membranes were incubated with correspond-
ing secondary antibodies [Goat anti-rabbit IgG(H+L), 
Beyotime, A0208, 1:3000; Goat anti-mouse IgG(H+L), 
Beyotime, A0216, 1:3000] at room temperature for 
1 hour. Chemiluminescence signals were detected using 
an ECL kit (Vazyme, E411-04/05), and an imager ma-
chine (G:Box Chem XRQ, Syngene, UK) was used for 
imaging. ImageJ software was utilized for quantification.

For Co-IP experiments, HPAECs were immunopre-
cipitated with IP buffer containing IP antibody-coupled 
protein A/G magnetic beads (MedChemExpress, 
HY-K0202), and the protein–protein complexes were 
subsequently analyzed by Western blot. Rabbit IgG 
(Beyotime, A7016) was used as a negative control.

RNA Isolation and Quantitation
Total RNA was extracted from each sample using 
TRIzol reagent (Vazyme, R411-01/02), and the con-
centration and purity of the RNA were determined 
using NanoDrop spectrophotometry (Thermo Fisher 
Scientific, USA). The primers used in the study were 
synthesized by Sangon Biotech (Shanghai, China) 
(Table  2). Reverse transcription reaction was per-
formed using the HiScript II Q RT SuperMix for qPCR 
(+gDNA wiper) (Vazyme, R223-01). Quantitative PCR 
was carried out using the ChamQ SYBR qPCR Master 
Mix (Vazyme, Q311-02/03) following the manufac-
turer’s instructions. The qPCR experiment was con-
ducted using the ABI7500 fluorescence quantitative 
PCR instrument (Applied Biosystems, Foster City, CA). 
The expression levels of the target genes were calcu-
lated using the relative quantification method (2−ΔΔCt).

Cell Migration and Invasion Assay
Migration and invasion assays were performed using 
8 μm Transwell chambers (Corning, Cat. No. 3422, USA). 
2×104 cells/well suspended in serum-free ECM were 
added to the upper chamber, while 10% fetal bovine 
serum ECM was added to the lower chamber. For inva-
sion assays, a layer of matrigel (Corning, Cat. No.356234, 
USA) was precoated on the upper chambers at a ratio of 

matrigel to culture medium of 1:8 and allowed to solidify. 
After 48 hours of migration and invasion, the chambers 
were fixed with 4% paraformaldehyde and stained with 
crystal violet (Beyotime, C0121). Images were captured 
using a standard microscope (Olympus Corporation, 
Tokyo, Japan) to observe and analyze the migration and 
invasion capability between different treatment groups 
using ImageJ software.

Methylation-Specific PCR
Genomic DNA was extracted from HPAECs treated 
at different time points using the TIANamp Genomic 
DNA kit (Tiangen, China) according to the manufactur-
er’s instructions. The purity and concentration of DNA 
were measured using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, USA). Next, 500 ng of DNA 
was subjected to bisulfite modification using the DNA 
bisulfite conversion kit (Tiangen, China). Methylated 
and unmethylated primers for versican were designed 
using the MethPrimer tool (https://​www.​uroge​ne.​org/​
methp​rimer/​​) and their sequences are listed in Table 3. 
The modified DNA was then subjected to real-time 
PCR using the methylation-specific PCR kit (Tiangen, 
China) to specifically amplify the bisulfite-converted 
DNA of the promoter region of versican. The amplified 
products were visualized by DNA agarose gel electro-
phoresis (Beyotime, D0163S). The relative methylation 
levels were analyzed using ImageJ software.

Cell-Counting-Kit-8 Assay
HPAECs were evenly plated in 96-well plates and 
exposed to varying concentrations of SGI-1027 
(MedChemExpress, HY-13962) for a duration of 
48 hours. Subsequently, the medium in each well 
was replaced with 10% cell-counting-kit-8 reagent 
(Beyotime, C0037), and the plates were incubated at 
37 °C in a dark environment. The absorbance value 
at 450 nm was measured using a microplate reader 
(Thermo Fisher Scientific, Multiskan GO, USA) to deter-
mine cell viability of HPAECs in the different treatment 
groups. The optical density at 450 nm was recorded 
for each well.

