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ABSTRACT: High pressure in the lung arteries that keeps getting worse is called
pulmonary arterial hypertension (PAH). Children with congenital heart disease (CHD) are
commonly affected. PAH-CHD accounts for approximately 28% of all PAH cases,
significantly impacting patients’ quality of life. Exact mechanism still unclear. Studies point
to cellular and molecular factors, genetic changes among them. This study sought genetic
variants tied to PAH-CHD occurrence, using a genetic-driven biomarker approach. A
bioinformatic-based method was employed, integrating multiple genomic databases. Data
were drawn from several resources, including the Genome-Wide Association Studies
(GWAS) catalog, GTEx portal, HaploReg version 4.1, and Ensembl databases. The aim
was to explore genes that heighten vulnerability to PAH-CHD. Using integrated
bioinformatics analysis, several key genes were identified as potentially involved in the
pathogenesis of PAH-CHD. Notably, HLA-DPA1, BMPR2, TBX4, and SOX17 emerged
as candidate genes that may contribute to disease susceptibility. These genes have been
previously implicated in vascular and cardiac developmental pathways, supporting their
possible roles in PAH-CHD. This study demonstrates the utility of a bioinformatics-
driven approach to uncover genetic variants potentially involved in PAH-CHD. The
identified genes may serve as valuable biomarkers, offering insights into disease

mechanisms and potential targets for further investigation and therapeutic development.

High pressure in the lung arteries causes pulmonary arterial hypertension (Hansmann et al., 2019; Zhu et al., 2018). Congenital
heart disease ties to this condition, which brings high death rates in adults and children alike (W. Zhao et al., 2025). Affecting
approximately 0.0001%—0.0002% of the population, PAH is a rare vascular disease (M. Zhao et al., 2023).

The leading contributor to PAH is congenital heart disease (CHD), a cardiovascular structural defect that is present at birth
(Varela et al., 2018). Based on database data, 28% of cases involve PAH associated with PAH-CHD (Awad et al., 2022; Jone et
al,, 2023). PAH develops when structural heart defects drive up pulmonary blood flow, PAD, and cardiac workload. Then PAH
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feeds the cycle, pushing more blood to the heart and increasing its workload again. Life quality worsens as a result (Jone et al.,
2023; Karma & Yurianda, 2024; Montani et al., 2022).

Pulmonary vascular remodeling may come from cellular and molecular factors, per some sources, though the exact mechanism
remains unknown (Awad et al., 2022; Widiastari et al., 2022). First described in 2000, a pathogenic BMPR2 variant is the leading
cause of familial or hereditary PAH (Lane et al., 2000; Tatius et al., 2021). Since then, pathogenic variants in several other genes
have been identified (Best et al., 2014; Morrell et al., 2019; Taha & Southgate, 2022). In determining genes as the cause of PAH-
CHD, it is expected to help investigate genetic variants that are at risk of developing PAH-CHD (Hayvaci Canbeyli et al., 2025).
Therefore, several genomic databases were combined in a systematic way to find biomarkers behind PAH-CHD.

Pairing the Genome-Wide Association Study (GWAS) Catalog with the GTEx Portal, this study sought genetic markers for
specific PAH-CHD. Overall, merging these data may uncover PAH-CHD biomarkers and offer new understanding of the

cellular mechanism underneath.
2. MATERIALS AND METHODS

The workflow outlined in Figure 1 guided the screening of variants linked to PAH-CHD, with each step of the methodology
summarized therein. To consolidate PAH-CHD variants, a range of bioinformatic tools was consulted, namely the GWAS
catalog, GTEx portal, HaploReg version 4.1, and Ensembl databases.

Single Nucleotide Polymorphisms (SNPs) associated with PAH-CHD first underwent screening via the GWAS catalog database
[https:/ /www.ebi.ac.uk/gwas/] (accessed on September 27, 2025), with “Pulmonary Arterial Hypertension” serving as the
search term. To ensure that only unique SNPs were retained, every duplicate variant was removed from the dataset. The

expression of these variants was then investigated using a bioinformatic approach.

Next, the rigorously filtered SNPs were validated against the GTEx pottal database [https://www.gtexportal.org/home/|
(accessed on September 27, 2025). This stage was designed to assess how these genetic variants relate to gene expression profiles
across a range of body tissues. Once the GTEx portal search was complete, the genes encoded by the SNPs were retrieved so
that gene expression profiles could be identified. Regions harboring nucleotides correlated with changes in gene expression,
known as expression quantitative trait loci (eQTL), were applied. As a result, the variants may drive shifts in gene expression

within the tissues concerned.

The epidemiological distribution of the genetic basis of allele frequency across populations was then mapped with the aid of
HaploReg version 4.1 and Ensembl genomic databases. Genetic databases, including HaploReg version 4.1 and Ensembl
Genome, served as the source of allele frequencies associated with PAH-CHD. Confirming allele frequencies among
populations spanning multiple continents (Africa, America, Asia, and Europe) is the reason for determining each variant’s allele

frequency.
3. RESULTS AND DISCUSSION
3.1 Results

From the GWAS catalog database, SNPs associated with pulmonary arterial hypertension were collected. Of these, 38 SNPs
were determined to have passed the inclusion criteria. Tissue expression of five SNPs linked to PAH-CHD was then evaluated
using the GTEx portal database. This procedure is designed so that a close association between the five SNPs and gene
expression in lung and heart tissues can be verified.

