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Abstract: Background: The deregulated genetic factors are critically associated with idiopathic
pulmonary arterial hypertension (IPAH) development and progression. However, the identification of
hub-transcription factors (TFs) and miRNA-hub-TFs co-regulatory network-mediated pathogenesis
in [PAH remains lacking. Methods: We used GSE48149, GSE113439, GSE117261, GSE33463, and
GSE67597 for identifying key genes and miRNAs in IPAH. We used a series of bioinformatics
approaches, including R packages, protein-protein interaction (PPI) network, and gene set
enrichment analysis (GSEA) to identify the hub-TFs and miRNA-hub-TFs co-regulatory networks in
IPAH. Also, we employed a molecular docking approach to evaluate the potential protein-drug
interactions. Results: We found that 14 TFs encoding genes, including ZNF83, STAT1, NFE2L3, and
SMARCA?2 are upregulated, and 47 TFs encoding genes, including NCOR2, FOXA2, NFE2, and
IRF5 are downregulated in IPAH relative to the control. Then, we identified the differentially
expressed 22 hub-TFs encoding genes, including four upregulated (STAT1, OPTN, STAT4, and
SMARCA?2) and 18 downregulated (such as NCOR2, IRFS5, IRF2, MAFB, MAFG, and MAF) TFs
encoding genes in IPAH. The deregulated hub-TFs regulate the immune system, cellular
transcriptional signaling, and cell cycle regulatory pathways. Moreover, the identified differentially
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expressed miRNAs (DEmiRs) are involved in the co-regulatory network with hub-TFs. The six
hub-TFs encoding genes, including STAT1, MAF, CEBPB, MAFB, NCOR2, and MAFG are
consistently differentially expressed in the peripheral blood mononuclear cells of IPAH patients, and
these hub-TFs showed significant diagnostic efficacy in distinguishing IPAH cases from the healthy
individuals. Moreover, we revealed that the co-regulatory hub-TFs encoding genes are correlated
with the infiltrations of various immune signatures, including CD4 regulatory T cells, immature B
cells, macrophages, MDSCs, monocytes, Tth cells, and Thl cells. Finally, we discovered that the
protein product of STAT1 and NCOR?2 interacts with several drugs with appropriate binding affinity.
Conclusions: The identification of hub-TFs and miRNA-hub-TFs co-regulatory networks may
provide a new avenue into the mechanism of IPAH development and pathogenesis.

Keywords: IPAH; Co-regulatory network; TFs; immune signatures; binding affinity

1. Introduction

Pulmonary hypertension (PAH) is a crucial health issue for older people worldwide [1]. PAH is
commonly associated with various diseases and infectious diseases, including congenital heart
disease, rheumatic heart disease, HIV and schistosomiasis [1]. PAH is frequently correlated with
patients’ clinical deterioration and mortality risk [2]. In PAH, the increased pulmonary arterial
pressure is associated with right ventricle failure, which in turn is associated with the premature
death of patients [3]. Several types of PAH include IPAH, familial pulmonary arterial hypertension,
PAH with significant venous or capillary involvement, and PAH associated with other diseases [4].
There are various causes for developing progressive PAH. However, no known causes are labeled for
the pathogenesis of idiopathic IPAH [2,3]. IPAH is characterized histopathologically by
angioproliferative plexiform lesions of endothelial cells, muscularization of precapillary arterioles,
intimal endothelial cell proliferation and medial thickening due to vascular smooth muscle cell
proliferation [4]. In IPAH, the pulmonary artery pressure is persistently more than 25 mmHg at rest
and more than 30 mmHg during exercise [5]. [PAH is associated with various clinical complications,
including pulmonary vascular resistance, right ventricular dysfunction, exercise limitation, failure of
the right heart and premature death [6,7]. In addition, nocturnal hypoxia is associated with the
pathogenesis of IPAH [8]. There are numerous non-specific symptoms, including breathing shortness,
angina, weakness and syncope for IPAH patients [2,3].

Some of the previous studies provide the clue that genetic factors [9], including gene defects,
gene rearrangements and mutation are associated with the development and progression of IPAH. For
example, BMPR2 gene rearrangements are crucially associated with the pathogenesis of IPAH [10]. In
IPAH, loss-of-function mutation of the BMPR2 gene and exaggerated activation of TGF-f signaling
is associated with increased bone morphogenetic deregulated protein signaling [11]. It was stated that
the BMPR1B (ALK6) mutations are associated with the pathogenesis of childhood IPAH [12]. The same
authors discovered that the mutations of endoglin, SMAD1, SMAD2, SMAD3, SMAD4, SMADS,
SMAD6, SMAD7 and BMPR1A genes in 43 IPAH patients [12]. Moreover, numerous TFs are
deregulated in idiopathic pulmonary arterial hypertension [13]. For example, the SOX17 gene is
critically correlated to the pulmonary vasculature and the pathobiology of PAH [14]. Park et al. [15]
demonstrated that downregulated levels of Sox17 in pulmonary arterioles augmented the
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susceptibility to PAH via upregulation of HGF/c-Met signaling. Wang et al. [16] revealed that
SOX17 loss-of-function mutation is related to the molecular pathogenesis of PAH. The novel risk gene
SOX17 contributed to PAH-congenital heart disease and idiopathic/familial PAH [17]. Yuan et al. [18]
found that an elevated level of RUNX2 is an independent predictor for the survival of IPAH patients
and is associated with the clinical severity of IPAH. However, the molecular mechanisms of IPAH
are poorly understood, and the deregulated immunological activities are crucial factors in IPAH
pathogenesis and development. The differentiated levels of immune cells, such as T lymphocytes,
dendritic cells, B cells, macrophages, monocytes, neutrophils and mast cells are found in the
IPAH [2,19]. Zeng et al. [20] identified the biomarkers involved with the immune infiltration
characteristics in [IPAH. In addition to the genetic coding factors, non-coding genetic materials,
including miRNAs are involved with the development, pathogenesis and progression of IPAH [21].
He et al. [22] demonstrated that mRNAs are potential circulating biomarkers and contribute to the
pathophysiology of IPAH. Sarrion et al. [21] found that the expression level of miR-23a is associated
with the patient’s pulmonary function. Li et al. [23] identified the miRNA-mRNA network potentially
related to the pathogenesis of IPAH. Hao et al [24] identified the IPAH-related miRNA-mRNA
regulatory network associated with the pathogenesis. These previous studies provide potential
suggestions regarding the association of coding and non-coding genetic factors with developing the
pathogenesis of IPAH. Therefore, global efforts are mandatory to reveal the crucial genes and miRNAs
that are critically associated with IPAH pathogenesis and development. Moreover, the potential
drug-gene interaction should be elucidated for treating IPAH.