Table 3.  Sequences of Primers Used for Methylation-
Specific PCR

Name Sequence

Methylated 
primer-Forward

5’-ATTTTTAGGAGTGGTTGAAGTTGC-3’

Methylated 
primer-Reverse

5’-TATCACTATACCGTCAAAACCGAA-3’

Unmethylated 
primer-Forward

5′-GATTTTTAGGAGTGGTTGAAGTTGT-3’

Unmethylated 
primer-Reverse

5’-ATATCACTATACCATCAAAACCAAA-3’

PCR indicates polymerase chain reaction.

https://www.urogene.org/methprimer/
https://www.urogene.org/methprimer/
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Statistical Analysis
All data were expressed as mean±SD and analyzed 
using GraphPad Prism version 8.0. An unpaired 
2-tailed Student t test was performed for compari-
sons between 2 groups, while 1-way ANOVA with the 
Tukey test was performed for multiple comparisons. 
Statistical significance was considered at P<0.05.

RESULTS
EndMT, Vascular Remodeling, and 
Elevated Versican Expression in Patients 
With HPH
As shown in Figures  1A and 1B, the lung tissues of 
patients with HPH exhibited significant thickening of 

Figure 1.  Vascular remodeling, EndMT and increased VCAN in pulmonary vessels of HPH patients.
A and B, H&E staining and Masson’s trichrome staining of representative lung sections from normal and HPH patients. Collagen 
deposition was indicated by a blue color (n=3). ×200, scale bar: 50 μm; ×400, Scale bar: 50 μm. (C) Representative immunofluorescence 
staining showed that CD31 (red) was colocalized with α-SMA (green) in patients with HPH compared with the normal (n=3). ×400, 
scale bar: 25 μm. (D and E) Representative immunohistochemistry staining and quantitative analysis of VCAN and CD31 in normal vs 
HPH. Positive staining was indicated by a brown color and indicated with black arrow (n=3). ×400, scale bar: 50 μm. *P<0.05. (F and 
G) The protein levels and densitometric quantification of VCAN, CD31, VE-cadherin, vimentin, and α-SMA in lung tissues of 2 groups 
were determined by Western blot analysis. β-Actin was housekeeping gene (n=3). *P<0.05, ***P<0.001. An unpaired 2-tailed Student 
t test was performed for comparisons between 2 groups. CD31, Platelet endothelial cell adhesion molecule-1; H&E, hematoxylin–
eosin; HPH, hypoxia-induced pulmonary hypertension; α-SMA, α-smooth muscle Actin; VCAN, versican; and VE-cadherin, vascular 
endothelial cadherin.



J Am Heart Assoc. 2024;13:e036969. DOI: 10.1161/JAHA.124.036969� 7

Yu et al� VCAN Targets Twist1 to Promote EndMT in HPH

the pulmonary vascular wall and increased deposition 
of collagen around the blood vessels, as revealed by 
hematoxylin and eosin and Masson’s trichrome stain-
ing. Since EndMT plays a crucial role in the vascu-
lar remodeling in HPH, we examined the expression 
of EndMT markers in the lung tissue of both groups. 
Immunofluorescence staining was performed using 
CD31 and α-SMA, labeled with red and green fluores-
cence, respectively. The merged yellow fluorescence 
indicated colocalization of endothelial and mesenchy-
mal markers in the pulmonary vascular endothelium 
of patients with HPH (Figure 1C). Consistent with our 
previous bioinformatics analysis, immunohistochemis-
try results (Figures 1D and 1E) revealed a significantly 
elevated expression of versican in the endothelium of 
pulmonary blood vessels in patients with HPH, ac-
companied by a reduced expression of the CD31 
marker. Furthermore, Western blot analysis showed 
significantly higher expression levels of versican and 
mesenchymal markers, such as vimentin and α-SMA, 
and reduced expression levels of endothelial mark-
ers, including CD31 and vascular endothelial cadherin, 
in the HPH group compared with the normal group 
(Figures 1F and 1G). These findings indicate the objec-
tive presence of EndMT in HPH. These results suggest 
that vascular remodeling and EndMT occur in the pul-
monary arteries of patients with HPH compared with 
the normal group, and versican may be involved in the 
initiation of EndMT in HPH.