The tissue expression of PAH-CHD was proposed to be affected by several SNPs, namely rs285683 or rs92773306, rs13266183,
rs10103692, and rs3744439.

The GTEx portal database was employed to assess how related genes are expressed across human tissues. HLA-DPA1, BMPR2,
TBX4, and SOX17, four gene symbols associated with PAH-CHD, were detected through the database and were shown to be

expressed in the heart. For this reason, gene and variant expression in heart tissues was made the focus of the present study.
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Figure 1. Gene expressions for HLA-DPA1
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Figure 2. Gene expressions for BMPR2
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Figure 3. Gene expressions for SOX17
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Figure 4. Gene expressions for TBX4

Minor alleles of HLA-HLADPA-1 15285683 or rs9277336, BMPR2, TBX4 rs3744439, and SOX17 rs13266183 1510103692
were identified as respectively associated with PAH-CHD using the publicly available GTEx portal database, as shown in Table
1.

Table 1. Variants associated with pulmonary arterial hypertension in congenital heart disease

SNP ID (Example) GeneCode (Ensembl) | Gene Symbol | Tissue (Dominant Expression)

rs285683 or 19277336 | ENSG00000231389 HLA-DPA1 Lung, immune system, leukocyte., spleen

rs3744439 ENSG00000182634 TBX4 Lungs, smooth muscle, embryonic tissue
113266183 rs10103692 | ENSG00000164484 SOX17 Vascular endothelium, liver, kidney, lung
rs10510747 ENSG00000204217 BMPR2 Lungs, pulmonary arteries, heart, connective tissue

3.2 Discussion

The potential role of genetic variants in the pathogenesis of pulmonary arterial hypertension associated with congenital heart
disease (PAH-CHD) is brought into focus by the findings of this study. The research results revealed several variants within
HLA-DPA1, TBX4, SOX17, and BMPR2 that could contribute to disease susceptibility and progression. Consistent with
previous studies, BMPR2 remains one of the most frequently implicated genes in hereditary and idiopathic PAH, with mutations
leading to impaited signaling in the TGF-8/BMP pathway and vascular remodeling (Best et al., 2014; Lane et al., 2000; Tatius
et al., 2021; Welch et al., 2021). Similarly, TBX4 variants have been increasingly reported in pediatric PAH and are associated
with abnormal lung development and vascular changes, underscoring their relevance in PAH-CHD (Al Hafiz et al., 2024; Austin
& Elliott, 2020; Hernandez-Gonzalez et al., 2020; Taha & Southgate, 2022).

Interestingly, research analysis identified variants in SOX17, a transcription factor critical for vascular development and
endothelial homeostasis. Rare deleterious variants in SOX17 have previously been reported in PAH-CHD, supporting its role
in congenital heart defects and pulmonary vascular remodeling (Rhodes et al., 2019; Zhu et al., 2018). The present study further
emphasizes SOX17 as a potential biomarker that bridges developmental and vascular pathways (Adu-Amankwaah et al., 2025;
Zhu et al., 2018). Meanwhile, variants in HLA-DPAT1, a gene involved in immune regulation, may indicate an immunogenetic
component in PAH pathogenesis. Given the emerging evidence of immune dysregulation and inflammation in PAH, the
association of HLA variants could represent an additional pathogenic mechanism linking congenital heart defects with
pulmonary vascular disease (Prapa et al., 2022; Zhu et al., 2018).

The expression profiles retrieved from the GTEx database revealed tissue-specific patterns that strengthen the functional
plausibility of these genes. For instance, BMPR2 and SOX17 were predominantly expressed in pulmonary vascular endothelium
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and cardiac tissues, while TBX4 was expressed in the lung mesenchyme and embryonic tissues, consistent with their
developmental roles. HLA-DPAT1 expression was mainly localized in immune-related tissues such as leukocytes and spleen,
reinforcing the concept that immune responses may influence PAH-CHD progression (Prapa et al., 2022).

Allele frequency analysis further demonstrated population-specific distributions of these variants, which may partially explain
ethnic differences in PAH prevalence and outcomes (Rhodes et al., 2019). For example, HLA alleles display notable variability
across continents, suggesting that genetic background could influence individual susceptibility to PAH-CHD. These findings

emphasize the importance of incorporating population genetics into biomarker discovery and risk stratification.

Taken together, research results suggest that PAH-CHD is a genetically heterogeneous condition involving pathways of vascular
remodeling, cardiopulmonary development, and immune regulation (Best et al., 2014; Hayvaci Canbeyli et al., 2025; Taha &
Southgate, 2022). The integration of multi-database bioinformatics approaches provides a comprehensive overview of potential
biomarkers and highlights candidate genes for future functional studies. Nonetheless, the current findings should be interpreted
cautiously, as bioinformatic analyses are hypothesis-generating and require experimental validation in patient cohorts and

cellular models.
4. CONCLUSION

In conclusion, the identification of vatiants in HLA-DPA1, TBX4, SOX17, and BMPR2 provides new insights into the
molecular mechanisms of PAH-CHD. These genes may serve as promising biomarkers for early detection, risk prediction, and
personalized therapeutic strategies. Future studies integrating genomic, transcriptomic, and clinical data are warranted to

translate these genetic discoveries into clinical practice.
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