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Abstract 

Background Pulmonary hypertension (PH) is a highly fatal pathophysiological syndrome. The group 1 pulmonary 
arterial hypertension (PAH) is characterized by acute pulmonary vasoconstriction and chronic vascular remodeling 
caused by hyperplasia and hypertrophy of pulmonary artery smooth muscle cells (PASMCs) and chronic inflammation. 
Pyroptosis is an inflammatory mode of cell death that is regulated by super-enhancers (SEs) and occurs in the setting 
of tumors and cardiovascular diseases. However, whether SEs are involved in the pathological process of pyroptosis 
in PAH and the specific mechanism involved remain unclear.

Methods Here, we identified the SE target gene DUSP4 via ChIP-seq with an anti-H3K27ac antibody, 
and bioinformatics predictions revealed that the transcription factor PITX1 can bind to the promoter and SE 
sequences of DUSP4. The AAV5 vector was used to deliver shRNAs targeting PITX1 and DUSP4 to PASMCs.

Results PITX1 overexpression reversed the increase in right ventricular systolic pressure and pulmonary vascular 
remodeling, restored the PAAT/PAVTI ratio in hypoxic pulmonary hypertension (HPH, Group 3 PH) and SuHx PAH 
(Group 1 PAH) mice, and suppressed pyroptosis in pulmonary vascular cells. However, knockdown of DUSP4 
counteracted the effects of PITX1 overexpression. Similar results were obtained in cultured PASMCs. In addition, 
treatment with the SE inhibitors JQ1 and iBET decreased the transcription of DUSP4 and increased the expression 
of hypoxia-induced pyroptosis proteins in PASMCs.

Conclusion We confirmed that PITX1 can promote DUSP4 expression by binding to the DUSP4 promoter and SE 
to reduce pyroptosis in hypoxic PASMCs, providing new insights into the role of SEs and pyroptosis in pulmonary 
vascular remodeling and a theoretical basis for the treatment of PAH and related diseases.
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Introduction
Pulmonary arterial hypertension (PAH) comprises of 
diverse diseases that result in similar pathological changes 
including continuous pulmonary vasoconstriction 
and pulmonary vascular remodeling in pulmonary 
vasculature [1], which result in an abnormally elevated 
pulmonary artery pressure [2]. In general, the structural 
remodeling of pulmonary arteries may be explained 
primarily by the phenotypic alteration of pulmonary 
artery smooth muscle cells (PASMCs) [3, 4]. Studies have 
reported that PASMCs pyroptosis promotes pulmonary 
vascular fibrosis and accelerates the development of PAH 
[5].

Super-enhancers (SEs) are composed of large clusters 
of highly active enhancers that drive intracellular 
expression of key genes [6]. SEs can be identified by 
analyzing H3K27ac enrichment via Rank Ordering of 
SEs (ROSE) software [7]. SEs, compared with typical 
enhancers (8–20 kb vs. a median of 0.8 kb). SEs display 
higher levels of, are characterized by more significant 
H3K27ac and H3K4me1 modifications and greater 
occupancy of the mediator (MED) complex. MED and 
bromodomain-containing protein 4 (BRD4) bind to and 
are enriched on high-density transcription factors, which 
have a strong regulatory effect on gene expression [8, 
9]. Meanwhile, as evidenced previously, SEs have been 
reported to activate gasdermin D (GSDMD)-mediated 
pyroptosis by attenuating the expression of the histone-
lysine N-methyltransferase 2D (KMT2D). Furthermore, 
the SE–associated circLrch3 was found to have a role 
in the formation of an R loop with its host gene Lrch3, 
which would further modulate the expression of 
pyroptosis-related proteins and interfere with the cellular 
pyroptosis process, ultimately facilitating the progression 
of PAH [10, 11].

As a transcription factor belonging to the pitx family, 
Paired-like Homeodomain 1 (PITX1) has proven to 
participate in various biological processesembryonic 
development, cell differentiation and tissue regeneration 
[12, 13]. PITX1 regulates the expression of target genes 
by recognizing a specific DNA sequence (TTA ATC CC) 
[14]. In terms of its role as a tumor suppressor, PITX1 
was reported to be highly expressed in breast cancer 
tissues, which could bind to the promoter of TP53, a 
tumor suppressor gene as well, to induce p53 expression 
and cell apoptosis [15]. Moreover, PITX1 has been 
identified as a transcription factor for sex-determining 
region Y box protein 9 (SOX9) in melanoma and shown 
to play an inhibitory role in cell proliferation [16]. It has 
been suggested that PITX1 is involved in regulating cell 
phenotype changes by binding to specific DNA sequences 
[17]. In addition, PITX1 can mediate HIF-1α expression 
under hypoxic conditions [18]. PASMCs have been tested 

with upregulated expression of HIF-1α, a well-known key 
factor in pulmonary vascular remodeling [19]. Whether 
PITX1 affects PASMCs pyroptosis by binding to the SEs 
of key PAH genes remains unclear so far, which may be a 
topic of interest and deserve further investigation.

DUSP4 is a crucial protein phosphatase that 
dephosphorylates crucial signaling molecules 
and mediates the inactivation of MAPKs by 
dephosphorylating threonine or tyrosine residues in 
their activation loops [20]. MAPKs are involved in the 
proliferation, migration, apoptosis, and pyroptosis 
of pulmonary vascular cells [21, 22]. Concerning the 
documented roles of DUSP4 in affecting cell phenotype 
changes to mediate disease development. For example, 
decreased expression of DUSP4 promotes the 
proliferation, migration, and invasion of tumor cells in 
melanoma [23], lung cancer [24], and endometrial cancer 
[25]. It is also detected with downregulated expression 
in myocardial ischemia‒reperfusion [26] and acute lung 
injury [27]. On the contrary, DUSP4 was highly expressed 
to stimulate cell proliferation and invasion in esophageal 
squamous cell carcinoma [28], colorectal cancer [29] 
and clear cell renal cell carcinoma [30]. Collectively, 
DUSP4 may exhibit varied expressions under the impact 
of different pathological factors, resulting in different 
downstream effects. In addition, studies have reported 
that miR-122 is upregulated in the setting of myocardial 
ischemia‒reperfusion injury and inhibits pyroptosis in 
cardiomyocytes by targeting DUSP4 [31]. In view of the 
aforementioned interpretation, this study intended to 
explore whether DUSP4 was associated with pyroptosis 
in PASMCs during the development of PAH and to 
explore whether DUSP4 expression was cooperatively 
regulated by a SE and PITX1.