2. Materials and methods
2.1. Collection of datasets

We followed the methods structure of Li et al. [25] 2021 and searched the NCBI gene
expression omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) by using the keywords
“PAH”, “IPAH”, “pulmonary arterial hypertension”, “arterial hypertension”, ‘“pulmonary
hypertension”, “idiopathic pulmonary arterial hypertension”, “blood in pulmonary arterial
hypertension” and “roles of blood in pulmonary arterial hypertension”, and identified the three
mRNA expression datasets associated with idiopathic pulmonary arterial hypertension from a
different platform. The mRNA expression datasets were GSE48149
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48149) [26,27], GSE113439
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113439) [28], and GSE117261
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117261) [29,30]. Moreover, we downloaded
the gene expression data GSE33463 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33463)
[31] for validating the results. Furthermore, we downloaded the miRNA expression data GSE67597
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE67597) [32] for identifying the differentially
expressed miRNA in idiopathic pulmonary arterial hypertension. We included the IPAH samples with
respective control samples in our study and excluded other samples from the same gene
expression dataset.
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2.2. Identification of differentially expressed genes (DEGs) and TFs in IPAH

We integrated the three-mRNA expression datasets (GSE48149 [26,27], GSE113439 [28]
and GSE117261 [29,30]) for identifying the DEGs in IPAH. We employed the NetworkAnalyst [33]
software, an online-based tool (https://www.networkanalyst.ca/), to perform a meta-analysis of
three [IPAH-associated gene expression datasets. The selected datasets were normalized by base-2
log transformation, and we removed batch effects from multiple datasets using the ComBat
method [34]. Finally, integrating the three datasets found a total of 16,874 common genes. We
employed the limma R package from the Bioconductor project (http://www.bioconductor.org/) to
identify DEGs [35]. The thresholds of adjusted P-value < 0.05 and |[Log2FC| > 0.65 were set to
determine  the  significance level. @ We  downloaded the TFs from GSEA
(https://www.gsea-msigdb.org/gsea/msigdb/human/gene families.jsp) [36]. The online tool “Calculate
and draw custom Venn diagrams” (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to
identify common TF encoding genes in IPAH. Moreover, we used GSE33463 [31] to validate our
findings. GSE33463 included the transcript profiles of peripheral blood mononuclear cells from 30 [IPAH
patients and 41 healthy individuals. We used the limma R package (http://www.bioconductor.org/) for
validating the DEGs between the IPAH and healthy individuals [35].

2.3. Construction of the PPI network and Identification of the hub-TFs

The STRING (version v11 [37]), an online-based tool, was used to construct PPI networks of
the significant DEGs. The hub genes were revealed using the Cytoscape plugin cytoHubba [38]. We
identified hub genes with a threshold of medium interaction score > 0.40 and a degree of interaction > 10
in the PPI [39]. We identified hub-TFs by comparing the hub nodes with TFs using the “Calculate
and draw custom Venn diagrams” (http://bioinformatics.psb.ugent.be/webtools/Venn/) tool. We used
the Cytoscape (version 3.6.1) [40] tool for visualizing the PPI network.

2.4. Pathway and gene ontology (GO) analysis of hub-TF's

We performed pathway enrichment analysis of the hub-TFs that were differentially expressed in
IPAH by using the GSEA software [36]. The GOs and Reactome pathways (https://reactome.org/) are
identified that are significantly associated with the hub-TFs. We selected the significant GOs and
Reactome pathways using a threshold of FDR < 0.05.

2.5. Identification of DEmiRs in IPAH and target genes of DemiRs

To identify the DEmiRs, we used the GEO2R tool (http://www.ncbi.nlm.nih.gov/geo/geo2r). We
used the miRNA expression data GSE67597 [7] for determining the differentially expressed miRNA
in idiopathic pulmonary arterial hypertension. The GEO2R tool is based on the “GEOquery” and
“limma” R packages (http://www.bioconductor.org/). We selected the miRNAs with a P-value < 0.05
and [LogFC| > 1.0 to find out the significant level. Then, we employed another tool, the miRNet [41] for
identifying the target genes of DemiRs. The “Calculate and draw custom Venn diagrams”
(http://bioinformatics.psb.ugent.be/webtools/Venn/) tool was utilized to screen common genes
between the target genes of DemiRs and the hub-TFs in IPAH. We used the Cytoscape (version 3.6.1) [40]

Mathematical Biosciences and Engineering Volume 20, Issue 2, 4153-4177.



