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Weighted gene co-expression network analysis identifies dysregulated B-cell receptor signaling pathway and novel genes in pulmonary arterial hypertension












	
	TYPE Original Research
PUBLISHED 06 October 2022
DOI 10.3389/fcvm.2022.909399






Weighted gene co-expression network analysis identifies dysregulated B-cell receptor signaling pathway and novel genes in pulmonary arterial hypertension

Yuanrong Chen1, Chaoling Wu1, Xiaoping Wang2, Xufeng Zhou2, Kunpeng Kang2, Zuofeng Cao2, Yihong Yang2, Yiming Zhong1,2,3* and Genfa Xiao1,2,3*


1Key Laboratory of Prevention and Treatment of Cardiovascular and Cerebrovascular Diseases of Ministry of Education, Gannan Medical University, Ganzhou, China

2Department of Cardiology, The First Affiliated Hospital of Gannan Medical University, Ganzhou, China

3Gannan Branch Center of National Geriatric Disease Clinical Medical Research Center, Gannan Medical University, Ganzhou, China

[image: image2]

OPEN ACCESS

EDITED BY
Deborah Hunt, Adelphi University, United States

REVIEWED BY
Olli-Pekka Smolander, Tallinn University of Technology, Estonia
 Mirolyuba Ilieva, Aalborg University, Denmark

*CORRESPONDENCE
 Yiming Zhong, yimingdoc@126.com
 Genfa Xiao, iesvev1986@foxmail.com

SPECIALTY SECTION
 This article was submitted to Hypertension, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 31 March 2022
 ACCEPTED 13 September 2022
 PUBLISHED 06 October 2022.

CITATION
 Chen Y, Wu C, Wang X, Zhou X, Kang K, Cao Z, Yang Y, Zhong Y and Xiao G (2022) Weighted gene co-expression network analysis identifies dysregulated B-cell receptor signaling pathway and novel genes in pulmonary arterial hypertension. Front. Cardiovasc. Med. 9:909399. doi: 10.3389/fcvm.2022.909399

COPYRIGHT
 © 2022 Chen, Wu, Wang, Zhou, Kang, Cao, Yang, Zhong and Xiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Pulmonary arterial hypertension (PAH) is a devastating cardio-pulmonary vascular disease in which chronic elevated pulmonary arterial pressure and pulmonary vascular remodeling lead to right ventricular failure and premature death. However, the exact molecular mechanism causing PAH remains unclear.

Methods: RNA sequencing was used to analyze the transcriptional profiling of controls and rats treated with monocrotaline (MCT) for 1, 2, 3, and 4 weeks. Weighted gene co-expression network analysis (WGCNA) was employed to identify the key modules associated with the severity of PAH. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed to explore the potential biological processes and pathways of key modules. Real-time PCR and western blot analysis were used to validate the gene expression. The hub genes were validated by an independent dataset obtained from the Gene Expression Omnibus database.

Results: A total of 26 gene modules were identified by WGCNA. Of these modules, two modules showed the highest correlation with the severity of PAH and were recognized as the key modules. GO analysis of key modules showed the dysregulated inflammation and immunity, particularly B-cell-mediated humoral immunity in MCT-induced PAH. KEGG pathway analysis showed the significant enrichment of the B-cell receptor signaling pathway in the key modules. Pathview analysis revealed the dysregulation of the B-cell receptor signaling pathway in detail. Moreover, a series of humoral immune response-associated genes, such as BTK, BAFFR, and TNFSF4, were found to be differentially expressed in PAH. Additionally, five genes, including BANK1, FOXF1, TLE1, CLEC4A1, and CLEC4A3, were identified and validated as the hub genes.

Conclusion: This study identified the dysregulated B-cell receptor signaling pathway, as well as novel genes associated with humoral immune response in MCT-induced PAH, thereby providing a novel insight into the molecular mechanisms underlying inflammation and immunity and therapeutic targets for PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a devastating cardio-pulmonary vascular disease. Despite novel pharmacotherapy strategies improved symptoms and physical signs in patients with PAH, the prognosis remains poor (1). Occlusive and obliterative alterations in the small to medium pulmonary arteries are widely observed. Dysfunctional and altered structure in pulmonary vasculature leads to elevated mean pulmonary arterial pressure (mPAP), culminating in right ventricular failure and premature death (2). Dysregulated immunity and perivascular inflammation have attracted broad attention and have been inextricably associated with the development of PAH (2). Although there was accumulating research in PAH pathogenesis, with considerable progress in recent years, the exact molecular mechanism underlying inflammation and immunity in PAH remains unclear.