EndMT, Vascular Remodeling, and 
Elevated Versican Expression in HPH 
Mouse Models
Subsequently, we generated HPH mouse models 
by subjecting them to chronic hypoxia and investi-
gated the underlying mechanism of hypoxia-induced 
EndMT in  vivo. Consistent with successful model 
establishment, we observed a significant increase 
in right ventricular systolic pressure (Figures  2A and 
2B) and higher RV/(LV+S) ratio (Figure 2C) in hypoxia-
exposed mice. Histological analysis using hematoxylin 
and eosin and Masson’s trichrome staining revealed 
muscularization of pulmonary arteries and perivas-
cular collagen deposition in HPH mice (Figures  2D 
and 2E). Immunofluorescence staining of CD31 and 
α-SMA confirmed the presence of EndMT in the pul-
monary endothelium of HPH mice (Figure 2F), which 
was further supported by the results of Western blot 
analysis (Figures 2I and 2J). Furthermore, our obser-
vations indicated a marked upregulation of versican 
expression in the pulmonary endothelium of mice with 
HPH when compared with the control group, as evi-
denced in Figures 2G and 2H. Collectively, these find-
ings demonstrate the successful establishment of the 
HPH mouse model and reveal that hypoxia leads to 

pulmonary vascular remodeling, EndMT, and elevated 
versican expression in HPH mice.

Knockdown of Versican Attenuates 
EndMT and Vascular Remodeling in HPH 
Mice
To validate the significant role of versican in hypoxia-
induced EndMT, we conducted knockdown ex-
periments targeting versican in  vivo. Following the 
methods described previously, we administered 
intratracheal adeno-associated virus for 3 weeks. 
Immunofluorescence analysis of lung sections dem-
onstrated the presence of the virus in pulmonary ves-
sels, confirming successful delivery to the targeted site 
(Figure S1A). Western blot analysis further confirmed 
efficient knockdown of versican in  vivo (Figure  S1B). 
The workflow diagram of different intervention groups 
of mice is shown in Figure  3A. Remarkably, we ob-
served a significant reduction in elevated right ventricu-
lar systolic pressure (Figures 3B and 3C) and RV/(LV+S) 
ratio (Figure 3D) in HPH mice after downregulation of 
versican. These findings validated the protective effect 
of versican knockdown on HPH. Consistent with these 
hemodynamic changes, vascular remodeling exhibited 
a noticeable decline following versican knockdown, 
resulting in reduced pulmonary fibrosis compared 
with the hypoxic group (Figure  3E). Furthermore, as 
illustrated in Figure  3F, knocking down versican re-
duced the colocalization of CD31 and α-SMA in the 
pulmonary vascular endothelium of HPH mice, and 
alleviated HPH-induced EndMT (Figures 3G and 3H). 
These results suggest that the upregulation of versican 
in pulmonary vascular endothelium may be involved in 
the development of hypoxia-induced EndMT in HPH. 
The inhibition of versican through knockdown may 
have therapeutic implications for mitigating EndMT-
associated pathologies in pulmonary hypertension.

Versican Knockdown Inhibits EndMT, 
Migration, and Invasion of  
Hypoxia-Treated HPAECs
Based on our findings, we constructed a hypoxia-
induced cell model to further validate the results at the 
cellular level. The workflow diagram of the in vitro exper-
iment is shown in Figure 4A. HPAECs were transfected 
with si-versican-1, si-versican-2, and si-versican-3 to 
achieve versican knockdown, and si-versican-2 was 
selected as the siRNA with better efficiency based on 
qRT-PCR analysis (Figure S2). We observed that after 
hypoxia treatment, the abilities of HPAECs to migrate 
through the transwell chambers or invade through 
matrix gel were significantly enhanced, and can be re-
markably inhibited by versican knockdown (Figure 4B 
through 4D). Then immunostaining of the endothelial 
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cell marker von Willebrand Factor along with versican in 
HPAECs confirmed that hypoxia treatment significantly 
increased versican levels, while si-versican transfec-
tion effectively reversed this hypoxia-induced upregu-
lation of versican (Figures 4E and 4G). Additionally, we 
observed that hypoxia induced the co-expression of 
the endothelial cell marker CD31 and the mesenchy-
mal marker α-SMA in HPAECs, and this effect was 

reversed by versican knockdown (Figures 4F and 4G). 
Furthermore, we confirmed the occurrence of EndMT 
and found that si-versican transfection significantly 
attenuated the loss of endothelial markers and the 
upregulation of mesenchymal markers induced by hy-
poxia using Western blot (Figures  4H and 4I). These 
findings indicate that the upregulation of versican in 
HPAECs may contribute to the development of EndMT 