4157

tool for visualizing the mRNA-miRNA co-regulatory network.
2.6. Exploration of Diagnostic efficacy of hub-TFs

We employed the “pROC” package of the R program for identifying the diagnostic value of
hub-TFs in IPAH [42]. We used the expression value of hub-TFs in the GSE117261 [29,30] and
GSE33463 [31] to compare the IPAH cases from healthy individuals. To assess the diagnostic
efficacy of hub-TFs, we calculated and visualized the receiver operating characteristic (ROC)
analysis and the area under the ROC curve (AUC) to identify the diagnostic efficacy of hub-TFs to
differentiate IPAH cases from the normal samples. The more considerable AUC value of single
hub-TFs indicates the capability of those TFs to separate the cases between IPAH and normal
samples. Our study considered an AUC value greater than 0.5 with a P-value < 0.05 for taking the
diagnostic hub-TFs [43].

2.7. Exploration of the immune signature enrichment levels with hub-TFs

We calculated the enrichment level of immune signatures in an IPAH sample as the
single-sample gene-set enrichment analysis (ssGSEA) score in the GSE117261 [29,30]. We included 25
immune signatures to identify the ssGSEA score. The immune signatures included activated
dendritic cells, B cells, CAFs, CD4+ regulatory T cells, CD8+ regulatory T cells, endothelial cells,
eosinophil, epithelial cells, immature B cells, immature dendritic cells, M2 macrophages,
macrophages, mast cells, monocytes, MDSCs, neutrophils, NK cells, pDCs, pericyte, smooth muscle
cells, Tth, Thl, Th2, Th17 and Tregs. The marker genes set of immune signatures are presented in
Supplementary Table S1. We identified the differences in immune signatures between the IPAH and
control samples by applying the Wilcoxon Rank-Sum Test (P < 0.05). Then, we identified
Spearman’s correlation between the expression levels of s hub-TFs and the ssGSEA score of immune
signatures (the absolute value of R is not less than 0.30, P < 0.05). We employed Spearman’s
correlation test because the expression level of genes and ssGSEA score of immune signatures were
not normally distributed [44].

2.8. Identification of potential drug-hub-TFs interaction and the molecular docking of hub-TFs

We used the DGIdb to identify the drugs targeting the hub-TFs [45]. DGIdb is based on the
interaction of drug-gene data from 30 disparate sources, including Drug Bank, ChEMBL, Ensemb],
NCBI Entrez, PharmGKB, PubChem, clinical trial databases, and literature in NCBI PubMed. We
visualize the collected drug-gene interaction using Cytoscape software [40]. After identifying the
potential drugs, we applied molecular docking analysis to identify the potential binding affinity of
drugs with hub-TFs. We found the protein product of 2 hub-TFs (STAT1 (1YVL [46]) and NCOR2
(2LTP (https://www.rcsb.org/structure/2ltp)) that are potentially interacting with several drugs. We
prepared proteins by using the Discovery studio (https://3ds.com/products-services/biovia/products)
software. First, we discarded the water molecules and ligands from the complex proteins. Then, a
molecular docking study was employed using the PyRx 0.8 (https://pyrx.sourceforge.io/), a virtual
screening tool for identifying the binding affinity of drugs.
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3. Results
3.1. Identification of DEGs and TFs in IPAH

We identified 927 DEGs in IPAH, including 150 upregulated genes (Supplementary Table S2)
and 777 downregulated genes (Supplementary Table S3) in 3 integrated IPAH datasets relative to the
control samples. Then, we overlap the TFs that are differentially expressed in IPAH. We found that 14
TFs encoding genes (ZNF83, ZNF331, TCF4, STAT1, NFE2L3, BNC2, BACH2, ZNF248, STAT4,
ZNF234, OPTN, HIVEP2, NFIB and SMARCA?2) are upregulated and 47 TFs encoding genes
(MEFV, NCOR2, FOXA2, TTLL4, STAT5A, CBX6, TFE3, E2F4, POU2F2, SRCAP, TRMT]I,
HHEX, SPI1, TBX3, TRIM28, IRF2, MAFB, MAFG, MAF, MANSCI1, SREBF1, MYBBPIA,
TRIM62, CBFA2T3, NFE2, KLF11, RNF41, KCNIP3, ARID3A, E2F1, PACS2, ZBTB7A, CBXS,
STAT6, NFIC, KEAP1, ZBTB39, HOXD1, RFXANK, TAF6L, MLX, GSXI1, IRF5, MFSDI2,
ASCLI1, UHRF1 and CEBPB) are downregulated in IPAH (Figure 1). The top ten upregulated and
top ten downregulated TFs are illustrated in Table 1.