Materials and methods
Animal models
The experimental animals were C57BL mice (weighing 
20–30 g) purchased from the Laboratory Animal Centre, 
The Second Affiliated Hospital of Harbin Medical 
University. Mouse model of PH in this study were 
established by hypoxia exposure alone (Group 3 HPH) 
and by hypoxia exposure combined with Sugen 5416 
treatment (SuHx) (Group 1 PAH). This study constructed 
several groups including normoxic group, hypoxic group, 
Sugen group, adeno-associated virus serotype 5 (AAV5) 
carrying shDUSP4 hypoxic group, adeno-associated 
virus 5 (AAV5) carrying shDUSP4 Sugen group, AAV5 
carrying PITX1 hypoxic group, AAV5 carrying PITX1 
Sugen group, and combined AAV5 carrying PITX1 and 
AAV5 carrying shDUSP4 hypoxic group. The mice were 
then anesthetized with tribromoethanol and infected 
with AAVs via dropwise nasal instillation. In AAV5 
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hypoxic groups, mice were subjected to three weeks of 
hypoxia beginning two weeks after infection. In AAV5 
Sugen groups, mice underwent hypoxia treatment for 
two consecutive weeks and Sugen 5416 administration 
concurrently, followed by two weeks of reoxygenation 
beginning two weeks after infection. In the normoxic 
group, the mice were maintained under normoxic 
conditions (21%  O2) for 21 days. In the hypoxic groups, 
the mice were maintained in a hypoxic chamber (10% 
 O2) for 21  days. The use and housing of the mice were 
approved by the Institutional Animal Care and Use 
Committee (IACUC).

Cell culture
Primary mouse PASMCs (mPASMCs) were purchased 
from Otwo Biotech (Shenzhen) Inc. The mPASMCs were 
cultured in DMEM containing 10% serum, passaged 
or plated at 80% confluence, or transfected at 60–70% 
confluence. The cells were subsequently incubated in 
a 37  °C humidified cell incubator with 5%  CO2 or in 
a hypoxic incubator with 5%  CO2 and 3%  O2 for 24  h 
before further treatment.

RNA extraction and reverse transcription–quantitative 
polymerase chain reaction (RT‒qPCR)
After the removal of the culture medium, the model 
PASMCs were lysed with TRIzol (Invitrogen, USA) after 
washing three times with PBS. Chloroform was added, 
and the container was inverted, shaken vigorously, and 
then centrifuged. Isopropanol was added to the resulting 
solution, which was subsequently mixed, vortexed, and 
centrifuged. When the supernatant was discarded, the 
precipitate was collected for washing with 75% ethanol, 
centrifugation, and air-drying at room temperature. 
After the measurement of RNA concentration with a 
microplate reader (Shimadzu Corp., Japan), total RNA 
(0.5  μg) was reversely transcribed with the ReverTra 
Ace qPCR RT Kit (Toyobo, Osaka, Japan). Finally, the 
mRNA expression levels were measured by PCR with 
the employment of a SYBR Green Real-time PCR Master 
Mix Kit (Toyobo) and a LightCycler 480 system (Roche, 
Basel, Switzerland). Each experiment was repeated 6–8 
times.

The specific sequences of the primers used were as 
follows:

Genes [forward (F), reverse (R)] Sequences

DUSP4-F ctc gcc tgg ttc ctt ctt gtt agc

DUSP4-R agt cca tct ccc gca gtt cct c

PITX1-F act cac ttc aca agc cag cag ttg

PITX1-R gtt ctt gaa cca gac ccg cac tc

DUSP4-P-F ggg cac gaa gaa cga gat taa gtc c

DUSP4-P-R gct ccg aga aac ctg aca ctg tg

DUSP4-325-F tct gag gtg acg ctc ttc tag gc

DUSP4-325-R cca agg gct gct gaa ctt ctg tc

DUSP4-326-F agc aag act ccc aag cct taa agc

DUSP4-326-R tgc cac agt tgt act ttc tcc gtt c

DUSP4-328-F cct ggc act tgg cta aac tgg tc

DUSP4-328-R tat gta ggt ggc tcg ctc ctt ctc

Small interfering RNAs (siRNAs), plasmid design 
and transfection
Cells were cultured to a confluence of 60–70%. Specific 
small interfering RNAs (siRNAs) obtained from IBSBIO 
and Lipofectamine 2000 (Invitrogen, USA) were used for 
transfection. The corresponding assays were conducted 
24  h after transfection. The si-PITX1 sequence was: 
sense: 5’-GCC UGC GGC UCA AGU CCA AGC-3; anti-
sense: 5’-UUG GAC UUG AGC CGC AGG CUG-3’; and 
the si-SE-DUSP4 sequence was: sense: 5’-GCA GUU UAC 
UUG AAG UAU ACA-3; anti-sense: 5’-UAU ACU UCA 
AGU AAA CUG CUA-3’. The plasmid was synthesized by 
GENECHEM according to the sequence.

Western blot (WB) analysis
Proteins from tissues or cells were extracted with 
radioimmunoprecipitation assay (RIPA) lysis buffer, 
followed by protein separation using 10–12% 
polyacrylamide gels. Proteins were transferred from the 
gels to nitrocellulose membranes, which were incubated 
with 10% nonfat milk for 1  h. The primary antibodies 
were CASP1 (BOSTER, Cat.BA2220, 1:1,000), NLRP3 
(CST, Cat.15101S, USA, 1:500), ASC (CST, Cat.67824S, 
USA, 1:1,000), IL-1β (CST, Cat.122425S, USA, 1:500), 
IL-18 (CST, Cat.57058S, USA, 1:1,000), GSDMD(CST, 
Cat.39754S, USA, 1:500), PITX1 (NOVUS, Cat.NB7160, 
USA, 1:500; BOSTER, Cat.A02993, 1:1,000) and DUSP4 
(Abcam, Cat.ab222487, USA, 1:1,000). The control 
antibody was anti-β-actin (ABclonal, Cat.AC004, 
1:1,000). Immunoreactivity  visualization was carried 
out using horseradish peroxidase-conjugated secondary 
antibodies and an enhanced chemiluminescence (ECL) 
reagent (Beyotime, China).
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Immunofluorescence staining
PASMCs or tissue sections were subjected to antigen 
retrieval in 1 × sodium citrate solution at 95  °C, and 
fixation with 4% paraformaldehyde at room temperature 
for 30  min. Following washing three times with PBS, 
staining was performed at 37  °C for 30  min after 
treatment with 0.4% Triton X-100. With blockage using 
goat serum blocking solution for 1  h, the next step was 
incubation with anti-PITX1 (1:100), anti-DUSP4 (1:100), 
or anti-caspase 1 (CASP1) (1:100) antibody overnight at 
37 °C. The next day, after another three times of washing 
with PBS, the cells or tissue sections were incubated 
with PBS-diluted fluorescent secondary antibodies (Cat. 
F0103B and Cat. NL004, RD SYSTEMS, USA; Cat. 711-
545-152 and 715-545-151, Jackson, USA; 1:100 dilution) 
in dark at 37 °C for 2 h. Finally, the cells were incubated 
with 4’,6-diamidino-2-phenylindole (DAPI) at room 
temperature in dark for 15  min. Images were acquired 
with a live cell workstation (AF6000, Leica, Germany).

