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Abstract
Impact Statement

Pulmonary hypertension (PH) is a prevalent cardio-
vascular disease that affects over 100 million people
globally. Early diagnosis and timely treatment of PH
are critical. Current treatment mainly relieves symp-
toms but cannot reverse pulmonary vascular recon-
struction. PH has a complex and little understood
pathogenesis, and research is needed to identify
genetic biomarkers that can be used for effective
targeted therapy. To achieve this, we used data from
the Gene Expression Omnibus database to perform
weighted gene co-expression network analysis and
identified eight PH hub genes (DDB1, EFTUD2,
mTOR, PSMD2, RBM8A, SMARCA4, TARDBP,
and UBXN7) with diagnostic and predictive value,
which were mainly correlated with macrophages.
TARDBP had the best diagnostic potential. We vali-
dated these findings using animal experiments. This
study illustrates the pathogenesis of PH and pro-
vides new insights that may be utilized to discover
possible biomarker genes and treatment targets.

Pulmonary hypertension (PH) is a cardiopulmonary vascular disease that acutely
endangers human health and can be fatal. It progresses rapidly and has a high
mortality rate. Its pathophysiology is complicated and still not completely elucidated;
therefore, achieving treatment breakthroughs are difficult. In this study, data from
58 normal controls and 135 patients with PH were extracted from the GSE24988,
GSE113439, and GSE117261 datasets in the Gene Expression Omnibus (GEO)
database and screened for differentially expressed genes (DEGs). In addition,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed. Weighted gene co-expression
network analysis (WGCNA) was used to identify the key modules and hub genes
associated with PH. Eight PH-associated hub genes were identified. Furthermore,
correlation analysis between immune cell infiltration and hub genes was performed,
and the receiver operating characteristic (ROC) curves showed that TARDBP
had the best diagnostic efficacy. Moreover, a rat hypoxic pulmonary hypertension
(HPH) model was generated, and the expression of hub genes in the lungs and
pulmonary arteries of HPH rats was verified using western blotting assays. Our
results showed that mTOR, PSMD2, RBM8A, SMARCA4, TARDBP, and UBXN7
were highly expressed in the lungs. In addition, EFTUD2, mTOR, RBMS8A,
SMARCA4, TARDBP, and UBXN7 were significantly upregulated, whereas DDB1
was significantly downregulated in the pulmonary arteries of HPH rats compared
with those of controls. In conclusion, we identified PH hub genes with diagnostic

and predictive value by performing WGCNA on data from the GEO database. Furthermore, we provided novel insights of PH that
might be utilized to evaluate potential biomarker genes and therapeutic targets.
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Introduction

Pulmonary hypertension (PH) is a common cardiovascular
illness associated with high pulmonary vascular pressure,
pulmonary arteriole contraction, and pulmonary vascular
remodeling.! Aggravation of the disease can cause right
heart failure or even death. There are approximately 100
million patients with PH globally, and the disease has an
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incidence rate of 0.015.2 and a survival rate of 61.2% over
5 years.? Due to continuous improvements in diagnosis
and follow-up strategies, patients can now benefit from
treatment measures. However, even with regular treatment,
patient mortality is still only 38-63%.* Early diagnosis and
timely treatment may prevent or reverse the progression of
the disease. Considering that more than 140 million people
live in altitudes higher than 2500 m above sea level around

Experimental Biology and Medicine 2023; 248: 217-231


mailto:cuisen4366@yeah.net

218 Experimental Biology and Medicine

the world today,® the complications caused by exposure in
plateau areas constitute a huge public health burden. When
the human body is exposed to hypobaric and hypoxic envi-
ronments for a long time, the functions of various organs
become disordered, and a series of pathophysiological
changes occur in the cardiovascular system, including pul-
monary vasoconstriction, reconstruction, and increased
vascular resistance, causing functional and organic changes
in pulmonary arterioles and resulting in hypoxic pulmo-
nary hypertension (HPH).® PH has a complex pathogenesis.
Pulmonary vascular remodeling is the main factor and is
associated with endothelial cell dysfunction, inflammation,
immune response, and germline mutation.”8 The pathogen-
esis of PH is currently unclear, therefore, it is imperative
to identify the key PH target genes, explore their function
and molecular mechanism, and develop relevant targeted
drugs.