Down DEGs

MEFV NCOR2 FOXA2 TTLL4
STATSA CBX6 TFE3 E2F4 POU2F2
SRCAP TRMT1 HHEX SPI1 TBX3
TRIM28 IRF2 MAFB MAFG MAF
MANSC1  SREBFI  MYBBPIA
TRIM62 CBFA2T3 NFE2 KLFI1
RNF41 KCNIP3 ARID3A E2F1
PACS2 ZBTB7A CBXS8 STAT6 NFIC
KEAP1 ZBTB39 HOXD1 RFXANK
TFs TAF6L MLX GSX1 IRF5 MFSDI12
ASCL1 UHRF1 CEBPB

ZNF83 ZNF331 TCF4
STAT1 NFE2L3 BNC2
BACH2 ZNF248 STAT4
ZNF234 OPTN HIVEP2
NFIB SMARCA2

Figure 1. Upregulated 14 TFs encoding genes and downregulated 47 TFs encoding genes
in IPAH. TFs indicate TFs; Up DEGs indicate upregulated DEGs; Down DEGs indicate
downregulated DEGs.
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Table 1. The top ten upregulated and top ten downregulated TFs in IPAH.

Regulatory status Entrez ID Symbol Combined ES P value
6775 STAT4 1.5946 1.16 x 1077
3097 HIVEP2 1.2056 2.41 x 1079
55,769 ZNF83 1.084 2.52 x 107%
54,796 BNC2 1.077 3.81 x 107
6925 TCF4 0.98257 1.00 x 107%

Upregulated -02
10,133 OPTN 0.95956 493 x 10
6595 SMARCA2 0.91287 2.67 x 1079
57,209 ZNF248 0.8445 6.71 x 1079
60,468 BACH2 0.80153 1.10 x 107
6772 STAT1 0.78905 3.60 x 1079
6688 SPI1 —1.3852 2.20 x 107%
6720 SREBF1 —1.3275 6.26 x 107%
10,629 TAF6L —1.2937 432 x 107
9817 KEAPI —1.283 1.23 x 107%
30,818 KCNIP3 -1.2715 1.38 x 107%

Downregulated 0
8625 RFXANK -1.2174 2.88 x 10
23,466 CBX6 -1.1972 4.58 x 107
3663 IRF5 —-1.1861 591 x107%
54,682 MANSCI1 -1.1677 7.61 x 1079
863 CBFA2T3 -1.1397 2.69 x 1079

3.2. Construction of PPI and identification of the hub-TFs centric PPI in IPAH

We inputted all DEGs into the STRING tools for identifying the interactions. Based on the PPI
interaction of all DEGs in the STRING tool, we constructed and identified the hub genes in the IPAH.
We found that the 841 DEGs are involved in the PPI, including 302 hub genes (Degree > 10 and
interaction > 0.40) (Supplementary Table S4). Using the Venn diagram, we identified the hub-TFs
encoding genes in IPAH (Figure 2A). Interestingly, we found the 22 deregulated hub-TFs encoding
genes, including four upregulated (STAT1, OPTN, STAT4 and SMARCA2) and 18 downregulated
(TRMT1, RNF41, SPI1, NCOR2, IRF5, E2F1, TRIM28, STATSA, IRF2, MAFB, MAFG, MAF,
E2F4, SREBF1, STAT6, CEBPB, KEAP1 and MYBBP1A) TFs encoding genes in the IPAH (Figure
2C). Then, we constructed the 22 hub-TFs centric PPI (yellow nodes in Figure 2B) from the original
PPI. The 22 hub-TFs centric PPI included 220 nodes (Figure 2B, yellow nodes are TFs), indicating
that these TFs substantially control this network.
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| 10133 OPIN 1095956 0.049303 15

1 6595 SMARCA2 1091287 0.0026744 14
Downregulated | 6688 SPli -1.3852 2 20E-06 57
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3663 IRFS 21

{5094 MAF 20

&8 |'s7ATS 2

6776 STATSA 27

| 10155 TRIM2S 3 09E-02 20

1051 CEBPB 260E02___|20

55621 TRMT! 000013349 118

1869 E2F] 0.049824 17

3660 IRF2 0.047818 15

10514 MYBBPIA 1 0023448 15

612 NCOR? 10163 003095 |14

| 10193 RNF4] 1097401 0.0011227 12

4097 MAFG 0.70228 0031446 11

9935 MAFB 0.84611 0.0065965 10

1874 E2F4 10899 000023419 | 10

C. The differential regulatory status of 22 hub-TFs with their degree of interactions
Figure 2. Identification and interaction of Hub-TFs.
3.3. Hub-TFs are associated with the enrichment of GOs and pathways

We inputted all deregulated hub-TFs into the GSEA software to identify the functional
involvement of these TFs in the IPAH. The top ten biological processes (BPs) included positive
regulation of the RNA metabolic process, positive regulation of the nucleobase-containing compound
metabolic process, positive regulation of the cellular biosynthetic process, positive regulation of
transcription by RNA polymerase II, negative regulation of transcription by RNA polymerase II,
negative regulation of nucleobase containing compound metabolic process, negative regulation of the
biosynthetic process, positive regulation of gene expression, response to oxygen-containing
compound and defense response (Figure 3A). The other enriched BPs are illustrated in
Supplementary Table S5. The enriched cellular components (CCs) are chromatin, Chromosome,
transcription regulator complex, RNA polymerase II transcription regulator complex and nuclear
protein-containing complex (Figure 3A). In addition, the top ten molecular functions (MFs) included
Transcription regulator activity, CIS regulatory region sequence-specific DNA binding,

Mathematical Biosciences and Engineering Volume 20, Issue 2, 4153-4177.