Fluorescence in situ hybridization (FISH)
After digestion with 0.25% pepsin at 37  °C for 30  min, 
mPASMCs and mouse lung tissues were fixed with 4% 
paraformaldehyde for 20 min, treated with 0.5%  Triton® 
X-100 for 15 min, and then hybridized with the DUSP4 
probe in hybridization solution overnight at 4  °C. 
Staining of the nuclei with DAPI was performed after the 
removal of the hybridization solution. Similarly, changes 
in expression were observed with a live-cell workstation. 
The sequence of the DUSP4 probe was as follows:

(1)5’-GCCTG CGCTC TGGCC TCTAC TCGGC 
TGTCA TCGTC TACGA-3’; (2) 5’-AGGCG TTGCG 
CCGGA ACGCG GAGCG CACGG ACATC TGCCT-
3’; and (3) 5’-AGTTC GTCTT CAGCT TCCCT GTGTC 
TGTGG GCGTG CACGC-3’.

YO‑PRO‑1 (YPI)/PI staining
mPASMCs cultured in a 24-well plate at 60%–70% were 
subsequently transfected with the siRNA/overexpression 
plasmid or subjected to hypoxia for 24  h. YPI and PI 
(1:1000) were added separately, and the cells were 
incubated at 37  °C in the dark for 20  min. Images were 
acquired with a live cell workstation.

Lactate dehydrogenase (LDH) assay
LDH release was assessed with an LDH cytotoxicity 
assay kit (C0016, Beyotime). mPASMCs were cultured 
in a 96-well plate at a density of 60%-70% and were then 
transfected with the siRNA overexpression plasmid or 
subjected to hypoxia for 24 h. To measure LDH release, 

LDH release solution in cell culture medium (1:10) 
was added to a 96-well plate for 1  h of incubation and 
centrifugation at 400 × g for 5 min. Then, 120 µl of each 
supernatant was added to a 96-well plate, with further 
addition of 60  µl of substrate solution. The plate was 
subsequently incubated on a shaker at room temperature 
in the dark for 30 min. Finally, the absorbance at 490 nm 
was measured with a microplate reader.

Dual‑luciferase reporter assay
The DUSP4-SE fragment was inserted immediately 
upstream of the luciferase sequence to construct the 
pGL3-DUSP4-SE reporter plasmid (IBSBIO). Following 
the transfection of PITX1 plasmid and pGL3-DUSP4-SE 
into mPASMCs, a specific luciferase substrate was added 
to make the luciferase and substrate fluoresce. Luciferase 
activity was determined by measuring the fluorescence 
intensity with a dual-luciferase reporter assay kit (RG027, 
Beyotime) to assess the activity of the DUSP4-SE and the 
transcriptional activity of PITX1.

Chromatin immunoprecipitation–PCR (ChIP–PCR)
A  Pierce™ ChIP Kit (Thermo Fisher, USA) and 
formaldehyde were used to crosslink proteins and 
chromatin in PASMCs, and the crosslinking reaction 
was terminated with glycine. Following crosslinking, the 
cells were subjected to RNase digestion. Chromatin was 
then sonicated into fragments of 500–1,000  bp, which 
were immunoprecipitated with antibodies specific for 
PITX1, H3K27ac, and H3K4me1. Furthermore, DNA 
was isolated from the eluate of the immunoprecipitation 
reaction. Genomic DNA was separated with a DNA 
purification kit (Beyotime) and amplified via qPCR, 
with primers targeting DUSP4-SE1, DUSP4-SE2, and 
DUSP4-SE3.

Small animal ultrasound and right heart catheterization
After successful PH modeling, mice were anesthetized 
with tribromoethanol and depilated. To measure changes 
in the pulmonary artery acceleration time (PAAT) 
and pulmonary artery velocity time integral (PAVTI), 
echocardiography was performed with a Vevo2100 
imaging system with a 2100  MHz probe (VisualSonics, 
Inc., USA). After the mice were anesthetized, their right 
jugular vein was exposed, and a Millar catheter (Millar 
Instruments, Inc., Houston, Texas) was inserted. The 
right ventricular systolic  pressure (RVSP)  was recorded 
with a PowerLab monitoring device (AD Instruments, 
Colorado Springs, Colorado), and the continuous traces 
were averaged. Mice were euthanized under deep 
anesthesia for the removal and harvesting of the lung 
and heart tissues. This study also measured the right 
ventricular hypertrophy index, also called the Fulton 
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index [RV/(LV + S)]. The right lungs were used for 
Western blot and RT‒qPCR, while the left lungs were 
fixed with 4% paraformaldehyde for paraffin embedding.

Masson’s trichrome staining
The Masson’s trichrome staining kit was obtained from 
Solarbio. Sections subjected to deparaffinization were 
sequentially stained with hematoxylin, ferric chloride 
solution, Ponceau S (Acid Red), phosphotungstic/
phosphomolybdic acid and aniline blue at room 
temperature. The sections were subsequently washed and 
dehydrated with ethanol and xylene. After dehydration, 
the sections were mounted with neutral gum. Afterward, 
the sections were observed and photographed under a 
Nikon Eclipse 600 microscope.

Statistical analysis
In this study, GraphPad Prism software (GraphPad 
Software, USA) was used for statistical analysis. The 
normality of the data was assessed via the Shapiro‒
Wilk test, and a t test was then used for comparisons 
between two groups. One-way analysis of variance 
(ANOVA) was used for comparisons among multiple 
groups to evaluate the intergroup mean differences, 
and the Bonferroni correction was then used to correct 
for multiple comparisons. The data are presented as the 
means ± SEMs. Statistical significance was assumed when 
*p < 0.05, ** p < 0.01, or *** p < 0.001.

Results
Upregulation of the transcription factor PITX1 in hypoxic 
mice and PASMCs
ChIP-seq was performed by using an anti-H3K27ac 
antibody to screen for increased H3K27ac signals and 
concurrently upregulated genes in PASMCs exposed 
to hypoxic conditions (3%  FiO2 for 24  h) and control 
conditions (21%  FiO2). Increased H3K27ac signals are 
recognized as critical markers of SEs. Furthermore, 
predictions obtained via the JASPAR database revealed 
that most SE sequences contained binding motifs for 
PITX1, which showed upregulated expression under 
hypoxic conditions. These results suggest that PITX1 
might function through interactions with these SE 
sequences. Consequently, we verified the expression of 
PITX1 in a hypoxic PH mouse model and in cultured 
PASMCs. Immunofluorescence staining of lung tissues 
sections from mice in the hypoxic PH model revealed 
increased expression of PITX1 and indicated that PITX1 
was localized in the smooth muscle layers of pulmonary 
arteries (Fig. 1A, B). Western blot and RT-qPCR analyses 
revealed elevated PITX1 protein and mRNA expression 

in the lung tissues of mice with hypoxic PH (Fig.  1C, 
D). mPASMCs subjected to hypoxia for 0, 6, 12, 24, and 
48  h presented increased expression of PITX1 at 12, 
24, and 48 h. Considering significant increase at 24 and 
48 h as well as the lack of difference between these two 
time points, 24 h was selected as the duration of hypoxia 
for subsequent experiments (Fig.  1E, F). These results 
confirmed the upregulation of PITX1 under hypoxic 
conditions.