Monocrotaline (MCT), a plant-derived alkaloid, was extensively employed to induce PAH models for over 50 years (3). The development of MCT-induced PAH was closely associated with dysfunctional inflammatory and immune responses. In the MCT-induced PAH model, we found the thickened vascular wall, occlusive and/or obliterative vascular lumen, impaired endothelium, and perivasculitis in pulmonary arteries (4). Moreover, the parameters of pulmonary vascular remodeling, the percentage of total wall thickness to external diameters of pulmonary arterioles diameter (WT%), and the percentage of wall area to the total area of vessels (WA%) were gradually increased in the progression of MCT-induced PAH (4). In addition, we performed RNA sequencing (RNA-seq) analysis of MCT-induced PAH and found that inflammatory and immune responses occurred at the early stage of PAH and were involved in the initiation and progression of PAH (5).

The rapid development of systemic biology provides a powerful tool for exploring disease-associated genes (6). Weighted gene co-expression network analysis (WGCNA) is a novel systemic biology analysis approach (7) that divides the gene expression matrix into different gene modules and detects the relationship between gene modules and external phenotypical characteristics. WGCNA provides a system-level perspective into the genes and phenotypical traits and has been broadly used for probing the hub genes that drive key signaling pathways in diseases (8). For example, Hao et al. (9) identified specialized miRNA-mRNA regulatory networks composed of 6 miRNA and 12 mRNA in idiopathic pulmonary hypertension by using WGCNA. Zheng et al. (10) identified four key genes as potential therapeutic targets and early biomarkers in systemic sclerosis-related pulmonary hypertension by using WGCNA. In addition, Cai et al. (11) identified five immune cell-related marker genes by using WGCNA in pulmonary fibrosis-associated pulmonary hypertension, and these marker genes could divide these samples into various subgroups.

In this study, we constructed a gene co-expression network and identified the key modules related to the severity of PAH by performing WGCNA analysis, as well as characterized hub genes and signaling pathways, aiming to provide a deeper understanding of molecular mechanisms underlying inflammation and immunity in PAH.



Materials and methods


Data preparation

The detailed methods regarding animals and treatment, RNA extraction, cDNA library preparation, and RNA sequencing are described in our previous study (5, 12). Briefly, a total of 17 rats were used, in which 12 rats were randomly assigned to four MCT-treatment groups (n = 3, per group) and the remaining 5 rats served as a control group. The MCT-treated rats were sacrificed at the end of weeks 1, 2, 3, and 4. Five control rats were sacrificed at different time points, including week 0 (MCT was given) and each time when MCT-treated rats were sacrificed. Rat lungs were isolated for further RNA extraction, cDNA library preparation, and RNA-seq. The raw sequencing data have been deposited in Gene Expression Omnibus (GEO) with an accession number GSE149713. In addition, an independent dataset with an accession number GSE149899 was used to validate the hub genes. The raw read counts of the GSE149899 dataset were downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149899). The GSE149899 dataset included RNA-seq data of lung tissues from six irreversible PAH (MCT-induced PAH cannot be reversed by hemodynamic unloading) rats, 12 reversible PAH (MCT-induced PAH can be reversed by hemodynamic unloading) rats, and five normal control rats. The values of FPKM (fragments per kilobase of transcript per million fragments mapped) were usually used to estimate the relative expression abundance of transcripts. In the present study, the GSE149899 dataset was processed by transferring the raw read count into FPKM value in R software, so the gene expression value could be estimated and compared. The processed data of the GSE149899 dataset is attached in Supplementary Table 1.



Construction of weighted gene co-expression network

In our previous study, a total of 23,200 transcripts were identified in MCT-induced PAH (5). To maintain data integrity, an expression matrix containing 17 samples and 23,200 transcripts was used to construct the co-expression network by using the “WGCNA” R package (7). First, the gene expression matrix was converted into the co-expression matrix by calculating the absolute value of each gene's correlation coefficient. Next, the co-expression matrix was transformed into the adjacency matrix by a thresholding procedure. Then, the “pickSoftThreshold” function of the “WGCNA” R package was used to perform an analysis of scale-free topology for soft-thresholding. Here, the soft-thresholding power β = 4 (scale-free R2 = 0.9) was chosen to meet the scale-free network. After that, the adjacency matrix was transformed into the topological overlap matrix (TOM) and dissimilarity TOM. Lastly, hierarchical clustering and the dynamic tree cut method were used to divide modules. The minimal gene number in each gene module was set as 50, and similar modules were merged based on a height cutoff of 0.25.