4161

Sequence-specific DNA binding, DNA binding transcription activator activity, DNA binding

transcription factor activity, Chromatin binding, Transcription factor binding, Identical protein
binding, DNA binding transcription factor binding and RNA polymerase II specific DNA binding TF

binding (Figure 3A). The other enriched MFs are illustrated in Supplementary Table S6.
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Moreover, we identified 43 significant Reactome pathways (Figure 3B) that are mainly involved
in immune regulation (interleukin-21 signaling, interleukin-20 family signaling, cytokine signaling in
immune system, interleukin-2 family signaling, signaling by PDGEF, interferon alpha/beta signaling,
interleukin-9 signaling, interferon gamma signaling, interleukin-35 signaling, signaling by
interleukins, G1/S-Specific transcription, interferon signaling and interleukin-12 family signaling)
and cellular signaling processes (RNA polymerase II transcription, downstream signal transduction,
transcriptional regulation of white adipocyte differentiation, transcriptional regulation of
granulopoiesis, developmental Biology, transcription of E2F targets under negative control by p107
(RBL1) and p130 (RBL2) in complex with HDACI, signaling by cytosolic FGFR1 fusion mutants,
Nuclear events stimulated by ALK signaling in cancer, transcription of E2F targets under negative
control by DREAM complex, Signaling by KIT in disease, growth hormone receptor signaling,
diseases of signal transduction by growth factor receptors and second messengers, inactivation of
CSF3 (G-CSF) signaling, GO and Early GlI, signaling by CSF3 (G-CSF), FGFR1 mutant receptor
activation, signaling by receptor tyrosine kinases, signaling by FGFRI1 in disease, signaling by
SCF-KIT, @ SUMOylation  of  transcription  cofactors, transcriptional  activity  of
SMAD2/SMAD3:SMAD4 heterotrimer, Cyclin D associated events in GIl, NRIH2 and
NRI1H3-mediated signaling, Signaling by NOTCH, TP53 Regulates transcription of cell cycle genes,
signaling by ALK in cancer, signaling by FGFR in disease, cellular responses to stimuli, signaling by
TGF-beta receptor complex and cyclin A: Cdk2-associated events at S phase entry).

3.4. MiRNAs are differentially expressed in IPAH and associated with the co-regulatory network with
Hub-TF’s

We identified 17 upregulated (such as hsa-miR-505-5p, hsa-miR-183-5p, hsa-miR-375,
hsa-miR-500a-3p, hsa-miR-6074, hsa-miR-152, hsa-miR-31-5p, hsa-miR-198 and hsa-miR-648) and 12
downregulated (such as hsa-miR-146b-3p, hsa-miR-1256, hsa-miR-302f, hsa-miR-517a-3p,
hsa-miR-4693-5p, hsa-miR-4704-3p, hsa-miR-1178-3p, hsa-miR-495-5p, hsa-miR-1253 and
hsa-miR-656) miRNAs in IPAH (Table 2). Then, we predicted the target genes of differentially
expressed miRNAs. We revealed that the DEmiRs targeted the 8550 genes (Figure 4A). Interestingly,
we found that the 16 hub-TFs encoding genes (E2F4, IRF2, MAF, RNF41, KEAP1, STAT1, TRIM28,
MAFB, E2F1, CEBPB, NCOR2, MAFG, MYBBPI1A, STAT6, OPTN and SMARCA?) involved in
the interaction with DEmiRs (Figure 4B). For example, the TF TRIM28 interacted with five DEmiRs,
included hsa-mir-199a-3p, hsa-mir-4473, hsa-mir-505-5p, hsa-mir-30a-5p, and hsa-mir-183-5p
(Figure 4B). Similarly, the transcription factor MYBBPIA interacted with hsa-mir-26b-5p,
hsa-mir-183-5p and hsa-mir-199a-3p (Figure 4B). It indicated that the co-regulatory network
between the hub-TFs and miRNAs might play potential regulatory roles in the IPAH.
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MiRNAs targets

A. The Venn diagram identifies 16 hub-TFs associated with the interaction of DEmiRs
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B. The co-regulatory network of the 16 hub-TFs with the DEmiRs. The yellow nodes
indicated the hub-TFs, and another color indicated the DEmiRs in IPAH

Figure 4. Identification and construction of miRNAs-hub TFs co-regulatory network.

Table 2. DEmiRs in [IPAH (LogFC > 1.0, and P Value < 0.05).

Regulatory status MiRNAs P Value LogFC
hsa-miR-505-5p 323 X 107% 7.178
hsa-miR-183-5p 1.40 X 107 4.585
hsa-miR-375 3.63 X 107 4.393
hsa-miR-500a-3p 345 X 107 4.057
hsa-miR-6074 3.77 X 107 3.888
Upregulated hsa-miR-152-3p 3.83 X 107 3.866
hsa-miR-31-5p 3.69 X 107 3.521
hsa-miR-198 3.88 X 107 3.397
hsa-miR-648 412 X 107 3.325
hsa-miR-4473 4.04 X 1072 2.785
hsa-miR-3974 371 X 107 2.688