Impact of PITX1 on pyroptosis in hypoxia‑induced PASMCs
A gene set enrichment analysis (GSEA) was employed 
to explore the importance of the increased PITX1 
expression under hypoxic conditions. The results implied 
the function of SE in the inflammasome signaling 
pathway (Fig.  2A). Based on the results of siRNA 
interference efficiency by Western blot, siRNA segments 
2 and 3 significantly inhibited PITX1 expression, and 
segment 2 was used for subsequent experiments (Fig. 2B); 
moreover, PITX1 was successfully overexpressed via 
plasmid transfection (Fig.  2C). Further examination 
of the expression of pyroptosis-related proteins in 
cultured PASMCs indicated increased levels of CASP1, 
GSDMD-N, IL-18, and IL-1β under hypoxia. These 
expressions were further boosted after the knockdown 
of PITX1 under hypoxic conditions, but had no such 
effect was observed under normoxic conditions (Fig. 2D). 
Consistent results were observed in the YP1/PI assay, 
as indicated by the number of pyroptotic cells (Fig. 2E); 
by DiO staining, which revealed a decrease in cellular 
membrane integrity (Fig. 2F); and the LDH release assay 
(Fig.  2G). When PITX1 was overexpressed in PASMCs 
via plasmid transfection, overexpression of PITX1 
reduced or reversed the hypoxia-induced release of LDH 
(Fig.  2H); increase in the levels of CASP1, GSDMD-N, 
IL-1β, and IL-18 (Fig.  2I); increase in pyroptosis, as 
determined by the YP1/PI assay (Fig.  2J); and decrease 
in cellular membrane integrity, as determined by 
DiO staining (Fig.  2K). In contrast, overexpression in 
normoxic cells did not affect these pyroptosis markers. 
Collectively, PITX1 knockdown might exacerbate and 
PITX1 overexpression prevent pyroptosis in hypoxic but 
not normoxic PASMCs.

Overexpression of PITX1 reversed pulmonary vascular 
remodeling and pyroptosis in the hypoxia and SuHx 
mouse models
To investigate the role of PITX1 in the development 
of PH, PITX1 was overexpressed using AAV5 in 
mice through nasal instillation, after which the mice 
were subjected to both SuHx PAH and hypoxic PH 
modeling. In the SuHx PAH mouse model with PITX1 
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Fig. 1 Upregulation of PITX1 in hypoxic mice and PASMCs. A, B Immunofluorescence staining: Localization and statistical data of PITX1 
in tissues. Scale bar: 25 μm. C Western blot: Representative image and statistical data of PITX1 expression in the lung tissues of mice. D RT‒qPCR: 
Changes in the transcript level of PITX1 in the lung tissues of mice. E Western blot: Representative image and statistical data of PITX1 expression 
in the smooth muscle cells of mice. F RT‒qPCR: Changes in the transcript level of PITX1 in the smooth muscle cells of mice. Nor normoxic, Hyp 
hypoxic. All values are presented as means ± SEMs (*p < 0.05, **p < 0.01, and ***p < 0.001; n ≥ 3)

Fig. 2 Impact of PITX1 on pyroptosis in hypoxia-induced PASMCs. A GSEA: The functions of PITX1 were enriched mainly in the inflammasome 
signaling pathway under hypoxic conditions. B, C Western blot: The interference efficiency of siPITX1 and the overexpression efficiency of the PITX1 
plasmid. D, I Western blot: Representative images and statistical data of CASP1, GSDMD-N, IL-1β, and IL-18 levels. E, J YPI/PI staining: YPI is a green 
fluorescent dye permeable to the membrane of apoptotic cells, and PI staining of necrotic cells with compromised membrane integrity may result 
in the emission of red fluorescence. Scale bar: 100 μm. F, K DiO staining: Green fluorescence staining of the cell membrane; and the membranes 
of live cells exhibit green fluorescence. Scale bar: 50 μm. G, H LDH assay: Determination of the number of dead cells by measuring the amount 
of LDH released from the membrane of damaged cells. Nor normoxic, Hyp hypoxic, NC noncoding nucleotides, siPITX PITX1 siRNA, and p-PITX PITX1 
plasmid. All values are presented as means ± SEMs (*p < 0.05, and **p < 0.01; n ≥ 3)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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overexpression, two weeks after intranasal instillation 
of AAV5, the mice received weekly injections of Sugen 
5416 (for 3  weeks), followed by three weeks of hypoxia 
exposure and two weeks of reoxygenation (Fig.  3A). In 

the hypoxic PH mouse model, beginning two weeks after 
intranasal administration of AAV5, the mice were housed 
under hypoxic conditions for three weeks. Pulmonary 
arteries were harvested from the modeled mice to 

Fig. 3 Reversal of pulmonary vascular remodeling and pyroptosis in the hypoxic PH and SuHx PAH mouse models by overexpressing PITX1. 
A Construction of the PITX1 AAV5 plasmid and establishment of the SuHx PAH model under normoxic and hypoxic (10%  O2) conditions 
with the overexpression of PITX1 via AAV5 in mice. B, I Western blot: Representative images of the overexpression efficiency of PITX1 plasmid 
in the SuHx PAH and hypoxic groups. C, J Immunofluorescence staining: Overexpression of PITX1 in the SuHx PAH and hypoxic groups as well 
as statistical analysis. Scale bar: 50 μm. D, K Representative echocardiograms (left) and statistical analysis of PAAT (right 1), and PAVTI (right 2), 
as measured by echocardiography. E, L Right heart catheterization and the right ventricular hypertrophy index. F, G, M, N Representative images 
of H&E and Masson’s trichrome staining in the lung tissues of the modeled mice. Scale bar: 50 μm. H, O Western blot: Representative images as well 
as statistical data of NLRP3, ASC, CASP1, GSDMD-N and IL18 levels. PAAT  pulmonary artery acceleration time, PAVTI pulmonary artery velocity time 
integral, AAV AAV5, adeno-associated virus 5. All values are presented as means ± SEMs (*p < 0.05, and **p < 0.01; n ≥ 3)
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validate PITX1 overexpression, which were confirmed to 
be successful via Western blot and immunofluorescence 
staining (Fig.  3B, C, I, J). Echocardiography revealed 
significant decreases in PAAT and PAVTI in the SuHx 
PAH and hypoxic PH groups, and these decreases 
were reversed by PITX1 overexpression (Fig.  3D, K). 
Meanwhile, right heart catheterization demonstrated 
significant increase in right ventricular systolic pressure 
(RVSP) in the SuHx PAH and hypoxic PH groups, which 
were reserved by PITX1 overexpression. Similar results 
were observed for the right ventricular hypertrophy 
index ([RV/(LV + S)]) (Fig.  3E, L), indicating that the 
overexpression of PITX1 significantly ameliorated the 
right ventricular hypertrophy induced in the hypoxic 
PH and SuHx PAH mice. To assess the impact of PITX1 
on pulmonary vascular remodeling, we conducted 
hematoxylin and eosin (H&E) and Masson’s trichrome 
staining, which revealed that overexpression of PITX1 
markedly ameliorated the vascular remodeling induced 
in the SuHx PAH and hypoxic PH mouse models (Fig. 3F, 
G, M, N). Moreover, overexpression of PITX1 inhibited 
the increased levels of pyroptosis-related proteins, 
such as NLRP3, ASC, GSDMD-N, and IL-18, in the 
lung tissues of SuHx PAH mice (Fig. 3H) and mice with 
hypoxic PH (Fig.  3O). Altogether, overexpression of 
PITX1 significantly inhibited vascular remodeling and 
pyroptosis, thereby alleviating SuHx PAH and hypoxic 
PH mice.