Identification of key modules associated with PAH

Module eigengene (ME) is the first principal component of a given module and is considered a representative of the gene expression in the given module (7). ME was calculated for each module. The correlation between the MEs and the phenotypic traits was calculated by using the Pearson correlation coefficient to assess the relationship between each gene co-expression module and phenotypic trait. The phenotypic traits include WT%, WA%, mPAP, and right ventricular hypertrophy index (RVHI). These phenotypic traits were the parameters commonly used for assessing PAH severity (4). The modules showing the most highly positive or negative correlation with four phenotypic traits were selected as the key modules.



Enrichment analysis of the key modules

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed by the “clusterProfiler” R package (13). P-value < 0.05 was viewed as significant enrichment.



Visualization of B-cell receptor signaling pathway

The genes annotated in the B-cell receptor (BCR) signaling pathway were extracted from KEGG PATHWAY DATABASE (https://www.genome.jp/kegg/pathway.html). The Pathview (https://pathview.uncc.edu/analysis) is a visual tool that maps, integrates, and renders a large variety of biological data onto molecular pathway graphs (14). The altered genes in the BCR signaling pathway were visualized by using a modified Pathview that showed P-value instead of expression value ratio change. The details of the statistical analysis are described in the figure legends.



Identification of the hub genes

The genes with high connectivity in the key modules were viewed as the hub genes (7), which were considered to play a more significant biological role in the gene regulatory network. Module membership (MM) was used to represent intramodular connectivity by correlating the gene expression profile with the ME of a given module (15). The closer the MM of a gene is to 1 or −1, the higher the connection to the given module (7). Similarly, gene significance (GS) was used to assess the correlation between the gene expression profile and the phenotypic trait. The closer the GS of the gene is to 1, the more highly it is associated with the given phenotypic trait. In this study, genes with |GS| and |MM|≥ 0.8 were viewed as the candidate genes of the blue module, and genes with |GS|≥ 0.5 and |MM|≥ 0.8 were considered as the candidate genes of the dark red module. The differentially expressed genes (DEGs) in the candidate genes were defined as the hub genes in the present study. The hub genes were validated by GSE149899.



Real-time PCR analysis

Total RNA was extracted from the lung tissues of control and rats injected with MCT for 4 weeks (MCTW4), according to the manufacturer's instruction. First-strand cDNA synthesis was performed by using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Life Science, CH), according to the manufacturer's protocol. The quantification of mRNA expression was performed in a Step One Plus Real-time PCR System (Life Technologies™, Applied Biosystems, Gene Co., Ltd., Carlsbad, CA, USA). The rat origin primers used for real-time PCR analysis were listed as follows: forward-5′-ACA GCA ACA GGG TGG TGG AC-3′ and reverse-5′-TTT GAG GGT GCA GCG AAC TT-3′ for GAPDH; forward-5′-AGT CTG GTG GGC TGG AGG TGG-3′ and reverse-5′-GAA GGG TTT CCG AGG GGG GTA-3′ for BAFFR; forward-5′- ATG TGA GGG GGG AAG ACT A-3′ and reverse-5′- AGG TGG ATG AGA TAA AGC C-3′ for TNFSF4; forward-5′- CAA CAG CAG CAC CAA TCT CCA-3′ and reverse-5′-ATA CTC CTC GCC CTT TCG CAA-3′ for BTK; forward-5′-CTT GGG CAT TCT GTC GGT GAT-3′ and reverse-5′-GGA GGT GCT GGG AAG TTT ATT-3′ for CD20; and forward-5′-ATG GAC CAC CGC CTC TAC C-3′ and reverse-5′-TCC TCA GCC CCA CCA CAC A-3′ for IGHM. The relative quantification of the mRNA expression of genes was analyzed in accordance with the comparative 2−ΔΔCT method and expressed as fold changes.