Figure 2.  Vascular remodeling, EndMT, and increased VCAN in pulmonary vessels of successfully constructed HPH mouse 
models.
A and B, RVSP was measured using pressure sensors in the normoxia and hypoxia groups (n=5). ***P<0.001. (C) RV/(LV+S) of heart in 
mice of normoxia and hypoxia groups (n=5). *P<0.05. (D and E) H&E staining and Masson’s trichrome staining of representative lung 
sections from normoxia and hypoxia groups. Arrows show normal or thickened blood vessels. Blue indicates collagen deposition 
(n=3). ×200, scale bar: 50 μm; ×400, Scale bar: 50 μm. (F) Co-expression of CD31 (red) and α-SMA(green) in the pulmonary arteries 
of HPH mice (n=3). ×400, scale bar: 25 μm. (G and H) Representative images of immunohistochemical staining showed that VCAN 
was upregulated in the pulmonary endothelium of HPH mice compared with the normal group. Positive staining was indicated by a 
brown color and pointed out with black arrow (n=3). ×400, scale bar: 50 μm. ***P<0.001. I and J, The protein levels and densitometric 
quantification of VCAN, CD31,VE-cadherin, vimentin, and α-SMA were determined by Western blot analysis after the hypoxia 
treatment (n=3). *P<0.05, ***P<0.001. An unpaired 2-tailed Student t test was performed for comparisons between 2 groups. CD31 
indicates platelet endothelial cell adhesion molecule-1; EndMT, endothelial-to-mesenchymal transition; H&E, hematoxylin–eosin; 
HPH, hypoxia-induced hypertension; α-SMA, α-smooth muscle Actin; RVSP, right ventricular systolic pressure; VCAN, versican; and 
VE-cadherin, vascular endothelial cadherin.
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in HPH. Knocking down versican significantly re-
versed hypoxia-induced EndMT and cellular functional 
changes, further confirming the crucial role of versican 
in the pathogenesis of HPH.

Versican Promoted EndMT Via Twist1
In order to investigate the regulatory mechanism of 
versican in EndMT, we conducted a search for poten-
tial downstream targets. Our focus was on TFs known 
to play crucial roles in EndMT regulation. We assessed 
the expression levels of 5 main TFs in HPAECs with 
versican knockdown and observed that only Twist1 
expression was affected by changes in versican lev-
els (Figure S3A). Further analysis revealed an increase 
in Twist1 expression in the pulmonary vascular en-
dothelium of patients with HPH (Figure 5A through 5D). 
In vivo knockdown of versican resulted in decreased 
Twist1 expression in the pulmonary vessels of HPH 
mice (Figure  5E through 5H). Consistently, transfec-
tion of si-versican in HPAECs led to down-regulation 
of Twist1 expression, indicating that Twist1 may func-
tion as a downstream target of versican (Figures 5I and 
5J). Moreover, we examined versican expression after 
silencing Twist1 through siRNA transfection in HPAECs 
and found that versican expression did not decrease 
(Figure S3B). Furthermore, we validated the interaction 
between versican and Twist1 proteins through Co-IP 
(Figure 5K), and enlarged images of the immunofluo-
rescence staining of HPAECs revealed a significant 
increase of versican expression in the nucleus under 
hypoxic conditions (Figure 5L). Collectively, these find-
ings support the notion that Twist1 is a downstream 
target of versican, contributing to EndMT induction 
and vascular remodeling in HPH.