Identification of DUSP4 as a target gene regulated by SEs
A total of 1,585 genes were upregulated under hypoxic 
conditions, as indicated by ChIP-seq (Supplementary 
Fig.  1A). Among them, 50 were highly enriched with 
H3K27ac (Supplementary Fig. 1B). Intersection of these 
datasets revealed that 14 genes were both upregulated 
under hypoxic conditions and enriched with H3K27ac 
(Supplementary Fig.  1C). Subsequent analysis of these 
14 genes via ROSE (Fig.  4A) and in the ChIP-seq data 
indicated greater H3K27ac enrichment in DUSP4 under 
hypoxic conditions than under normoxic conditions. 
JASPAR predictions revealed that the gene sequences 
in H3K27ac-enriched regions, specifically SE-DUSP4 
sequences, were highly consistent with the binding 
motifs for PITX1 (Fig. 4B). Furthermore, dual-luciferase 
reporter assay revealed significantly increased luciferase 
activity in the presence of three segments of SE-DUSP4 
compared with that in the control group (Fig.  4C). In 
addition, ChIP was performed with anti-H3K27ac, anti-
H3K4me1, and anti-PITX1 antibodies and qPCR was 
then performed with three sets of primers targeting the 
DUSP4 promoter and SE regions (Fig. 4D‒F). The results 
further confirmed that DUSP4 expression was regulated 
by a SE and was dependent on PITX1.

Upregulated expression of DUSP4 inhibited vascular 
remodeling and pyroptosis in hypoxic and SuHx mice
To verify expression and tissue localization of DUSP4 
by immunofluorescence staining, it was found to be 
located primarily in the smooth muscle layer and that 
its expression increased under hypoxic conditions 
(Fig. 5A). RT‒qPCR and Western blot revealed increased 
transcript and protein levels of DUSP4 in the lung 
tissues from hypoxic mice (Fig.  5B, C). In addition, 
PASMCs were subjected to graded hypoxia for 0, 6, 12, 
24, and 48 h, and subsequent RT‒qPCR and Western blot 
analyses confirmed that the DUSP4 mRNA and protein 
levels were increased at 12, 24, and 48 h, with the most 
significant increases at 24  h (Fig.  5D, E). In view of the 
above, DUSP4 was knocked down in SuHx PAH and 
hypoxic PH mice via intranasal infection with AAV5 
carrying DUSP4 shRNA (Fig.  5F). DUSP4 knockdown 
was confirmed by Western blot and immunofluorescence 
staining (Fig.  5G, H, N, O). Echocardiography revealed 
that DUSP4 knockdown aggravated the decreases in 
PAAT and PAVTI in both models (Fig.  5I, P). Right 
heart catheterization indicated that DUSP4 knockdown 
exacerbated the increase in RVSP, with similar results 
found for right ventricular hypertrophy index (Fig.  5J, 
Q). H&E and Masson’s trichrome staining revealed that 
DUSP4 knockdown exacerbated vascular remodeling 
compared to that in wild-type mice (Fig.  5K, L, R, S). 
Moreover, DUSP4 knockdown significantly increased 
the levels of the pyroptosis proteins NLRP3, ASC, 
GSDMD-N, and IL-1β in both models compared with 
those in the corresponding wild-type mice (Fig.  5M, 
T). Consequently, DUSP4 knockdown exacerbated 
pulmonary vascular remodeling and tissue pyroptosis in 
SuHx PAH and hypoxic PH mice.

Modulating pyroptosis by influencing DUSP4 through its 
SE
Previous analyses, including motif analysis and ChIP‒
qPCR, showed that the transcription factor PITX1 could 
bind to the promoter and three SE sequences of DUSP4. 
Accordingly, this study further investigated the impact of 
SE on the expression of DUSP4 by constructing luciferase 
reporter plasmids containing the three SE segments and 
their mutants (Fig.  6A). Dual-luciferase reporter assays 
revealed that cotransfection of PITX1 and the SE plasmid 
increased luciferase activity, whereas mutation of the 
SE significantly reduced luciferase activity (Fig.  6B). 
Cotransfection of PITX1 plasmid with the SE segments 
into PASMCs also revealed increased transcriptional and 
protein expressions of DUSP4 (Fig.  6C, D). Therefore, 
PITX1 could bind to the SE sequences of DUSP4, thereby 
increasing DUSP4 expression. To further investigate 
the impact of the DUSP4 SE on pyroptosis, we treated 
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cells with the SE inhibitors JQ1 and iBET. RT‒qPCR 
and Western blot analyses demonstrated that treatment 
with JQ1 and iBET led to decreases in the mRNA 
and protein levels of DUSP4 (Fig.  6E, F). Subsequent 
immunofluorescence staining for the pyroptosis marker 
CASP1 revealed increased percentages of CASP1-
positive cells were detected in the JQ1- and iBET-treated 
groups compared with the hypoxia group (Fig.  6G). 
Additionally, increased levels of GSDMD-N, IL-18, and 
IL-1β were observed in the JQ1 and iBET-treated groups 

compared with the hypoxia group (Fig.  6H). Therefore, 
SE of DUSP4 could regulate DUSP4 expression to induce 
pyroptosis in PASMCs.