Gene Expression Omnibus (GEO) is the largest and most
comprehensive resource for gene expression data. Weighted
gene co-expression network analysis (WGCNA) can divide
the gene co-expression network into numerous highly cor-
related feature modules, it links modules with certain clini-
cal characteristics to find genes with important functions
and helps identify potential mechanisms underlying specific
biological processes (BPs).? Differentially expressed genes
(DEGs) are often analyzed when studying diseases. DEG
analysis uses genomic data to identify genes associated with
diseases. This study combined WGCNA with standardized
analysis of DEGs to identify the most relevant PH modules.
Hub genes with diagnostic and predictive value were also
identified, providing new insights for identifying candidate
biomarker genes and therapeutic targets.

Three PH datasets were selected for analysis from the
GEO database and DEGs were identified in patients with
PH. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were
implemented on the DEGs. WGCNA was used to screen for
key modules linked to the disease phenotype, and protein—
protein interaction (PPI) networks were utilized to find hub
genes. The correlation between hub genes and immune cell
infiltration was investigated. Finally, a rat HPH model was
constructed, and the accuracy of the bioinformatic analysis
was verified using western blotting analysis.

Materials and methods
Data analysis

The GSE24988, GSE113439, and GSE117261 datasets were
selected from the GEO database (https:/ /www.ncbinlm.nih.
gov/gds/). Human gene expression profiles were obtained
from data in the three datasets. The GSE24988 dataset has
17 patients with severe PH, 45 patients with moderate PH,
and 22 normal controls (NCs); the GSE113439 dataset has 15
patients with PH and 11 NCs; and the GSE117261 dataset
has 58 patients with PH and 25 NCs. We used the “limma”
package based on R software (version 4.1.1) to identify genes
that showed differential expression between PH and NCs in
the three datasets (P <0.05 and |log2 fold change (FC) | >0).
DEGs were visualized using volcano plots. Intersections
between DEGs in GSE24988, GSE113439, and GSE117261
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datasets were determined using Venn diagrams (https://
bioinformatics.psb.ugent.be/webtools/Venn/). Genes that
were upregulated or downregulated in at least two datasets
were chosen for further investigation.

Functional enrichment analysis of DEGs

We used the R software package “clusterProfiler” to ana-
lyze the functional enrichment of DEGs, and genes that were
differentially expressed in PH were functionally annotated
using enriched GO terms associated with BPs.!? KEGG anal-
ysis identified important pathways of gene enrichment,!
and networks of molecular interactions and relationships
were constructed.

Screening key modules associated with
disease phenotypes using WGCNA

The R package “WGCNA” was used to divide the gene net-
work into different modules based on expression similarities
to identify hub genes. Using intersection genes identified
in the GSE117261 dataset, samples were clustered to iden-
tify outliers using an appropriate soft threshold (=4) that
was chosen to ensure the best fit to a scale-free network.
Correlations between input genes were calculated, a simi-
larity matrix was constructed, and average link hierarchical
clustering was performed based on the obtained dissimi-
larity matrix. Module genes associated with PH were then
identified and their correlation with clinical features was
measured. Functional modules in the co-expression network
were further investigated by correlating module features
with clinical features. For following investigation, modules
that were closely related to clinical characteristics were cho-
sen. Heatmaps were created using the R software package
“gegplot2.” KEGG analysis of key modules (MEblue module
and MEbrown module) was performed using the “cluster-
Profiler” package.

PPI network construction and hub gene
identification

The string database (https://string-db.org/) was used to
analyze the relationship between gene interactions.!? Key
modules were combined to build a PPI network between
DEGs, and the interaction between protein functions was
analyzed. The Cytohubba plugin in the Cytoscape software
(version 3.8.2) was employed to find hub genes. Five algo-
rithms (betweenness, closeness, degree, radiance, and stress)
were employed to locate the top 15 hub genes and to analyze
the intersections between the hub genes. Eight hub genes in
all were identified. Correlations between the eight hub genes
were analyzed using data from 58 patients with PH in the
GSE117261 dataset.