Downregulation of DNA Methyltransferase 
Expression and Promotion of Versican 
Through Promoter Hypomethylation
In order to further clarify the upstream mechanism 
of versican upregulation, we detected the mRNA ex-
pression of versican through qPCR and found that 
hypoxia can induce significant upregulation of versi-
can mRNA (Figure  6A). We predicted the promoter 
region of versican and found that the CpG islands 
were mainly located in the 1000 bp to 1500 bp area 
(Figure 6B). Methylation-specific PCR assay demon-
strated that hypoxia treatment decreased the DNA 
methylation of versican in HPAECs and increased the 
DNA unmethylation of promoter region of versican 
(Figures  6C and 6D). Subsequently, we focused on 
detecting the expression of DNA methyltransferase 
in pulmonary endothelium under hypoxic conditions 
and found that compared with the control group, de 
novo methyltransferase DNMT3a and DNMT3b were 

markedly decreased in hypoxia-treated HPAECs 
(Figures  6E and 6F). Further, the expression of 
DNMT3a and DNMT3b were also significantly de-
creased in HPH mice, especially in the vascular en-
dothelium (Figure 6G through 6J). We inferred that the 
overexpression of versican may be mediated by the 
decrease in DNA methyltransferase. Then we treated 
HPAECs with different concentrations of SGI-1027, 
an inhibitor of DNA methyltransferases, and found 
that SGI-1027 reduced expression of DNMT3a and 
DNMT3b while it significantly increased the expres-
sion of versican (Figures  6K and 6L). Meanwhile, 
the methylation-specific PCR results also showed a 
decrease in versican methylation after 5 μmol/L SGI-
1027 treatment (Figures 6M and 6N), which indicated 
that the expression of versican was regulated by the 
promoter hypomethylation. These findings indicate 
that the upregulation of versican under hypoxic condi-
tions is predominantly governed by DNA methylation.

DISCUSSION
In this study, we conducted comprehensive validation 
by utilizing patient and mouse lung tissues, as well as 
cell models, to establish that versican, a novel indica-
tor of EndMT, is involved in the development of HPH in 
a Twist1-dependent manner. Additionally, our findings 
indicate that the upregulation of versican may be at-
tributed to hypomethylation of CpG islands in the pro-
moter region caused by a decline in DNMTs. Figure 7 
depicts the research workflow and experimental pro-
cedures. Overall, our innovative discovery implies that 
versican has the potential to become therapeutic tar-
gets for addressing EndMT in HPH.

HPH is a condition characterized by abnormal 
growth of blood vessel cells, excessive deposition of 
ECM, and accumulation of inflammatory cells, result-
ing in irreversible remodeling of the pulmonary vascu-
lature.25 The process of EndMT is believed to be the 
trigger for HPH, leading to enhanced migration and 
invasion of endothelial cells.26 During EndMT, there is 
a decrease in endothelial markers CD31 and vascular 
endothelial cadherin, and an increase in mesenchy-
mal markers vimentin and α-SMA as well as related 
TFs.27 Our previous study has suggested that elevated 
levels of versican in endothelium of blood vessels 
may contribute to the progression of HPH through 
EndMT.17 Versican is a major proteoglycan found in the 
ECM of human blood vessels and has been shown 
to affect the behavior of vascular cells, including en-
dothelial cells.28,29 However, existing studies were lim-
ited to animal or cell models and did not investigate 
the specific mechanism by which versican promotes 
EndMT in HPH. To further explore the role of versican 
in HPH, we collected lung tissues from patients with 
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HPH and successfully established HPH mouse mod-
els and cell models. In our study, we observed co-
localization of endothelial and mesenchymal markers 
in the endothelium of the pulmonary arteries, as well 

as significant proliferation and thickening of the middle 
layer and severe fibrosis surrounding the blood ves-
sels (perivascular fibrosis). These findings suggest that 
EndMT and vascular remodeling occur in HPH and are 
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accompanied by increased expression of versican at 
various levels, including the population, mice, and cel-
lular levels.