PITX1 modulated pulmonary vascular remodeling 
and pyroptosis through DUSP4
To further explore the regulatory function of the 
PITX1/DUSP4 axis in hypoxic PH, we coinfected 
mice in the hypoxic PH model with AAV5 carrying the 
PITX1 overexpression plasmid and DUSP4 shRNA. An 

Fig. 4 Identification of DUSP4 as a target gene regulated by super-enhancers. A Analysis of the genes regulated by SEs under hypoxic conditions 
via ROSE. B ChIP-seq datasets to reveal increased levels of H3K27ac modification and the PITX1 binding sequence in DUSP4 under hypoxic 
conditions. C Dual-luciferase reporter assay: Luciferase activity of the DUSP4 promoter and three SE segments. D, E, F ChIP‒qPCR analysis: 
Performance of ChIP with anti-H3K27ac, anti-H3K4me1, and anti-PITX1 antibodies, followed by PCR with primer sequences targeting SE. Nor 
normoxic, Hyp hypoxic, NC noncoding nucleotides. All values are presented as means ± SEMs (*p < 0.05, **p < 0.01, and ***p < 0.001; n ≥ 3)
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increased trend in the PAAT/PAVTI ratio was observed 
after the overexpression of PITX1, which was prevented 
following simultaneous knockdown of DUSP4 (Fig.  7A, 
B). Right heart catheterization demonstrated that 
overexpression of PITX1 reversed the hypoxia-induced 
increase in RVSP, but this effect was diminished when 
DUSP4 was concurrently knocked down (Fig.  7C). 
H&E and Masson’s trichrome staining indicated that 
overexpression of PITX1 ameliorated but simultaneous 
knockdown of DUSP4 exacerbated pulmonary vascular 
remodeling and fibrosis (Fig.  7D, E). The levels of 
pyroptosis-related proteins increased when DUSP4 was 
knocked down concurrently with PITX1 overexpression 
(Fig.  7F). Additionally, immunofluorescence staining 
with an anti-PITX1 antibody and FISH with a DUSP4 
probe confirmed the colocalization of PITX1 and 
DUSP4 in mouse lung tissues and PASMCs (Fig.  7G, 
H). Furthermore, siRNAs were designed to knock down 
DUSP4, which was confirmed by Western blot analysis 
was performed to determine the knockdown efficiency 
(Fig.  7I). PITX1 overexpression prevented hypoxia-
induced LDH release, whereas this preventative effect 
was abolished by DUSP4 knockdown (Fig.  7J). Electron 
microscopy revealed nuclear condensation and cell 
membrane rupture under hypoxic conditions, but these 
phenomena were inhibited by PITX1 overexpression. 
However, simultaneous knockdown of DUSP4 led to 
nuclear fragmentation and cytoplasmic vacuolization, 
with visible pores and rupture of the cell membrane 
(Fig. 7K). Consistent changes in the levels of pyroptosis-
related proteins were observed (Fig.  7L). Overall, we 
conclude that PITX1 regulates pyroptosis in PASMCs 
through DUSP4.

Discussion
SEs can regulate the transcription of key genes to mediate 
the progression of many diseases. However, there are still 
relatively few studies on SEs in PAH. The present study 
has three major novel findings. First, the expression 

of PITX1 was upregulated in SuHx PAH model mice 
and mice with hypoxic PH as well as in cultured 
PASMCs exposed to hypoxic conditions. Second, 
PITX1 coordinated with SEs to regulate the expression 
of DUSP4. Third, overexpression of PITX1/DUSP4 
protected against pulmonary vascular remodeling, 
whereas their knockdown would aggravate PASMCs 
pyroptosis and promote pulmonary vascular remodeling. 
Therefore, DUSP4 expression is associated with PASMCs 
pyroptosis during PAH and that DUSP4 expression is 
regulated cooperatively by the SE and PITX1.

Pyroptosis was referred to be an inflammatory and 
programmed cell death mode first discovered in 1992 
by Zychlinsky et al., and it was primarily involved three 
signaling pathways: the classical Caspase-1 pathway, 
the non-classical Caspase-4/5/11 pathway, and the 
Caspase-3/8-mediated pathway [32]. The pyroptotic 
cells exhibit entirely different morphological and 
biochemical characteristics compared with those of 
apoptotic, autophagic, and necrotic cells. Pyroptosis 
is an inflammatory necrosis caused by the activation 
of Caspase-1 that results in the formation of pores in 
the cell membrane and destruction of its integrity, in 
turn resulting in the release of cellular contents and 
increased permeability. As a new mode of programmed 
death, pyroptosis Pyroptosis has been highly concerned 
in cancers, cardiovascular diseases, infections, and 
respiratory diseases [33–36]. Pyroptosis is closely related 
to the pathological process of tumors. Research has 
shown that Furthermore, pyroptosis plays a bidirectional 
role in tumors. On the one hand, pyroptosis reveals 
antitumor properties that can inhibit tumor cell 
growth. For instance, NLRP3 inflammasome could 
prevent the development of colon cancer [37], similar 
to AIM2 inflammasome in nasopharyngeal carcinoma 
[38]. Therefore, the formation of inflammasomes has a 
significant inhibitory effect on tumor progression. On 
the other hand, inflammatory components are produced 
during pyroptosis to activate proinflammatory cytokines, 

(See figure on next page.)
Fig. 5 Inhibition of vascular remodeling and pyroptosis in hypoxic PH and SuHx PAH mice by upregulating the expression of DUSP4. A, B 
Immunofluorescence (IF) colocalization and fluorescence intensity of DUSP4 (red) and αSMA (green), with nuclei counterstained with DAPI (blue). 
Scale bar: 50 μm. C, E Western blot: Representative images and statistical analysis of the gradient expression of DUSP4 in lung tissues and mPASMCs 
from mice subjected to hypoxia for 21 days. F Establishment of mouse models of hypoxic (10%  O2) PH and SuHx PAH, with DUSP4 knocked 
down via infection with AAV5 carrying shRNA. G, N Western blot: Representative images of the efficiency of DUSP4 knockdown in the SuHx 
PAH and hypoxic PH groups. H, O Immunofluorescence staining: Knockdown of DUSP4 and statistical analysis in the SuHx PAH and hypoxic PH 
groups. Scale bar: 50 μm. I, P Representative echocardiograms (left) as well as statistical analysis of PAAT (right 1) and PAVTI (right 2), as measured 
by echocardiography. J, Q Statistical analysis of the right ventricular pressure and right ventricular hypertrophy index. K, L, R, S Representative 
images of H&E and Masson’s trichrome staining in the lung tissue of the modeled mice. Scale bar: 50 μm. (M, T) Western blot: Representative images 
as well as statistical data of NLRP3, ASC, GSDMD-N and IL-1β levels. Nor normoxic, Hyp hypoxic, NC noncoding nucleotides, shDUSP4 shRNADUSP4, 
PAAT  pulmonary artery acceleration time, PAVTI pulmonary artery velocity time integral. All values are presented as means ± SEMs (*p < 0.05, 
**p < 0.01, and ***p < 0.001; n ≥ 3)
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Fig. 5 (See legend on previous page.)
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promote the formation of the tumor microenvironment, 
and increase tumor growth [39, 40].