Correlation between hub genes and immune cell
infiltration

The R software package “cibersoft” was used to evaluate
the degree of immune cell infiltration in 58 PH tissues in the
GSE117261 dataset. Hub genes were investigated for associa-
tions with immune cell infiltration, and significant correla-
tions (P < 0.05) were plotted using the “ggplot2” package.
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Correlation analysis and diagnostic efficacy
of hub genes

The correlation analysis between hub genes and all genes was
determined using data from 58 PH tissues in the GSE117261
dataset. Single-gene gene set enrichment analysis (GSEA)
was implemented based on the Reactome pathway using
the “clusterProfiler” package. Receiver operating character-
istic (ROC) curves showed diagnostic efficacies of eight hub
genes in the three datasets.

Construction of a rat model of HPH

The Animal Protection and Ethics Committee of the Affiliated
Hospital of Qinghai University authorized this study
(approval number SL-2022-059). Healthy male Sprague-
Dawley (SD; mean body weight: 160 = 20 g) rats were used in
the experiment and were provided by Beijing Weitong Lihua
Laboratory Animal Technology Co., Ltd (Beijing, China). A
total of 16 rats were separated into two groups (HPH and
control) at random. The HPH rat model was established
as previously described,® and rats in the HPH group were
bred continuously for 4 weeks in a hypobaric and hypoxic
chamber (DYC-300, Guizhou Feng Lei Oxygen Chamber Co.,
Ltd., Guizhou, China) equivalent to 4500 m above sea level.
Right heart catheterization was performed to measure the
mean pulmonary artery pressure (mPAP), and the rats were
weighed and anesthetized with 1% pentobarbital sodium
at 40mg/kg body weight. Then, a 16-channel physiological
recorder (MP150, Biopac Systems, Inc., USA), and an irri-
gated PE-10 catheter (0.28 mm, BPE-T10, Solomon, USA)
with 0.1% heparin were connected. The rats were fixed, the
external jugular vein was exposed and distally ligated, and
the proximal end was clamped with a hemostatic clip. The
PE-10 catheter was placed at the same level as the heart, a
small opening was cut, and the catheter was gently placed
into the heart chamber, the PE-10 catheter was rotated to
make it enter the pulmonary artery, and observed whether
it was a PAP waveform. The PE-10 catheter was quickly
secured, and the waveform was observed and recorded
using the 16-channel physiological recorder. Next, the rats
were euthanized through cervical dislocation, their hearts
were extracted and weighed, the right ventricular (RV) free
wall and the left ventricle with interventricular septum
(LV +S) was separated and weighed, and RV/(LV +S) was
calculated to obtain the right ventricular hypertrophy index
(RVHI). The right ventricular mass index (RVMI) was calcu-
lated as follows: right ventricular weight/body weight (RV/
BW). Rat pulmonary arteries and lung tissues were extracted
and immediately stored in liquid nitrogen.

Western blotting

Total protein was extracted from pulmonary arteries and
lung tissues. Protein concentration was measured using
the bicinchoninic acid (BCA) method. Beta III Tubulin (Cat.
No. ab53623), GAPDH (Cat No. ab8245), TARDBP (Cat. No.
ab133547), SMARCA4 (Cat. No. ab110641), PSMD2 (Cat.
No. ab26078), mTOR (Cat. No. ab32028), EFTUD2 (Cat.
No. ab188327), DDB1 (Cat. No. ab97522), and Y14 (Cat.
No. ab229573) antibodies (diluted 1: 1000) were supplied
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by Abcam (Cambridge, MA, USA). UBXNY7 antibody (Cat.
No. NBP2-47589; diluted 1: 1000) was obtained from Novus
Biologicals (Littleton, CO, USA). Image | software was used
to calculate relative protein expression.

Statistical analysis

For statistical analysis, SPSS 26.0 was utilized. The data are
presented as mean = standard deviation, and P <0.05 was
considered statistically significant.

Results
Identification of DEGs

PH was taken as the case group in the differential expression
analysis. We identified 2741 upregulated and 3093 down-
regulated genes in the GSE24988 dataset (Figure 1(A)), and
5207 upregulated and 8040 downregulated genes in the
GSE113439 dataset (Figure 1(B)), and 250 upregulated and
426 downregulated genes in the GSE117261 dataset (Figure
1(C)). Volcano plots were generated for all genes. A total
of 456 genes that were simultaneously upregulated (Figure
1(D)) and 1073 genes that were simultaneously downregu-
lated (Figure 1(E)) in at least two datasets were selected for
subsequent analysis.