Western blot analysis

Western blot analysis was performed as previously described (16). Lung tissues were isolated from the control group, and rats injected with MCT for 4 weeks. Then, the lung tissues were lysed with RIPA lysis buffer containing protease inhibitor cocktails (Meilunbio Biotech Co., Ltd, CHN). Tissue lysates were incubated on ice for 30 min and subsequently centrifuged at 12,000 rpm at 4°C for 5 min, and the supernatant was separated for further analysis. The protein concentration was measured by using the BCA kit (GBCBIO Biotech Co., Ltd, CHN). Equal amounts of total protein from different samples were separated by 12% SDS-PAGE and transferred into 0.45 μm PVDF membranes (IPVH00010, Merck Millipore, DEU). The PVDF membranes were blocked with 5% non-fat milk powder in TBST at room temperature for 2 h and incubated with primary antibodies overnight at 4°C. On the 2nd day, the membranes were washed three times with TBST and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (Boster Biological Technology Co., Ltd, CHN, 1:10,000) for 2 h at room temperature. After being washed three times with TBST, the membranes were incubated with an ECL reagent (Affinity Biosciences, USA) for detecting the blots, and the blots were quantified by Image-Pro Plus software (version: 6.0). Primary antibodies, including mouse anti-BTK (1:1,000), rabbit anti-CD19 (1:1,000), rabbit anti-GAPDH (1:1,000), and rabbit anti-CD20 (1:2,000), were purchased from Jingjie PTM BioLab Co. Ltd, CHN.



Statistical analysis

All statistical analyses were performed using RStudio (version 2021.09.2) and R (version 4.1.2) software. Data were presented as mean ± SD (standard deviation). The “ggplot2 (version 3.3.6),” “pheatmap (version 1.0.12)”, and “WGCNA (version 1.71)” R packages were used to draw graphics. The “DEseq2 (version 1.34.0)” R package was used to identify DEGs (a threshold of |log2 (Fold Change)| ≥1 & p ≤ 0.05). The difference between groups was compared by the two-tailed Student's t-test (normal distribution) or Wilcoxon signed-rank test (abnormal distribution). P-value < 0.05 was considered as statistical significance.




Results


Construction of the co-expression network and identification of the key modules

In this study, to ensure the integrity of transcriptional profiling, an expression matrix comprising 17 samples and 23,200 genes (Supplementary Table 2 and Figure 1A) was used to construct the co-expression network. Given the scale independence and mean connectivity, the power value β = 4 (scale-free R2 = 0.9) was selected as the soft threshold for the present study (Figure 1B). In addition, based on the dynamic tree cut algorithm and merge cutoff of 0.25, a total of 26 gene co-expression modules were generated and were assigned with different colors for distinguishing each other (Figures 1C,D). It was shown that the turquoise module had the largest number of genes, whereas the saddle brown showed the lowest number of genes (Figure 2A). The heatmap plot of ME showed that all gene modules were independent of each other (Figure 2A). The severity of MCT-induced PAH was evaluated by the phenotypic traits, composed of mPAP, RVHI, WT%, and WA% in our previous study (4). Upon constructing the co-expression network, we assessed the relationship between the gene co-expression modules and phenotypic traits through Pearson correlation analysis. As shown in Figure 2B, the dark red module showed the most highly positive correlation with mPAP (r = 0.66, P = 3.91e-03), RVHI (r = 0.65, P = 4.56e-01), WT% (r = 0.68, P = 2.58e-03), and WA% (r = 0.63, P = 6.62e-03). In contrast, the blue module showed the most highly negative correlation with mPAP (r = −0.77, P = 2.99e-04), RVHI (r = −0.77, P = 3.19e-04), WT% (r = −0.85, P = 1.35e-05), and WA% (r = −0.88, P = 3.20e-06). As a result, two modules depicted with blue and dark red colors were the most relevant to the severity of PAH and were identified as the key modules for further analysis.


[image: Figure 1]
FIGURE 1
 Construction of weighted gene co-expression network and division of gene co-expression module. (A) Clustering analysis heatmap plot of the expression matrix of 23,200 genes. The rows and columns represent gene expression levels and each sample, respectively. Red and blue represent the elevation and decrease of corresponding gene expression, respectively. (B) Analysis of the scale-free fit index (left) and the mean connectivity (right) for various soft-thresholding powers (β), among which four were chosen as the value to construct a scale-free network. (C) Clustering of module eigengenes. The cut height (red line) was 0.25. (D) Clustering dendrogram of all genes, with dissimilarity based on the topological overlap. Each color represents a gene co-expression module. Twenty-six gene co-expression modules were divided.
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FIGURE 2
 Identification of key modules. (A) Heatmap plot of module eigengene. Red and blue represent a positive and negative correlation, respectively. The bar chart represents the number of genes in each module. (B) Heatmap plot of module–trait relationship. Rows and columns represent different gene co-expression modules and phenotypic traits. The dark red and blue module showed the strongest correlation.