Continued on next page
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Regulatory status MiRNAs P Value LogFC
hsa-miR-205-5p 453 X 1079 2.525
hsa-miR-99a-5p 234 X 107 1.489
hsa-miR-199a-3p 1.36 X 107 1.481
hsa-miR-199b-5p 416 X 107 1.390
hsa-miR-26b-5p 438 X 107 1.282
hsa-miR-30a-5p 483 X 107 1.140
hsa-miR-15b-3p 3.55 X 107 -1.065
hsa-miR-6716-3p 4.06 X 107 -1.179
hsa-miR-656 2.67 X 107 —1.253
hsa-miR-1253 3.79 X 107 —2.638
hsa-miR-495-5p 411 X 1079 -3.203
hsa-miR-1178-3p 290 X 107 -3.588
Downregulated hsa-miR-4704-3p 412 X 1072 ~3.753
hsa-miR-4693-5p 242 X 107 —4.115
hsa-miR-517a-3p 1.70 X 107 —4.189
hsa-miR-302f 1.03 X 107 —4.408
hsa-miR-1256 2.07 X 107 —4.576
hsa-miR-146b-3p 475 X 107 —5.674

3.5. Validation of hub-TFs in the peripheral blood mononuclear cells of IPAH patients and their
diagnostic efficacy in IPAH

The expression level of co-regulatory 16 hub-TFs was validated in the blood sample
(GSE33463 [31]) of IPAH patients. We found that the expression levels of STAT1, MAF, CEBPB,
MAFB, NCOR2 and MAFG are consistently differentially expressed in the peripheral blood
mononuclear cells of IPAH patients compared with the control (Figure SA). The expression level of
STAT1 is elevated, and the expression level of MAF, CEBPB, MAFB, NCOR2 and MAFG is
downregulated in the blood sample of IPAH patients. It indicates that these hub-TFs are crucial
regulators in IPAH development and progression. Moreover, we evaluated the diagnostic efficacy
(AUC > 0.05) of this validated hub-TFs encoding genes (STAT1, MAF, CEBPB, MAFB, NCOR2
and MAFG) in the peripheral blood mononuclear cells (GSE33463) of IPAH cohort (GSE33463).
Interestingly, we found that the expression value clearly distinguished the IPAH cases from the control
samples (AUC > 0.5) (Figure 5B). Furthermore, we verified the diagnostic efficacy of these hub-TFs
encoding genes (STAT1, MAF, CEBPB, MAFB, NCOR2 and MAFG) in the lung tissues in IPAH
cases (GSE117261). In lung tissues, the AUCs of all hub-TFs encoding genes ranged from 0.657
to 0.726, indicating their excellent diagnostic values for distinguishing IPAH cases and normal
individuals. It suggested that these hub-TFs can be utilized to diagnose the IPAH cases from
healthy individuals.
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Figure 5. The validation of co-regulatory hub-TFs in the IPAH patients.
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3.6. Immune infiltrations in the IPAH

Since potential biomarkers are associated with the immune infiltration IPAH [20], we identified
the deregulated immune signatures between the IPAH and control. We found that the content of CD4
regulatory T cells, CAFs, CDS8 regulatory T cells, endothelial cells, eosinophil, Th2 cells, pDC and
Th17 cells are higher in IPAH than the control (Wilcoxon rank-sum test, P < 0.05) (Figure 6). In
contrast, the content of pericytes, activated dendritic cells, epithelial cells, immature dendritic cells,
macrophages and neutrophils are lower in [IPAH (Wilcoxon rank-sum test, P < 0.05) (Figure 6).
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Figure 6. Immune signatures are significantly (P < 0.05) differentiated between the IPAH
and healthy individuals.

3.7. Hub-TFs encoding genes are associated with immune infiltrations in the IPAH

Since hub-TFs are associated with the enrichment of the various immunological signatures
(Figure 6), we anticipated that the hub-TFs encoding genes are correlated with immune infiltrations.
To prove this hypothesis, we identified the ssGSEA score of various immune signatures that included
B cells, CD4+ regulatory T cells, CD8+ regulatory T cells, eosinophil, immature B cells, immature
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dendritic cells, macrophages, mast cells, monocytes, MDSCs, neutrophils, pDC, pericytes, Tth, Thl,
Th2, Tregs and smooth muscle. We revealed that the expression level of STAT1 is positively
correlated (Spearman’s correlation test, R > 0.30 and P < 0.05) with the infiltrations of CD4
regulatory T cells, immature B cells, macrophages, MDSCs, monocytes, Tth cells and Thl cells
(Figure 7). In addition, CD4 regulatory T cells, immature B cells and B cells are negatively
correlated with the expression levels of MAFG in IPAH (Figure 7). Similarly, plasmacytoid dendritic
cells (pDC) infiltration is negatively correlated with the expression level of MAF in IPAH
(Spearman’s correlation test, R > 0.30 and P < 0.05) (Figure 7). Moreover, the expression level of
MAFRB 1is positively correlated with activated dendritic cells, M2 macrophages, and MDSCs and
negatively associated with endothelial cells, eosinophil and NK cells (Spearman’s correlation test,
R > 0.30 and P < 0.05) (Figure 7). The expression level of NCOR2 is positively correlated with
macrophages and negatively correlated with the infiltrations of B cells (Spearman’s correlation test,
R > 0.30 and P < 0.05) (Figure 7). CEBPB, other hub-TFs, is positively correlated with the
infiltration of M2 macrophages and epithelial cells (Spearman’s correlation test, R > 0.30 and P < 0.05)
(Figure 7). Altogether, the validated hub-TFs are associated with the infiltrations of various immune
signatures, including M2 Macrophages, MDSCs, CD4 regulatory T cells, immature B cells,
endothelial cells, eosinophils, B cells and NK cells. It demonstrated that these hub-TFs are crucially
associated with regulating immunity in IPAH patients.
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Figure 7. The co-regulatory hub-TFs are associated with immune infiltrations in the IPAH.
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3.8. Interaction of drugs with hub-TFs and their molecular docking