DEGs functional enrichment analysis

GO functional annotation results showed that DEGs were
primarily associated with RNA splicing, pattern specifi-
cation, regionalization, anterior/posterior pattern speci-
fication, transesterification reactions, and localization of
protein-containing complexes (Figure 2(A)). KEGG path-
way enrichment analysis demonstrated that the DEGs were
primarily involved in human immunodeficiency virus 1
infection, herpes simplex virus 1 infection, maturity onset
diabetes of the young, ubiquitin-mediated proteolysis, and
cAMP signaling pathway (Figure 2(B)). This shows that PH
is associated with complex BPs and is regulated via multiple
pathways.

Screening key modules associated with disease
phenotypes using WGCNA

WGCNA was used to identify gene modules that were sub-
stantially linked with PH. Hierarchical clustering was per-
formed to detect outliers and determine optimal weighting
coefficient (=4, R2=0.9; Figure 3(A) to (C)). The cluster den-
drogram of the modules is presented in Figure 3(D). Gene
expression similarity was evaluated based on topological
overlap matrix (TOM), and the co-expression module was
constructed. Correlations between key modules and clini-
cal features were measured by determining the correlation
between clinical features and each color module. MEblue
module (r=-0.38, P=3E-04) and MEbrown module (r=0.29,
P=0.007) had the highest correlation with PH. Therefore, the
genes in these two modules were chosen for further inves-
tigation (Figure 4(A)). However, there was no correlation
between sex and either module, indicating that sex has little
influence on PH. A heatmap was used to visualize similari-
ties between gene expression; the higher the similarity, the
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Figure 1. Identification of genes that are differentially expressed between pulmonary hypertension (PH) and normal control (NC) samples. Volcano plots of
differentially expressed genes (DEGs) in (A) GSE24988, (B) GSE113439, and (C) GSE117261 datasets in the gene expression omnibus database. Dark red

color indicates elevated genes, light red indicates downregulated genes, and black indicates genes whose expression was not significant. (D) The intersection of
upregulated genes is depicted by a Venn diagram in the differential expression analysis. (E) The intersection of downregulated genes is depicted by a Venn diagram in
the differential expression analysis.
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Figure 2. Enrichment analysis of differentially expressed genes (DEGs). (A) Top 20 enriched GO terms in biological process (BP). (B) Top 20 KEGG pathway
enrichment analysis results.
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Figure 3. Sample clustering and network creation of weighted co-expressed genes. (A) Distribution of samples and clinical characteristics. (B) and (C) Analysis

of scale-free topological fit index and connectivity. Soft threshold powers (=4, R2=0.9) were selected to ensure the best fit to a scale-free network. (D) Cluster
dendrogram. Gene expression similarity was evaluated based on topological overlap matrix (TOM). Different colors represent different co-expression modules and one
branch represents one gene.
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Figure 5. Correlations between key modules and clinical characteristics of NC and PH. (A) Correlation between MEblue module genes and normal control character.
(B) Correlation between MEbrown module genes and normal control character. (C) Correlation between MEblue module genes and pulmonary hypertension
character. (D) Correlation between MEbrown module gene and pulmonary hypertension character.

brighter the color (Figure 4(B)). Correlations between key
modules and clinical characteristics of NC and PH were also
demonstrated (Figure 5(A) to (D)).

Enrichment analysis of key modules

KEGG analysis was conducted using genes in MEblue and
MEbrown modules, and the main pathways involved in PH
were identified. Analysis of MEblue module (Figure 6(A))
showed that Fc epsilon RI signaling pathway, hepatocel-
lular carcinoma, neurodegeneration pathways (associated
with multiple diseases), and repair of nucleotide excision
are involved in PH. Analysis of the MEbrown module
(Figure 6(B)) showed that herpes simplex virus 1 infection,

human immunodeficiency virus 1 infection, spliceosome,
and nucleocytoplasmic transport are involved in PH.
Merging MEblue and MEbrown modules for KEGG path-
way enrichment analysis (Figure 6(C)) revealed that human
immunodeficiency virus 1 infection, herpes simplex virus
1 infection, spliceosome, yersinia infection, and ubiquitin-
mediated proteolysis are involved in PH.