GO enrichment analysis of the key modules

To investigate potential biological processes of the dark red and blue module, GO enrichment analysis was performed. GO results of the dark red module showed that most of the biological processes were associated with humoral immune response, such as B-cell receptor signaling pathway, B-cell activation, B-cell proliferation, B-cell differentiation, antigen receptor-mediated signaling pathway, regulation of B-cell proliferation, and regulation of B-cell activation (Figure 3A). Similar to the dark red module, GO enrichment analysis of the blue module also showed a humoral immune response, such as antigen processing and presentation, B-cell-mediated immunity, and immunoglobulin-mediated immune response (Figure 3B). Taken together, these results suggested a role for B-cell-mediated humoral immune response in the development of MCT-induced PAH.


[image: Figure 3]
FIGURE 3
 GO and KEGG functional enrichment analysis of key modules. (A,B) Bubble plot showing top 20 terms of biological process in the dark red and blue module, respectively. (C,D) Bubble plot showing top 20 pathways of KEGG functional enrichment analysis in the dark red and blue module, respectively.




KEGG enrichment analysis of the key modules

To further explore the inherent signaling pathways of the dark red and blue module, the KEGG enrichment analysis was performed. KEGG enrichment analysis of the dark red module revealed the inflammatory/immune-related pathways, including B-cell receptor (BCR) signaling pathway, T-cell receptor signaling pathway, primary immunodeficiency, chemokine pathway, natural killer cell-mediated cytotoxicity, and leukocyte trans-endothelial migration (Figure 3C). Consistently, the inflammatory/immune response-related pathways were also enriched in the blue module, owing to the enrichment of the BCR signaling pathway, primary immunodeficiency, and natural killer cell-mediated cytotoxicity (Figure 3D).



The change of BCR signaling pathway in MCT-induced PAH

It is worth noting that the BCR signaling pathway was the most significantly enriched pathway in the dark red module and was also significantly enriched in the blue module. Consequently, the BCR signaling pathway was chosen for further analysis. The BCR is an integral membrane complex composed of two immunoglobulin (Ig) heavy chains, two Ig light chains, and two heterodimers of Igα and Igβ (17). Ligation of the BCR with the specific antigen initiates highly sequential recruitment of critical intracellular mediators and adaptors, including LYN, SYK, BTK, BLNK, and VAV, and activates downstream pathways resulting in B-cell proliferation, differentiation, and secretion of various immunoglobulins and cytokines (18–20). Pathview and hierarchical clustering analysis showed the increased expression of BCR Igα (CD79A), Igβ (CD79B), LYN, BTK, SYK, BLNK, and CD19/21/81 in the BCR signaling pathway (Figures 4A,B). In addition, the altered expression of other genes was also shown, including upregulated genes FcgRIIB (FCGR2B), LEU13 (LFITM1), and PIR-B (LILRB3 and LILRB3A) and downregulated genes PLC-γ2 (PLCG2), PKCβ (PRKCB), SOS (SOS2), and IκBα (NFKBIA).


[image: Figure 4]
FIGURE 4
 B-cell receptor signaling pathway in response to monocrotaline (MCT) treatment. (A) The integration and visualization of gene expression in B-cell receptor signaling pathway using modified Pathview. Each colored box represents the comparison of MCT treatment at week 1, 2, 3, and 4 with control, respectively. Color represents P-value for each comparison of MCT treatments with control (unpaired t-test), red and green represent the elevation and decrease of corresponding gene expression, respectively, while white represents P ≥ 0.2 or not detected. (B) Heatmap plot of differentially expressed genes in B-cell receptor signaling pathway. Rows and columns represent gene expression levels and each sample, respectively. Red and blue represent the elevation and decrease of corresponding gene expression, respectively.