We employed the DGIdb [45] to identify potential drugs associated with 6 validated hub-TFs
(STAT1, MAF, CEBPB, MAFB, NCOR2 and MAFG). We identified that STAT1 interacts with 6
drugs, including garcinol, guttiferone k, picoplatin, cisplatin, CHEMBL85826 and ipriflavone
(Figure 8A). Moreover, the NCOR2, another hub-TFs, potentially interacted with benzbromarone,
CHEMBL312032 and 9, 10-phenanthrenequinone (Figure 8A). After getting this interaction, we
anticipated that these drugs could potentially interact with the amino acid residues of the protein
product of hub-TFs with a minimum binding affinity. To identify the interaction, we examined the
molecular docking of these hub-TFs (STAT1 and NCOR2) with identified drugs. Interestingly, we
found that the protein product of STAT1 is potentially interacting with the 5 drugs with a minimum
binding affinity (binding affinity < —4.8) (Table 3). The protein product of STAT1 is bound with
garcinol, guttiferone, picoplatin, CHEMBLS85826, and ipriflavone with an appreciable binding
affinity (Table 3). Guttiferone interacting with six amino acid residues (TYR A: 203, TYR A: 289,
TYR A: 287, HIS A:291, GLU A:290, LYS A:200) of STAT1 (1YVL) with the minimum binding
affinity-7.1 (Figure 8B and Table 3). The potential interaction of amino acid residues of STAT1 with
garcinol, picoplatin, CHEMBLS85826 and ipriflavone is displayed in Table 3. In addition,
benzbromarone interacts with the five amino acid residues (LYS A: 10, LYS A: 44, TYR A: 42,
LEU A: 48, MET A: 6) of the protein product of NCOR2 (Figure 8C and Table 3). Moreover, the
potential interaction of amino acid residues of NCOR2 with CHEMBL312032 and 9,
10-phenanthrenequinone is displayed in Table 3.

Table 3. The binding affinity of interacting drugs with the amino acid residues of hub-TFs.

) Binding . . . :
Protein products  Drugs : Interacting amino acid residues
Affinity
Garcinol =7.1 LEU A:109, ARG A:113, LEU A:116
Guttiferone 71 TYR A:203, TYR A:289, TYR A:287,
’ HIS A:291, GLU A:290, LYS A:200
STAT1 (1YVL)  Picoplatin —4.8 TYR A:287, LYS A:286
CHEMBLS85826 -7.8 ASP A:207, TYR A:289, TYR A:203
Inriflavone 70 GLN A:196, TYR A:289, TYR A:203,
p ' LEU A:199
Benzbromarone 6.9 LYS A:10, LYS A:44, TYR A:42, LEU
' A:48, MET A:6
LYS A:44, TYR A:39, LEU A:48, LEU
NCOR2 (2LTP - , ) )
( ) CHEMBL312032 6.9 A:13, MET A:6, PHE A:48
9,10-phenanthrenequinone =7.2 LYS A:44, LEU A:48, MET A:6
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A. The Interaction of hub-TFs with drugs. The central yellow nodes are hub-TFs, and the
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Figure 8. The co-regulatory hub-TFs are associated with drug interaction.
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4. Discussion

For the first time, we integrated three gene expression datasets (GSE48149 [26,27],
GSE113439 [28], and GSE117261 [29,30]) to identify the deregulated TFs between the IPAH and
control samples (Figure 1 and Table 1). Subsequently, we identified the hub-TFs encoding genes
differentially expressed in IPAH (Figure 2A). Previous studies indicated that the identified
hub-TFs are associated with the development and progression of pulmonary disease. For example,
Yamamura et al. [47] discovered that the level of STATI is sustained longer times in pulmonary
artery smooth muscle cells from patients with [IPAH. The PDGF-induced activation of PDGF
receptors is associated with STATI1-mediated signaling in pulmonary artery smooth muscle cell
proliferation and vascular remodeling in patients with IPAH. Gairhe et al. [48] found that the
activation of STATI1-mediated signaling correlates with the idiopathic PAH’s pathogenesis. The
activation of STAT4 is associated with the activation of the immune cells-mediated signaling process
in chronic obstructive pulmonary disease [49]. The downregulated level of NCOR?2 is involved with
the enhanced expression of pro-tumorigenic genes in lung adenocarcinoma [50]. In IPAH patients, the
reduced level of STATS is correlated with the pathogenesis of human disease [51]. The hub-TFs are
substantially associated with functional enrichments (Figure 3). Similar to the previous studies, hub-TFs
encoding genes are related to the enrichment of interleukin-21 signaling, cytokine signaling, and
cell cycle-related signaling in PAH [52—-54]. As expected, we found the enriched transcriptional
signaling associated pathways, including RNA polymerase II transcription, downstream signal
transduction, transcriptional regulation of white adipocyte differentiation, transcriptional regulation
of granulopoiesis and transcriptional activity of SMAD2/SMAD3:SMAD4 heterotrimer. The
interaction of human TF with genes can be stimulated the transcription-associated signaling
pathways [55]. Altogether, these results suggested that the TFs encoding genes are critically
associated with the pathogenesis and development of PAH.