PPI network construction and hub genes
identification

A PPI network was created by combining MEblue and
MEbrown modules. Cytoscape software was used to display
the network. Top 15 hub genes were determined using five
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Figure 6. Analysis of the enrichment of key module genes and identification of hub genes. (A) Analysis of enriched KEGG pathways associated with MEblue module
genes. (B) Analysis of enriched KEGG pathways associated with MEbrown module genes. (C) Analysis of enriched KEGG pathways in both MEblue and MEbrown
modules. (D) Intersection of the hub genes screened using the five algorithms (betweenness, closeness, degree, radiance, and stress). A total of eight hub genes
were obtained.



226 Experimental Biology and Medicine

algorithms, and genes in the intersection were confirmed.
The intersection of the hub genes screened using the five
algorithms identified a total of eight hub genes (Figure 6(D)).

Correlation between hub genes and immune cell
infiltration

Correlations among eight hub genes (DDB1, EFTUD?2,
mTOR, PSMD2, RBM8A, SMARCA4, TARDBP, and UBXN?7)
were measured using data from 58 patients with PH in the
GSE117261 dataset (Figure 7(A)). The infiltration level of
immune cells was evaluated using data from 58 PH tissues
using GSE117261 dataset (Supplementary Tables 1 to 8).
Seven hub genes (DDB1, EFTUD2, mTOR, PSMD2, RBMSA,
SMARCA4, and UBXN7Y) were correlated with immune cell
infiltration (P <0.05). DDB1 was positively correlated with
MO macrophages (r=0.417, P=0.001) and M1 macrophages
(r=0.335, P=0.013), EFTUD?2 was positively correlated with
MO macrophages (r=0.324, P=0.001) and M1 macrophages
(r=0.269, P=0.041), mTOR was positively correlated with
M1 macrophages (r=0.474, P <0.001), PSMD2 was posi-
tively correlated with M1 macrophages (r=0.260, P=0.048)
and negatively correlated with mast cells resting (r=-0.430,
P <0.001), RBMSA was negatively correlated with MO mac-
rophages (r=-0.354, P=0.006), SMARCA4 was positively
correlated with MO macrophages (r=0.459, P<0.001) and
negatively correlated with CD8T cells (r=-0.304, P=0.02),
and UBXN7 was positively correlated with resting CD4
memory T cells (r=0.261, P <0.05) and negatively corre-
lated with MO macrophages (r=-0.457, P <0.001). These
results show that the hub genes are generally associated with
macrophages.

Analysis of correlation and diagnostic efficacy of
hub genes

Correlations between the eight hub genes (DDB1, EFTUD?,
mTOR, PSMD2, RBM8A, SMARCA4, TARDBP, and UBXN?7)
and all genes were performed using data from 58 PH tis-
sues in the GSE117261 dataset, and the heatmaps showing
the expression of top 50 genes positively correlated with
each hub gene were plotted (Supplementary Figures 1 to
8). Based on the results of the correlation analyses and the
reactome pathway, single-gene GSEA was conducted, and
the top 20 results were selected (Supplementary Figures 9
to 16). DDB1, PSMD?2, EFTUD?2, and mTOR were primarily
associated with signal transduction, the immune system,
metabolism of proteins, and metabolism. RBM8A was mainly
involved in metabolism, cell cycle, and sensory perception.
SMARCA4 was associated with disease, signaling through
receiver tyrosine kinases, and cellular responses to stress.
TARDBP was mainly associated with gene expression (tran-
scription), RNA polymerase II transcription, and MHC class
I-mediated antigen processing and presentation. UBXN7
mainly participated in signal transduction, generic transcrip-
tion pathway, and signaling by Rho GTPases, Miro GTPases,
and RHOBTB3. Furthermore, the area under the ROC curve
(AUC) of the three datasets was determined (Figure 7(B) to
(D)): DDB1 (AUC=0.651), EFTUD2 (AUC=0.599), mTOR
(AUC=0.698), PSMD2 (AUC =0.654), RBMSA (AUC =0.686),
SMARCA4 (AUC=0.631), TARDBP (AUC=0.818), and
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UBXN7 (AUC=0.739). TARDBP had the best diagnostic effi-
cacy, and we postulate that it may be a key player in the
development of PH.