As mentioned previously, we have successfully 
constructed HPH mouse and cell models, which have 
been recognized for their accuracy. Building upon this 

Figure 3.  Knockdown of VCAN inhibited EndMT induced by hypoxia in vivo.
A, The workflow diagram of different intervention groups of mice. (B and C) RVSP was measured using pressure sensors in 4 groups 
(n=5). ***P<0.001. (D) RV/(LV+S) of heart in mice of 4 groups. *P<0.05, **P<0.05. (E) Immunohistochemical, H&E, and Masson’s trichrome 
staining of representative lung sections from 4 groups (n=5). ×200, scale bar: 50 μm; ×400, scale bar: 50 μm. (F) Co-expression of CD31 
(red) and α-SMA (green) in the pulmonary vascular endothelium of HPH mice, which was alleviated by VCAN knockdown (n=3). ×400, 
scale bar: 25 μm. (G and H) The protein levels and densitometric quantification of VCAN, CD31, VE-cadherin, vimentin, and α-SMA were 
determined by Western blot analysis (n=3). *P<0.05, **P<0.01, ***P<0.001. ANOVA with the Tukey test was performed for comparison 
between 4 groups. AAV indicates adeno-associated virus; CD31, platelet endothelial cell adhesion molecule-1; EndMT, endothelial-to-
mesenchymal transition; H&E, hematoxylin–eosin; HPH, hypoxia-induced hypertension; PBS, phosphate-buffered saline; RVSP, right 
ventricular systolic pressure; VCAN, versican; VE-cadherin, vascular endothelial cadherin; and α-SMA, α-smooth muscle Actin.

Figure 4.  Knockdown of VCAN inhibited hypoxia-induced EndMT in vitro.
A, The workflow diagram of the in vitro experiment. (B–D) Representative images and densitometric quantification of migration and 
invasion assay of HPAECs (n=3). ×100, scale bar: 100 μm. ***P<0.001. (E) Co-immunostaining of VCAN (red) with vWF(green) was 
performed in HPAECs (n=3). ×400, scale bar: 25 μm. (F) Co-immunostaining of CD31 (red) with α-SMA (green) was performed in 
HPAECs (n=3). ×400, scale bar: 25 μm. (G) Densitometric fluorescence intensity of VCAN, CD31, and α-SMA in (4F and 4G) (n=3). 
**P<0.01, ***P<0.001. (H and I) The protein levels and densitometric quantification of VCAN, CD31,VE-cadherin, vimentin, and α-
SMA were determined by Western blot analysis after different treatment (n=3). *P<0.05, ***P<0.001. ANOVA with the Tukey test was 
performed for comparison between 4 groups. CD31 indicates platelet endothelial cell adhesion molecule-1; EndMT, endothelial-to-
mesenchymal transition; H&E, hematoxylin–eosin; HPAECs, human pulmonary artery endothelial cells; siRNA, small interfering RNA; 
VCAN, versican; VE-cadherin, vascular endothelial cadherin; vWF, von Willebrand factor; and α-SMA, α-smooth muscle Actin.
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foundation, the increase in versican observed in the 
pulmonary endothelium in HPH is of significant impor-
tance. To validate the potential therapeutic effect of 
reducing versican expression on HPH, we conducted 
experiments both in vivo and in vitro. In the in vivo model, 
we knocked down versican and observed a notable 
attenuation of HPH progression in mouse models. This 

was demonstrated by a significant decrease in right 
ventricular systolic pressure, reduced arterial thick-
ness, a decrease in vascular muscularization, and a 
reversal of EndMT transition. Furthermore, our in vitro 
experiments showed that knocking down versican 
prevented hypoxia-induced EndMT in HPAECs. In con-
clusion, our study highlights the crucial role of versican 