Identification and validation of humoral immune response-associated DEGs

Due to the enrichment of dysregulated BCR signaling pathway, we then analyzed the genes enriched in the humoral immune response by GO analysis. A total of 26 terms and 162 genes were associated with humoral immune response in the dark red and blue module (Supplementary Table 3). Differential expression analysis showed that 78 genes were differentially expressed, of which eight genes, including CD19, CD21, CD81, BTK, BLNK, CD79A, CD79B, and LILRB3A, were overlapped in the BCR signaling pathway (Figure 5A). To characterize these humoral immune response-associated DEGs, we applied a heatmap to exhibit them. The heatmap showed that the majority of genes were elevated in a time-dependent manner (Figures 5A–D). DEGs associated with cellular B-cell homeostasis (GO:0001782), activation (GO:0042113), and proliferation (GO:0042100) were upregulated in MCT-induced PAH, such as BAFFR, CD70, and CD20 (Figure 5B). In contrast, DEGs associated with immature B-cell differentiation (GO:0002327), immunoglobulin production, (GO:0002377), and humoral immune response (GO:0006959) showed dysregulated expression, due to the identification of both upregulated DEGs (IL-1β, IL-6, IGHM, JCHAIN, TNFSF4, TNFRSF4, and MZB1) and downregulated DEGs (IL-33, NOTCH1, CCR7, etc.) (Figure 5C). As shown in Figure 5D, the upregulation of DEGs associated with the regulation of B-cell activation (GO:0050864), proliferation (GO:0030888), differentiation (GO:0030183), humoral immune response (GO:0002920), and BCR signaling pathway (GO:0050855) was also identified, such as ACOD1 and FCRL5. Moreover, a set of DEGs was overlapped in various biological process terms. For instance, BTK was overlapped in B-cell-mediated immunity (GO:0019724), B-cell receptor signaling pathway (GO:0050853), and positive regulation of B-cell-mediated immunity (GO:0002714). BAFFR was overlapped in B-cell homeostasis (GO:0001782), activation (GO:0042113), proliferation (GO:0042100), and regulation of B-cell activation (GO:0050864) and proliferation (GO:0030888). TNFSF4 was overlapped in B-cell-mediated immunity (GO:0019724), immunoglobulin production (GO:0002377), and positive regulation of B-cell-mediated immunity (GO:0002714).
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FIGURE 5
 Heatmap plot of humoral immune response-associated DEGs. (A) Eight overlapped DEGs in GO terms and BCR signaling pathway. (B) DEGs in B-cell homeostasis (GO:0001782), activation (GO:0042113), and proliferation (GO:0042100). (C) DEGs in immature B-cell differentiation (GO:0002327), immunoglobulin production (GO:0002377), and humoral immune response (GO:0006959). (D) DEGs in remaining unassorted terms associated with humoral immune response. Rows and columns represent gene expression levels and each sample, respectively. Red and blue represent the elevation and decrease of corresponding gene expression, respectively.


The DEGs overlapped in multiple GO terms may be more important and representative of humoral immunity. Therefore, we selected BAFFR, BTK, and TNFSF4 for further validation. Additionally, CD19, CD20, and IGHM were also selected, due to their essential roles in humoral immune response (21, 22). As shown in Figure 6A, the validation of the RNA-seq dataset by real-time PCR showed the upregulation of BAFFR, BTK, TNFSF4, CD20, and IGHM, thus confirming the upregulation of humoral immune response-associated genes in MCT-induced PAH. To further validate our RNA-seq dataset in protein levels, western blot analysis was performed to validate three critical humoral immune response-associated DEGs, including BTK, CD19, and CD20. Western blot analysis showed elevated protein levels of BTK, CD19, and CD20 (Figure 6B), further confirming the upregulation of humoral immune response-associated genes in MCT-induced PAH.


[image: Figure 6]
FIGURE 6
 Validation of the expression of critical humoral immune response-associated genes. (A) Real-time PCR analysis. Data were shown as mean ± SD. n = 3 MCT-treated rats at 4 weeks, and n = 5 control. *P < 0.05 vs control; ** P < 0.01 vs. control. (B) Western blot analysis. Data are shown as mean ± SD. n = 6 MCT-treated rats at week 4, and n = 6 control. *P < 0.05 vs. control; ** P < 0.01 vs. control. CTR, control; MCTW4, MCT treatment for 4 weeks.




Identification and validation of the hub genes in key modules

According to the criteria mentioned in the methods, 38 and 52 candidate genes were identified in the dark red and blue module, respectively. Differential expression analysis showed that 7 of 38 candidate genes, including ACOD1, CLEC4A1, and CLEC4A3, were differentially expressed in the dark red module (Figure 7A and Supplementary Figure 1). Similarly, 37 of 52 candidate genes, including FOXF1, BANK1, and TLE1, were differentially expressed in the blue module (Figure 7B and Supplementary Figure 2). As shown in Figure 7C, the expression of the ACOD1, CLEC4A1, and CLEC4A3 was gradually increased in the dark red module. In contrast, the expression of the FOXF1, BANK1, and TLE1 was gradually reduced in the blue module (Figure 7D). We then confirmed the expression of these hub genes by the GSE149899 dataset. As shown in Figure 8, in addition to ACOD1, the expression of CLEC4A1 and CLEC4A3 was increased, while that of FOXF1, BANK1, and TLE1 was reduced.