At present, the functions of pyroptosis during the 
process of PAH have been revealed by many studies. 
Additionally, multiple molecular mechanisms were 
gradually clarified with the continuous development of 
PAH. For instance, RPS4X could inhibit the pyroptosis 
based on the regulation of the glycosylation of 

HSC70 [41]; Glioma-associated oncogene family zinc 
finger 1 promotes PASMC pyroptosis through ASC 
[42]; SE-regulated CircLrch3 could form an R-loop with 
the host gene Lrch3, which regulated the pyroptosis 
in PASMCs [10]; Cathepsin L induced the pyroptosis 
in PAECs by degrading BMPR2 [43]; Caspase-4/11 
modulated the TNF-α-induced pyroptosis within 
human PAECs, which showed effects on the pulmonary 

Fig. 6 Modulation of pyroptosis by influencing DUSP4 through its SE. A, B Construction of the dual-luciferase plasmid as well as statistical analysis 
of luciferase activity in mPASMCs cotransfected with PITX1 plasmid and three segments of SE-DUSP4 or corresponding mutants for 24 h. C, E RT‒
qPCR: Changes in the transcript level of DUSP4 in mPASMCs at the 24-h time point under hypoxic conditions after transfection with PITX1 plasmid 
and three segments of SE-DUSP4 after the addition of inhibitors JQ1 and iBET. D, F Western blot: Representative images as well as statistical data 
of the protein expression of DUSP4 in mPASMCs at the 24-h time point under hypoxic conditions after transfection with PITX1 plasmid and three 
segments of SE-DUSP4 after the addition of inhibitors JQ1 and iBET. G Representative images and statistical data of positive CASP1 staining. Scale 
bar: 50 μm. H Western blot: Representative images as well as statistical analysis of the protein levels of GSDMD-N, IL-1β and IL-18. Nor normoxic, Hyp 
hypoxic. All values are presented as means ± SEMs (*p < 0.05, and **p < 0.01; n ≥ 3)
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vascular dysfunction and accelerated the progression of 
PAH [21, 44]. Moreover, the circ-Calm4/miR-124-3p/
Pdcd6 axis showed significant importance within the 
hypoxia-induced pyroptosis of PASMCs [45], while 
dihydromyricetin (DMY) exhibited therapeutic effects 
on PAH by regulating the chemokine CKLF1/CC5 [46]. 
All the findings mentioned above could provide new 
insights into the deep understanding of the pathological 
mechanisms of PAH and the further exploration of the 
potential therapeutic targets. Nevertheless, the specific 
mechanisms remained to be clarified in highly malignant 
PAH due to the complex pathological process of the 
pyroptosis.

The SE region was characterized by DNA 
hypomethylation, open chromatin structures and 
transcription factor binding sites. It was found in 
previous research that the NLRP3 gene exhibited 
SE-related characteristics in monocytes and neutrophils, 
with low DNA methylation and hypersensitivity to 
DNase I. and the SE-related chromatin could up-regulate 
the expression of NLRP3. In addition, Caspase-1 
and ASC genes were similarly featured by the DNA 
hypomethylation and large amounts of SE chromatin. 
Simultaneously, the NLRP3 gene expression was 
confirmed to be regulated by SE according to these 
results. Notably, Lysine methyltransferase 2D (KMT2D, 
also known as MLL4) was able to modify, regulate, and 
enhance the expression of subregion gene by catalyzing 
the methylation of histone, and it was involved in 
physiological processes such as development and 
cell differentiation. According to the existing studies, 
KMT2D could activate the GSDMD-mediated pyroptosis 
by affecting the SE-regulated RNA-induced silencing 
complex (RISC) and DNA methyltransferase expression 
[11], in tumor cells. Additionally, SE in nucleus pulposus 
cells (NP Cells) were confirmed to show repressive effects 
on the transcription of genes related to inflammatory 
cascades and extracellular matrix remodeling (e.g., 

IL1β) [47]. It could be suggested by the above literature 
that the alterations during the SE process tended to 
indirectly regulate the expression of pyroptosis proteins 
through different pathways, which in turn influence the 
pyroptosis process. Additionally, this paper was based on 
the above foundation and aimed to add valid evidence for 
further exploration. Research has found that the hypoxia 
could up-regulate the expression of pyroptosis proteins 
Caspase-1, GSDMD-N-terminal, IL-18, and IL1β in 
PASMCs, while SE inhibitors including JQ1 and iBET 
reduced the transcription level of DUSP4 by inhibiting 
its SE activity, thereby exacerbating the pyroptosis. 
Additionally, it could confirm the fact that the changes 
in SE activity indirectly affected the pyroptosis process 
based on the regulation of the target genes. However, 
the specific changes in SE activity that directly regulated 
the pyroptosis, alongside the deep mechanisms by 
which DUSP4 regulated the pyroptosis remained to be 
clarified in further studies. Overall, our research group 
would further explore the relationship between SE and 
the pyroptosis, and more attention would be paid to the 
clarification of the impacts and mechanisms of SE activity 
alterations on the expression of PAH-related pyroptosis 
genes. With these efforts, it was expected to provide a 
theoretical basis for the prevention and treatment of 
pyroptosis in PAH through the regulation of SE activity.

Jayaprakash et  al. found that ARID1A could regulate 
DUSP4 expression via chromatin remodeling, further 
inhibiting endometrial cancer development through the 
MAPK pathway [48]. ChIP-seq analysis showed that 
compared with wild-type human endometrial epithelial 
cells, ARID1A-knockout human endometrial epithelial 
cells presented reduced enrichment of the active 
transcriptional histone marks H3K27ac and H3K9ac 
in the DUSP4 regulatory region, leading to significant 
downregulation of DUSP4 expression. However, their 
experimental results only confirmed the impact of 
ARID1A on DUSP4 enhancer, but not the SE-DUSP4. 

(See figure on next page.)
Fig. 7 PITX1 modulating pulmonary vascular remodeling and pyroptosis through DUSP4. A Establishment of a hypoxic (10%  O2) mouse model 
with overexpression of PITX1 and knockdown of DUSP4 via AAV5. B Representative echocardiogram (left) as well as statistical analysis of PAAT (right 
1) and PAVTI (right 2). C Statistical analysis of right ventricular pressure and right ventricular hypertrophy index. D, E Representative images of H&E 
and Masson’s trichrome staining in the lung tissue of the modeled mice. Scale bar: 50 μm. F Western blot: Representative images as well as statistical 
analysis of NLRP3, ASC, CASP1, GSDMD-N and IL-1β levels. G, H Immunofluorescence staining of PITX1 (red) with an antibody and DUSP4 (green) 
with fluorescence in situ hybridization (FISH) probes to demonstrate their colocalization in the lung tissues and mPASMCs of mice. Nuclei were 
counterstained with DAPI (blue). Scale bars: 25 μm, and 100 μm. I Western blot: Representative image showing the interference efficiency 
of siDUSP4. J LDH assay: Determination of the number of dead mPASMCs by quantifying the amount of LDH released from the membrane 
of damaged cells. K SEM: Morphological observation of nuclear, cytoplasmic, and membrane integrity as well as pore formation following PITX1 
overexpression combined with DUSP4 knockdown, compared with those under hypoxic conditions and with PITX1 overexpression alone. Scale 
bar: 5 μm. L Western blot: Representative images as well as statistical data of CASP1, GSDMD-N, IL-1β, and IL-18 levels. PAAT  pulmonary artery 
acceleration time, PAVTI pulmonary artery velocity time integral, Nor normoxic, Hyp hypoxic, NC noncoding nucleotides, shDUSP4 shRNADUSP4, AAV 
AAV5, adeno-associated virus 5. All values are presented as means ± SEMs (*p < 0.05, and **p < 0.01; n ≥ 3)



Page 15 of 20Zhang et al. Respiratory Research          (2025) 26:149  

Fig. 7 (See legend on previous page.)
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Notably in our study, the SE sequences involved in the 
transcriptional regulation of DUSP4 were identified 
and distinguished via ChIP-seq with an anti-H3K27ac 
antibody. The molecular mechanism of the SE in DUSP4 
transcriptional regulation was fully revealed via a dual-
luciferase reporter assay (Figs. 4 and 6).