Figure 5.  VCAN promoted EndMT via targeting transcription factor Twist1.
A and B, Representative images of immunohistochemical staining showed that Twist1 was upregulated in the pulmonary endothelium 
of patients with HPH compared with the normal group (n=3). Positive staining was indicated by a brown color and pointed out with 
black arrows. ×400, scale bar: 50 μm. *P<0.05. (C and D) The protein level and densitometric quantification of Twist1 in lung tissues 
of 2 groups were determined by Western blot analysis (n=3). *P<0.05. (E and F) Representative images of immunohistochemical 
staining showed that knocking down VCAN in vivo reduces upregulated Twist1 in the pulmonary vascular endothelium of HPH mice. 
Positive staining is indicated by a brown color and pointed out with black arrows (n=3). ×400, scale bar: 50 μm. *P<0.05, **P<0.01. 
(G–J) The protein levels and densitometric quantification of Twsit1 in vivo and in vitro knockdown VCAN assays were determined by 
Western blot analysis (n=3). *P<0.05, **P<0.01, ***P<0.001. K, The CO-IP experiment showed that VCAN and twist1 can bind to each 
other in HPAECs. The target protein VCAN was immunoprecipitated with either anti-Twist1 antibody or IgG. L, Enlarged images of 
the immunofluorescence staining of HPAECs nucleus. × 400, scale bar: 25 μm. An unpaired 2-tailed Student t test was performed for 
comparisons between the normal group and patients with HPH, while ANOVA with the Tukey test was performed for comparison 
between 4 groups of in vivo and in vitro experiments. CO-IP indicates Co-Immunoprecipitation; EndMT, endothelial-to-mesenchymal 
transition; HPAECs, human pulmonary artery endothelial cells; HPH, hypoxia-induced pulmonary hypertension; and VCAN, versican.
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in promoting EndMT and vascular remodeling in HPH. 
We are proud to be the first to confirm that knocking 
down versican exhibits promising therapeutic potential 
in mitigating the development and progression of HPH. 
These findings provide valuable insights for improving 
vascular remodeling in HPH.

Adequate research has confirmed that multiple 
TFs participate in the development of HPH by either 
promoting or inhibiting the transcription of marker 
genes involved in EndMT transition.30 In our study, 

we investigated the role of versican and its interac-
tion with Twist1, a key transcription factor associated 
with EndMT and known to be regulated by hypoxia-
related signaling pathways.27,31 Through knockdown 
experiments targeting versican, we observed an in-
fluence on the expression of major TFs in endothelial 
cells, particularly Twist1. Previous studies have shown 
that Twist1 can repress the transcription of endothe-
lial marker genes and promote EndMT.32,33 Consistent 
with these findings, we observed increased Twist1 

Figure 6.  Downregulation of DNA methyltransferase expression and promotion of VCAN through promoter hypomethylation.
A, RT-qPCR analysis of the mRNA level of VCAN from HPAECs (n=3). **P<0.01. (B) CpG sites of the promoter of VCAN gene. (C and D) 
DNA methylation levels of the VCAN promotor region in HPAECs and corresponding densitometric quantification as detected by MSP 
assay (n=3). ***P<0.001. (E and F) The protein levels and densitometric quantification of DNMT3a and DNMT3b were determined by 
Western blot analysis after the hypoxia treatment (n=3). *P<0.05, ***P<0.001. (G–J) Representative images of immunohistochemical 
staining confirmed that DNMT3a and DNMT3b were significantly decreased in HPH mice compared with the normal control group 
(n=3). Positive staining was indicated by a brown color and pointed out with black arrow. ×400, scale bar: 50 μm. ***P<0.001. (K 
and L) The protein levels and densitometric quantification of DNMTs and VCAN levels in SGI-1027-treated HPAECs (n=3). **P<0.01, 
***P<0.001. (M and N) DNA methylation levels of the VCAN promotor region in 5 μM SGI-1027-treated HPAECs and corresponding 
densitometric quantification as detected by MSP assay (n=3). ***P<0.001. An unpaired 2-tailed Student t test was performed for 
comparisons between 2 groups. CpG indicates Cytosine-phosphate-Guanine; DNMT, DNA methyltransferase; HPAECs, human 
pulmonary artery endothelial cells; HPH, hypoxia-induced pulmonary hypertension; MSP, methylation-specific polymerase chain 
reaction; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; and VCAN, versican.
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expression in patients with HPH, mice, and cell mod-
els. However, the mechanism underlying the interac-
tion between versican and Twist1 in EndMT remains 
unknown. In our study, we demonstrated that upreg-
ulation or knockdown of versican affected Twist1 ex-
pression. Conversely, knocking down Twist1 did not 
significantly change versican expression. Furthermore, 
we identified the binding of Twist1 to versican pro-
tein, confirming the interaction between versican and 
downstream Twist1. Based on these findings, we pro-
pose that the versican/Twist1 pathway may partially 
regulate hypoxia-induced EndMT, providing insights 
into the mechanism of versican in modulating EndMT 
and vascular remodeling in HPH.