[image: Figure 7]
FIGURE 7
 Identification of the hub genes. (A,B) Venn diagram showing the overlapped gene numbers between differentially expressed genes and candidate genes. (C,D) Temporal expression levels of six hub genes. Data are shown as mean ± S.E.M. n = 3 MCT-treated rats at each week, and n = 5 control. *P < 0.05 vs. control.
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FIGURE 8
 Validation of the hub genes. Boxplots showing the expression level of six real hub genes in dataset GSE149899. *P < 0.05, ** P < 0.01, *** P < 0.001, ns, no significance. CTR, control; R-PAH, reversible pulmonary arterial hypertension; IR-PAH, irreversible pulmonary arterial hypertension.





Discussion

In this study, WGCNA was used to identify pathways and hub genes related to the severity of PAH induced by MCT. We found the dysregulated BCR signaling pathway and humoral immune response-associated genes in MCT-induced PAH.

We identified a total of 26 gene co-expression modules that were independent of each other. Further analysis was based on the module–trait relationships. Because the blue and dark red module showed the strongest correlation with the phenotypic traits that reflected the severity of PAH, we selected the dark red and blue module as the key modules, and further enrichment analysis was carried out. GO enrichment analysis showed that the genes in key modules were mainly associated with B-cell-mediated humoral response, including B-cell activation, regulation of B-cell activation, positive regulation of B-cell activation, and immunoglobulin production. Moreover, KEGG enrichment analysis showed that the BCR signaling pathway was enriched in both the dark red and blue module. Then, we used Pathview analysis to show the detailed changes in the BCR signaling pathway in MCT-induced PAH. As it was exhibited by Pathview, visualization of global pathway changes showed that the gene expression in the BCR signaling pathway was not synergistic. For instance, the decreased expression of PLC-γ2, PKCβ, and IκBα was identified in the BCR signaling pathway. The decreased levels of IκBα, an inhibitor of NF-κB, activates NF-κB signaling pathway, whereas the reduced levels of PLC-γ2 and PKCβ may limit the activation of the NF-κB signaling pathway. Therefore, it was possible that the presence of the negative feedback mechanisms restricted the over activated or prolonged BCR signaling pathway in the progression of PAH. The humoral immune response-associated GO terms and BCR signaling have already been enriched in our previous study (5, 12). As a result, the present study may extend and expand B-cell-mediated humoral immunity in the development of PAH.

It is well-established that B cells are essential to humoral immune response and are associated with autoimmune diseases (23). The B-cell-mediated humoral immune response involves a series of processes in which, upon recognition of the specific antigen, B cells are activated, and the activated B cells proliferate to form germinal centers and differentiate into plasma cells to produce antibodies (24). In the present study, a series of B-cell markers, including CD19, CD20, CD79A, and CD79B (25, 26), were elevated. The identification of increased B-cell markers indicated elevated B-cell infiltration in the lung tissues of MCT-induced PAH, which was consistent with current pathological findings (27, 28). Moreover, reduced CCR7 level was identified; of note, the lack of CCR7 resulted in the infiltration of perivascular lymphocytes, including B cells, in pulmonary hypertension (29). Furthermore, some of these B-cell markers were considered as potential targets of B-cell depletion therapy in PAH. For example, rituximab, an anti-CD20 B-cell antibody, had shown accepted safety and tolerability for the treatment of PAH with systemic sclerosis or systemic lupus erythematosus (30, 31).