Abnormal DUSP4 expression, showing relationship 
with the regulation of various transcription factors, has 
been implicated in the pathogenesis of many diseases. 
For example, CTCF, STAT3, YY1 and other transcription 
factors can regulate the transcriptional events of 
DUSP4 in a promoter-specific manner [49]. Moreover, 
DUSP4 transcription can also be regulated by other 
transcription factors, e.g., p53 [50], E2F1 [51], and ETS1 
[52]. Moreover, the above findings confirmed that the 
abnormal expression of DUSP4 in the context of disease 
is related to these transcription factors. Via ALGGEN-
PROMO, AnimalTFDB, JASPAR and other databases, 
we predicted that the transcription factor PITX1 has 
binding sites in both the promoter and SE sequences 
of DUSP4. ChIP‒qPCR analysis and dual-luciferase 
reporter assays further confirmed the effect of PITX1 
on DUSP4 transcriptional activity. Therefore, PITX1 can 
be regarded as a novel transcription factor to regulate 
DUSP4 expression.

Furthermore, DUSP4 can affect disease course by 
inhibiting the activation of ERK, JNK, and p38-MAPK 

signaling pathways. For example, DUSP4 promoter 
methylation and low DUSP4 expression led to inactivated 
Ras/MAPK pathway, promoting the proliferation and 
anticancer drug resistance of breast cancer cells [53]. 
DUSP4 could also regulate ERK signaling to prevent 
acute lung injury in pulmonary microvascular endothelial 
cells [27]. Besides, DUSP4 deficiency could mediate 
lenvatinib resistance by activating the MAPK/ERK 
signaling pathway [54]. More importantly, our previous 
studies confirmed that the ERK, JNK and p38-MAPK 
signaling pathways play important regulatory roles in 
the proliferation of PASMCs and pulmonary artery 
endothelial cells (PAECs) and in pulmonary vascular 
remodeling [55, 56]. MAPK also plays a key role in the 
new pathological process of pyroptosis. In addition, 
JNK in the MAPK signaling pathway would support 
inflammasome-mediated IL-1β secretion and pyroptosis 
in human macrophages [57].

According to prior research, MAPK signaling is a 
contributor of pyroptosis and PAH [21, 44]. Therefore, the 
present study continued to speculate that DUSP4 might 
exert an inhibitory role on the pyroptosis of PASMCs by 
inactivating MAPK signaling pathway. We carried out 
AAV5-mediated shRNA transduction to reduce DUSP4 
expression in both the hypoxic PH model and SuHx PAH 
model and found that DUSP4 expression decreased; as 
well as increased RVSP, the right ventricular hypertrophy 

Fig. 8 Model of the regulation of pyroptosis by PITX1 via DUSP4 in PAH. In this model, PITX1 promotes the expression of DUSP4 by binding 
to SE-DUSP4 and affects pyroptosis in pulmonary arterial smooth muscle cells and pulmonary vascular remodeling. PITX1 = Paired-like 
homeodomain transcription factor 1; DUSP4 = Dual-specificity phosphatase 4; and RNP II = RNA polymerase II



Page 17 of 20Zhang et al. Respiratory Research          (2025) 26:149  

index, the PAAT/PAVTI ratio and pulmonary vascular 
remodeling, and pulmonary vascular cell pyroptosis. 
However, in view of the preliminary research, further 
investigation is needed to decipher the mechanism by 
which DUSP4 affects pulmonary vascular cell pyroptosis 
through the MAPK pathway.

PITX1 is a highly conserved homeobox gene with 
varied expressions and functions that has been 
extensively studied in various tumors. PITX1 has been 
reported to be a tumor suppressor whose expression is 
reduced in esophageal squamous cell carcinoma, rectal 
cancer, and melanoma [58–60]. However, the expression 
of PITX1 was upregulated in breast cancer and lung 
cancer, which was associated with poor prognosis 
[61, 62]. This difference may be largely attributed to 
differences in the tumor microenvironment or cell lines. 
The results of the present study confirmed that the 
expression of PITX1 was upregulated under hypoxic 
conditions. Reduction of PITX1 expression in  vitro 
could increase pyroptosis in hypoxic PASMCs, whereas 
exogenous PITX1 supplementation reversed hypoxia-
induced increase in the pyroptosis of PASMCs. Moreover, 
the overexpression of PITX1 via AAV5 alleviated 
the increase in right ventricular pressure, the right 
ventricular hypertrophy index and PASMCs pyroptosis, 
restored the PAAT/PAVTI ratio; and reduced the degree 
of pulmonary vascular remodeling in both SuHx PAH 
and hypoxic PH mice. Numerous factors are released in 
response to external stimuli in vivo. Studies in myocardial 
diseases have shown the activation or upregulation 
of some protective factors in the myocardium in 
response to external stimuli. The expression of Heat 
shock factor 1 (HSF1), a transcription factor, was 
upregulated in palmitic acid-induced myocardial injury, 
and overexpression of HSF1 ameliorated myocardial 
injury [63]. In addition, the expression of DNA 
methyltransferase3b (DNMT3b), a protective factor 
for hypoxia-induced pulmonary vascular remodeling, 
was increased under hypoxic conditions but not under 
normoxic conditions, which retarded the development 
of PAH [64]. On the basis of the above theoretical and 
experimental results, we believe that the upregulation 
of PITX1 may be a protective response in pulmonary 
vessels stimulated by hypoxia.

So far, there is still insufficient data on SEs in PAH, 
despite existing evidence to support the involvement 
of SEs in pulmonary vascular remodeling during PH 
by affecting the pyroptosis pathway. Innovatively, the 
present study discovers that the epigenetic regulation 
of DUSP4 by PITX1 and the SE may interfere with 
the pyroptosis of PASMCs and pulmonary vascular 
remodeling, which may provide favorable reference for 
the prevention and treatment of PAH.

Conclusions
In summary, PITX1 can promote DUSP4 expression 
by binding to the promoter and SE of DUSP4, which 
may reduce the pyroptosis of PASMCs during hypoxia, 
eventually affecting vascular remodeling and regulating 
pyroptosis-related pathology through the PITX1-SE-
DUSP4 axis in PAH (Fig. 8).
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