Since miRNAs are substantially associated with the pathogenesis, development, and progression
of pulmonary diseases [21,23], we identified the key miRNAs that are differentially expressed in
IPAH. These key miRNAs are linked with the pathogenesis of lung and heart diseases. For example,
the expression of hsa-miR-505 is significantly increased in hypertensive patients [56].
Hsa-miR-183-5p, the second top-upregulated miRNA, is increased in lung cancer, which influences
the cell proliferation, migration, and cell cycle of NSCLC [57]. MiR-205 is a vital biomarker to
detect and predict the recurrence of patients with lung cancer [58]. In lung cancer, the increased level
of miR-205-5p promoted cellular proliferation and metastasis [59]. The expression level of MiR-1256
was downregulated in NSCLC, and the miR-1256/TCTNI1 signaling axis can be played a crucial
role in NSCLC [60].

Then, we discovered that potential TFs in hub-TFs-miRNA coregulatory networks are
associated with the infiltrations of various immune signatures in IPAH (Figure 7). It was
demonstrated that STAT1 is increased in a model of hypoxic pulmonary hypertension and idiopathic
pulmonary fibrosis [61,62]. The STAT1/STAT3 signaling axis mediated the downstream mechanism
of endothelial cell proliferation in IPAH [61]. In the rat model, the expression level of STATI is
correlated with the infiltrations of immune cells in PAH [63]. Maf is the positive and negative
regulator of cytokine gene expression by controlling the disease-specific downstream gene
networks [64]. Therefore, the co-regulatory network of miRNAs with these hub-TFs may be associated
with the downstream signaling to influence immunity in IPAH patients. In IPAH, the deregulated
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biomarkers are related to the infiltrations of CD8+ T cells, macrophages, CD4+ T cells, monocytes and
neutrophils [2]. Yang et al. [65] revealed the dysregulated immune reactions in the lung tissue of patients
with IPAH. They found the various immune signatures positively and negatively correlated with the
expression level of hub genes. Ni et al. [66] stated that the irregular immune cell distribution and
polarization in the lung arterial vasculature are associated with the development and progression of
PAH. The inflammatory and deregulated immune processes are crucially involved with the
chemokines and cytokines-mediated complications in pulmonary arterial hypertension [67]. These
previous studies strictly supported our findings. We revealed that immune signatures are significantly
deregulated in IPAH (Figure 6), and hub-TFs encoding genes’ expression level correlates with
infiltrations of various immune signatures. Therefore, the hub-TFs-miRNA coregulatory networks
(Figure 9), including hsa-miR-205-5p-CEBPB, hsa-miR-205-5p-NCOR2, hsa-miR-26b-5p-MAFG,
hsa-miR-30a-5p-MAFG, hsa-miR-30a-5p-MAF, hsa-miR-152-3p- MAFB, hsa-miR-99a-5p-MAFB,
hsa-miR-198-STAT1 and hsa-miR-4693-5p-STAT1 may be associated with the dysregulation of
immune processes in IPAH. Additionally, the enrichment level of various immune-associated
pathways (Figure 3) further supported the immunological association of these TFs in IPAH. Finally,
we identified some potential drugs that interacted with the protein product of STAT1 and NCOR2.
Potential drug repurposing is an important avenue to treat rare diseases, such as PAH and IPAH. This
type of approach can combat the high costs of novel drug discovery and has an added safety benefit
to existing drugs. Since IPAH is a rare disease, we revealed the interaction of the protein products of
co-regulatory hub-TFs (STAT1 and NCOR2) with existing potential drugs. Masullo et al. [68]
proposed that the direct interaction of garcinol and STAT1 can be modulated the cytokine signaling
pathways in different cell lines. The same group of researchers revealed that the interaction of
guttiferones K and STAT1 is associated with the inhibition of STAT1 for binding with DNA, which
ultimately inhibits transcriptional signaling. Benzbromarone is interacting with NCOR2 and it was
reported that the application of Benzbromarone leads to pulmonary vasodilation, which can be
recognized by the decrease in pulmonary vascular resistance [52]. Toshner et al. reported that
benzbromarone is utilized for the clinical trial of PAH [69]. In pulmonary arteries and pulmonary
artery smooth muscle cells (PASMCs), benzbromarone significantly decreased the right ventricular
pressure and reversed the remodeling of established pulmonary hypertension in animal models [70].

hsamir-26bspf ] Psemir-3035p 1 Wheamir 152398 Y hsa-mir-09a 56

cegpa ) MAFG | stat1t

Figure 9. The deregulated miRNA-mRNA co-regulatory networks associated with
immune infiltrations, immunological activities, and IPAH pathogenesis.
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The drawback of our study is that the [IPAH-associated miRNA-mRNA co-regulatory networks
identified in the bioinformatics study have not been proven by clinical experimental validation. Thus,
although our findings could provide potentially valuable biomarkers for IPAH development,
diagnosis and therapeutic targets, future clinical and experimental validation would be needed to
apply these results to the clinical application of IPAH treatment.

5. Conclusions

Identifying hub-TFs and miRNA- hub-TFs co-regulatory networks may provide new avenues into
the IPAH development and pathogenesis mechanism. The coregulatory networks, including
hsa-miR-205-5p-CEBPB, hsa-miR-205-5p-NCOR?2, hsa-miR-26b-5p-MAFG, hsa-miR-30a-5p-MAFG,
hsa-miR-30a-5p-MAF, hsa-miR-152-3p- MAFB, hsa-miR-99a-5p-MAFB, hsa-miR-198-STAT] and
hsa-miR-4693-5p-STATI are involving with the pathogenesis of IPAH.
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