A set of genes associated with humoral immune response were upregulated, including BAFFR, TNFSF4, TNFRSF4, MZB1, BTK, CD19, and immunoglobulin chain IGHM and JCHAIN. The BAFFR is indispensable for maintaining the development, maturation, and survival of B cells (32). Moreover, the deficiency of BAFFR in either mice or humans results in decreased titers of serum IgM (33, 34). The interaction between TNFSF4 and TNFRSF4 is necessary for differentiating activated B cells into plasma cells and producing antibodies (35). TNFSF4 promoted the affinity maturation of the secondary humoral immune response in B cells, and the knockout of TNFSF4 generated a reduced proportion of germinal center B cells and plasma cells (36). Moreover, a lack of TNFSF4 ameliorated the autoimmune phenotype and reduced the total IgM (36). MZB1 regulates B cells to produce IgM antibodies, and downregulation or deficiency of MZB1 led to impaired IgM secretion (37). CD19 acts as the costimulatory molecule, and plays a crucial role in regulating B-cell-mediated humoral immune response. The deficiency of CD19 severely impaired B-cell maturation and germinal center formation, accompanied by a lack of B cells and IgM (21, 22). In contrast, hCD19 transgenic mice showed significantly spontaneous B-cell proliferation and an overall elevated level of immunoglobulins, including IgM (21). Interestingly, the expression of BAFFR, TNFSF4, TNFRSF4, MZB1, CD19, IGHM, and JCHAIN was elevated in the present study, indicating that B cells were activated to produce antibodies, thus in line with the evidence of local immunoglobulin production in PAH (38). It is noteworthy that activated B cells not only produce antibodies but also secrete a variety of cytokines involved in the immune response, such as IL-1β and IL-6 (20, 39). The identification of elevated cytokines IL-1β and IL-6 suggested enhanced B-cell-mediated antibody-independent functions. BTK is a crucial protein in BCR signaling, and increased BTK levels are associated with autoimmune diseases (40). The overexpression of BTK-induced spontaneous germinal center formation and production of autoantibodies in CD19-hBTK transgenic mice (41), and moreover, induced pulmonary hypertension through activation of BCR signaling in pulmonary injury mice (42). The BTK expression was upregulated in the present study, further supporting the role of the dysregulated BCR signaling pathway in MCT-induced PAH.

BANK1 is a scaffold protein that is primarily expressed in B lineage cells (43). Functional variant and polymorphism of BANK1 are associated with susceptibility to autoimmune diseases, such as systemic lupus erythematosus (44), rheumatoid arthritis (45), diffuse cutaneous systemic sclerosis (46), and primary Sjogren's syndrome (47), suggesting an important role of BANK1 in autoimmune diseases. Upregulated BANK1 expression was mainly observed in immune tolerance patients (48). By contrast, decreased BANK1 expression was observed in activated B cells and plasma cells (48). It was reported that decreased BANK1 exacerbated B-cell response, resulting in the elevation of autoantibodies in collagen-induced arthritis mice (49) and also augmented germinal center formation and IgM production in BANK1-deficient mice (50). The reduced BANK1 was identified and validated in the present study. It was possible that the downregulation of BANK1 contributed to the loss of immune tolerance in patients and susceptibility to PAH.

FOXF1 is a transcription factor that plays an essential role in lung development (51). FOXF1 regulates pulmonary angiogenesis by regulating STAT3 (52) and VEGF (53, 54) signaling in endothelial cells. The deletion of heterozygous copy number variants and point mutations in FOXF1 is the primary cause of alveolar capillary dysplasia with misalignment of pulmonary veins (55, 56), which is a rare and fatal disease characterized by severe progressive hypoxia and pulmonary hypertension (57). The identification of reduced FOXF1 may partially explain angiogenesis deficiency in pulmonary hypertension.

TLE1 is a corepressor that regulates the transcription of downstream genes by interacting with transcription factors and other proteins (58). Overexpression of TLE1 causes a decrease in nuclear NF-κB translocation, and the deficiency of TLE1 enhanced inflammatory responses mediated by Toll-like receptors (59). Moreover, TLE1 regulates NOD2/NF-κB signaling to mediate inflammatory responses (60, 61). Interestingly, we have reported that dysregulated Toll-like receptor and Nod-like receptor pathways lead to inflammatory cell infiltration and pulmonary vascular remodeling in PAH (12). Thus, TLE1 may act as a negative regulator involved in Toll-like and Nod-like receptor pathways in PAH.

CLEC4A1 and CLEC4A3 are members of the transmembrane C-type lectin receptors (CLRs). CLRs are expressed in various cells, including dendritic cells, B cells, monocytes, and macrophages (62). Damage-associated molecular patterns (DAMPs) can initiate CLR-mediated inflammatory responses that have been linked to allergy (63). We have previously demonstrated that, in MCT-induced PAH, the RIPK3-mediated necroptosis released a series of DAMPs (12). It is likely that CLR-mediated inflammatory responses triggered by DAMPs also participated in the PAH pathogenesis.

Several limitations are present in this study. First, the biological replicates in each MCT treatment group may be limited. Second, the results in this study were based on transcriptomic data, and the protein levels remain unknown. Thus, further studies are needed to validate our results.



Conclusion

In this study, WGCNA was employed to analyze the transcriptome of MCT-induced PAH for the first time. We identify dysregulated BCR signaling pathways and novel genes related to humoral immune response. Thus, these results may provide a novel insight into the molecular mechanisms underlying inflammation and immunity and therapeutic targets for PAH.
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