Construction of an HPH rat model and validation of
hub genes

After the rats were bred continuously for 4 weeks in a hypo-
baric and hypoxic chamber, we found that mPAP (Figure
8(A)), RV/BW (Figure 8(B)), and RV/[LV + S] (Figure 8(C))
values were significantly higher in HPH rats than in control
rats. Western blotting assays showed that in comparison to
the lungs of controls, those of HPH rats highly expressed
mTOR, PSMD2, RBM8A, SMARCA4, TARDBP, and UBXN7
(Figure 8(D) and (E)). In addition, compared with the pulmo-
nary arteries of controls, those of HPH rats exhibited signifi-
cantly upregulated expression of EFTUD2, mTOR, RBM8A,
SMARCA4, TARDBP, and UBXN7 and significantly down-
regulated expression of DDBI (Figure 8(F) and (G)).

Discussion

PH progresses rapidly and has a high mortality. However, its
pathogenesis is not fully understood. The current treatment
is mainly aimed at alleviating symptoms but cannot reverse
pulmonary vascular remodeling. Therefore, research on PH
pathogenesis and effective targeted therapy is required.

We used three datasets in the GEO database to screen
DEGs between 135 patients with PH and 58 NCs. We
combined WGCNA with standardized analysis of DEGs,
obtained modules that were most relevant to PH, and ana-
lyzed the correlation between key modules and clinical
features. MEblue and MEbrown modules had the highest
correlation with PH, and eight hub genes were identified.
ROC analysis showed that TARDBP had the best diagnos-
tic efficacy. Finally, a rat HPH model was constructed, and
validation experiments based on western blotting analysis
showed that mTOR, PSMD2, RBM8A, SMARCA4, TARDBP,
and UBXN7 were highly expressed in the lungs. In addition,
EFTUD2, mTOR, RBM8A, SMARCA4, TARDBP, and UBXN7
were significantly upregulated, whereas DDB1 was signifi-
cantly downregulated in the pulmonary arteries. The expres-
sion of these hub genes differed between tissues, which is
consistent with the fact that the structural and functional
differences between pulmonary artery and lung tissue may
cause them to respond differentially to hypoxic stimulation,
showing different pathophysiological processes in the for-
mation of HPH. Therefore, the same gene functions differ-
ently in different cells. We found that seven hub genes (all
except TARDBP) were generally correlated with MO and M1
macrophages. Mast cells, CD8T cells, and resting memory
CDAT cells were also implicated in the regulation of PH.
Several investigations have found that the immune system
is linked to pulmonary vascular remodeling.!314

DEGs in PH regulate many pathways, including human
immunodeficiency virus 1 infection, herpes simplex virus
1 infection, maturity onset diabetes in young people, ubig-
uitin-mediated protection, and cAMP signaling. Human
immunodeficiency virus 1 infection affects the epigenetic
reprogramming of host cells and adjacent immune cells
through cell proliferation, differentiation, and survival and is
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Figure 7. Correlation analysis and the diagnostic efficacies of eight hub genes. (A) Correlation analysis of hub genes. The red line shows positive correlations,
whereas the green line shows negative correlations; the darker the hue, the greater the correlation. (B to D) Receiver operating characteristic (ROC) curves showing
the diagnostic efficacies of eight hub genes in the three datasets: (B) GSE24988, (C) GSE113439, and (D) GSE117261.

associated with premature cell aging and abnormal immune
responses.'> Several studies have shown that inflammation
and autoimmunity are correlated with PH.'%!” Herpes sim-
plex virus 1 infection initiates inflammation and immune
responses. The increased activation of inflammasomes leads
to overproduction of pro-inflammatory factors, further

accelerating the remodeling of pulmonary vessels. For PH
secondary to left heart disease, diabetes is known to be an
independent risk factor.!81” It has been postulated that the
regulation of ubiquitination is a factor in pulmonary vascu-
lar remodeling in PH.20 In human pulmonary microvascular
endothelial cells, E3 ubiquitin ligase regulates the function
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*P <0.05, **P <0.01 versus control; n=8.



of pulmonary artery endothelial cells.?! Both patients with
PH and HPH model mice have high levels of cAMP in their
lungs. Inhibition of the cAMP pathway aggravates pulmo-
nary vascular remodeling in HPH rats. However, infusion
of exogenous cAMP into HPH rat models can prevent and
reverse HPH-related pulmonary and cardiac remodeling.??
Thus, PH pathogenesis is complex and involves multiple
pathways.