Epigenetic modifications, such as DNA methylation, 
play a crucial role in regulating the expression of cell 
type–specific genes, which is essential for cell differenti-
ation and proliferation.34 DNA methylation is a reversible 
modification of DNA that can impact gene expression 
without altering the underlying genome sequence.35 
It has been suggested to be involved in the develop-
ment of lung diseases such as chronic obstructive pul-
monary disease, pulmonary arterial hypertension, and 

asthma.36–38 However, most studies have primarily fo-
cused on analyzing overall levels of DNA methylation 
in these lung diseases, with limited research investi-
gating specific changes in the methylation levels of key 
genes during disease progression.39 In a previous study 
by Hautefort et al, a bioinformatics analysis examining 
DNA methylation patterns was conducted on HPAECs 
isolated from the pulmonary vessels of patients with 
pulmonary arterial hypertension. This analysis identi-
fied 2 specific methylation signatures associated with 
pulmonary arterial hypertension, including hypomethyl-
ated and hypermethylated promoters.40 To investigate 
whether the expression of versican (the gene of inter-
est) was regulated by DNA methylation, we analyzed 
the versican sequence and predicted the presence of 
enriched CpG islands. Under hypoxic conditions mim-
icking the microenvironment of HPH, we observed a 
decrease in DNA methylation (hypomethylation) specif-
ically at the versican locus.

Furthermore, we aimed to investigate the regulatory 
mechanism of versican methylation levels. Mammals 
possess 3 types of enzymes known as DNMTs-DNMT1, 
DNMT3a, and DNMT3b, which are responsible for 

Figure 7.  Schematic diagram summarizing how hypoxia-induced promotor hypomethylation upregulates VCAN to promote 
EndMT in endothelial cells.
CpG indicates Cytosine-phosphate-Guanine; DNMT, DNA methyltransferase; ECM, extracellular matrix; EndMT, endothelial-to-
mesenchymal transition; α-SMA, α-smooth muscle actin; VCAN, versican; and VE-cadherin, vascular endothelial cadherin.
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methyl transfer.41 DNMT1’s role is to maintain DNA meth-
ylation during DNA replication, preventing the passive 
loss of DNA methylation. On the other hand, DNMT3a 
and DNMT3b are involved in de novo DNA methylation, 
which regulates gene expression.42 Previous studies have 
shown that the hypoxic microenvironment can influence 
the methylation levels of various genes by affecting the 
expression of DNMTs.43 In our study, we examined the 
changes in the expression of upstream DNMTs and ob-
served a decrease in DNMT3a and DNMT3b in pulmo-
nary endothelial cells of HPH mice and hypoxia-treated 
cell models. To further understand the role of DNMTs in 
versican regulation, we added the DNMTs inhibitor SGI-
1027 to HPAECs artificially. We observed the degrada-
tion of DNMT3a and DNMT3b, along with a decrease in 
versican methylation and an increase in versican mRNA 
expression. These findings suggest that the upregula-
tion of versican under hypoxic conditions is largely reg-
ulated by DNA methylation. In conclusion, this discovery 
provides new insights into the epigenetic mechanisms 
involved in the upregulation of versican and identifies 
potential therapeutic targets for addressing pathological 
changes mediated by versican upregulation.

Our research has discovered that versican plays 
a crucial role in the development of HPH as a reg-
ulatory molecule for EndMT. It has been verified 
that versican acts as an upstream regulator of the 
transcription factor Twist1, thereby offering a novel 
therapeutic target for HPH to counteract abnormal 
pathological changes in the endothelium. However, 
there are still some limitations in our research. The 
molecular-level interaction between versican and 
Twist1 remains unknown, and further investigation 
is required. Additionally, the specific mechanism 
through which DNMTs regulate versican needs to 
be explored in more depth, and the development of 
targeted treatment methods to upregulate versican 
methylation in vivo still requires further exploration. In 
conclusion, the research on HPH is an ongoing jour-
ney, and our experimental results only offer a limited 
perspective into the exploration of HPH.
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