The protein encoded by DDBI is a heterodimeric DNA
damage-binding (DDB) complex involved in protein ubig-
uitination. It is involved in many regulatory processes,
including transcription,?® embryonic development,? regula-
tion of cell proliferation,? and phosphorylation and post-
translational modification.? It also mediates different types
of ubiquitination reactions.?”” The role of DDB1 in PH has
not been previously studied, and more research is needed to
determine how it works.

EFTUD? plays a role in proliferation, differentiation, and
cell cycle of hepatoma cells?® and osteoblasts.? It also reg-
ulates apoptosis in breast cancer cells® and inflammatory
responses in murine colon cancer cells.’! However, the func-
tion of EFTUD?2 in PH requires further interventions.

mTOR regulates cell proliferation and the cell cycle.®
Activation of the mTOR pathway leads to pulmonary vas-
cular remodeling in PH mice models.? Inhibition of mTOR
phosphorylation reduces pulmonary artery smooth muscle
cell proliferation.3*

PSMD?2, also known as 26S proteasome, is involved in
the cell cycle, apoptosis, repair of DNA damage, and main-
tenance of protein homeostasis.>> PSMD?2 regulates cell pro-
liferation and participates in cell cycle progression in breast
cancer’® and hepatocellular carcinoma.?” In a previous study,
PSMD?2 was highly expressed in lung tissue extracted from
a PH rat model.® This is consistent with our findings and
suggests that PSMD2 may participate in cell proliferation,
survival, and metastasis.

RBMS8A (or Y14) is essential for maintaining a variety of
mRNA functions. RBM8A is abnormally expressed in many
cancer cells.340 It regulates the proliferation and differentia-
tion of neural progenitor cells and regulates the apoptosis of
Ab549 cells.*142 To understand the function of RBM8A in PH,
more investigations are needed.

SMARCA4 (or BRGI) is associated with the pathogenic
process of maintaining vascular homeostasis and stress.
BRG1 was highly expressed in human endothelial cells
stimulated by hypoxic conditions and in pulmonary arter-
ies of HPH mice. It regulates cell adhesion molecules in
endothelial cells, causing endothelial dysfunction and HPH
progression.** BRG1 participates in the transactivation of
human vascular endothelial cells under hypoxic condi-
tions by affecting histone modification, which may be one
of the reasons for the continuous vasoconstriction observed
in patients with HPH. The effect of BRGI on HPH-derived
endothelial cells has been confirmed.*3 Therefore, targeting
BRGI1 is a potential new strategy for HPH treatment.

TARDBP, also called TDP-43, is a developmentally regu-
lated nuclear protein.* It is involved in mRNA stabilization
and mRNA transport and translation.*> TARDBP has been
studied in various neurodegenerative diseases,***” includ-
ing amyotrophic lateral sclerosis.*® TARDBP protein lesions
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induce damage to the ubiquitin proteasome, resulting in
intracellular ubiquitin-positive inclusions in neurons.* In
HelLa cells, RNA interference of TDP-43 substantially reduced
cell proliferation, increased apoptosis, and dysregulated
the cell cycle. TDP-43 overexpression resulted in excessive
proliferation of human embryonic kidney 293T (HEK293T)
cells, impaired cellular structural integrity, and increased cell
membrane permeability.> However, it still remains unclear
whether TDP-43 contributes to the regulation of PH.

As a co-factor protein, UBXN7 can interact with various
proteins, and its expression is upregulated in lung squa-
mous cell carcinomas.5! UBXN7 regulates HIF-1a, glycoly-
sis, and oxidative phosphorylation levels under hypoxia.5?
Moreover, as HIF-1a is highly expressed in the lungs of HPH
mice, our subsequent research will concentrate on inves-
tigating the regulatory relationship between UBXN7 and
HIF-1o in HPH.

This study had some limitations. First, we only verified
the expression of the identified hub genes in an HPH rat
model; however, their expression in other types of PH and
human tissues largely remain unclear. Second, this study
was mostly descriptive and did not explore the mechanism
underlying PH. We plan on exploring the involvement of PH
hub genes in follow-up experiments.

In conclusion, this research used WGCNA to identify
PH hub genes. Verification experiments showed that DDB1,
mTOR, PSMD2, REM8A, SMARCA4, EFTUD2, TARDBP, and
UBXN7 may be critical genes in the onset and progression of
HPH. Our findings provide theoretical guidance for future
PH studies and may assist in the development of novel ther-
apies against PH.
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