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Abstract: Background: Tetralogy of Fallot (TOF) is a very common cyanotic congenital heart disease. Endothelial-to-mesenchymal transition (EndoMT) is recognized as a physiological mechanism involved in embryonic heart development and endothelial formation. However, there is still a gap in the reports related to the mechanism of EndoMT development in TOF. Methods: First, transcriptomic data of single cell nuclei of TOF and Donor were obtained based on the Gene Expression Omnibus (GEO) database, and the data were normalized and clustered by dimensionality reduction using the Seurat package. Subsequently, differentially expressed genes (DEGs) between TOF and Donor were screened using the “FindMarkers” function, and the gene sets of interest were enriched. Finally, to characterize the dynamics of EndoMT occurrence in TOF, we performed pseudotime cell trajectory inference as well as utilized SCENIC analysis to probe the gene regulatory networks (GRNs) dominated by transcription factors (TFs) in endothelial cells. Results: We identified a total of six cell clusters based on single-cell nuclear transcriptome data from TOF and Donor. We found that 611 genes with up-regulated expression within TOF showed conversion to mesenchyme. By subdividing endothelial cell subtypes, endothelial cells 2 were shown to be involved in cell adhesion, migration and extracellular matrix processes. Pseudo-time and SCENIC analyses showed that endothelial cell 2 has EndoMT potential. In addition, ERG and TEAD1 are TFs that play key regulatory roles in this subtype, and both of their target genes are also highly expressed in TOF. This demonstrates that ERG and TEAD1 effectively promote the EndoMT process. Conclusion: Our study reveals the molecular mechanisms underlying the development of EndoMT in TOF, which demonstrates that manipulating the endothelial-to-mesenchymal transition may offer unprecedented therapeutic potential for the treatment of TOF.
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1  Introduction

Congenital heart disease (CHD) is a common congenital disability and a leading cause of infant mortality, with a global prevalence of 0.6%–9.4% [1]. Tetralogy of Fallot (TOF) is the most common cyanotic CHD and is clinically characterized by overriding aorta, right ventricular hypertrophy, ventricular septal defect, and pulmonary stenosis with a morbidity of 3.9/10,000 births [2,3]. With current surgical techniques for CHD are improving the mortality has decreased from early 25% to less than 2% [4]. However for patients with complex CHD, especially TOF infants, continue to experience high postoperative morbidity and mortality [5–7].

Endothelial cells are the most numerous types of mesenchymal cells in the heart [8]. Although endothelial cells in the heart come from different sources, they share many similarities in biological functions. For example, there are abundant cell connections that can effectively block the entry of macromolecules and particles into cells, serving as a good barrier between circulating blood and myocardial cells [9]. Secondly, compared to endothelial cells in other organs such as the lungs, kidneys, and liver, endothelial cells in the heart have higher angiogenic potential and metabolic efficiency, providing sufficient oxygen and energy for normal growth and functional maintenance of the heart [10–12]. Recently, analysis of single-cell sequencing technology has revealed that endothelial cells in the heart play an important role in cardiac remodeling and heart failure [13,14]. Compared to endothelial cells in organs such as the lungs, kidneys, and liver, endothelial cells in the heart have a higher angiogenic potential and metabolic efficiency, which provides sufficient oxygen and energy for normal growth and maintenance of heart function [10]. Endothelial cells also undergo phenotypic changes after stimulation with various growth factors, such as the adoption of more mesenchymal-like features [15]. In particular, endothelial-mesenchymal transition (EndoMT) serves as a unique form of epithelial-mesenchymal transition from endothelial cells to mesenchymal cells. In addition, EndoMT is also considered to be an intermediate state of vascular fibers, and endothelial cells primarily pass through EndoMT in order to regulate myocardial fibrosis, which is a type of ischemic cardiomyopathy [16,17]. Zeisberg et al. found that during myocardial fibrosis induced by a transverse aortic constriction, a large number of cardiomyocytes came to be overactivated by EndoMT of endothelial cells [18]. EndoMT hyperactivation of endothelial cells was present in angiotensin II as well as in isoprenaline-induced myocardial fibrosis [19,20]. Besides, EndoMT in tumors is also thought to contribute to the development of myocardial fibrosis and atherosclerosis following cardiac stress or injury [21,22].

Given the complexity of cardiac development, the development of TOF during cardiogenesis is affected in multiple ways. However, the mechanism regarding the occurrence of EndoMT has not been reported in TOF. Here, we demonstrated the ability of endothelial cells to transform to mesenchyme in TOF by single-cell analysis technique. We obtained TOF single-cell RNA sequencing (scRNA-seq) data based on public databases and identified the endothelial cell subpopulations most capable of transformation to mesenchyme by clustering. Subsequently, the trajectory analysis and transcription factor regulatory network of endothelial cell subpopulations were constructed in order to identify key markers that promote endothelial-to-mesenchymal transition. Our study provides new insights into the treatment of TOF.

2  Methods

2.1 Acquisition of Single-Cell Transcriptome Data

The scRNA-seq data for TOF and donors were obtained from the Gene Expression Omnibus (GEO) database from GSE203274 (https://www.ncbi.nlm.nih.gov/geo/) (GSE203274_AlNuclei_snRNA_ metadata.csv.gz). Subsequently, 10× Genomics to be used to construct sequencing libraries for TOF.

2.2 Processing of Single-Cell Transcriptome Data

We read the data using the “Read10X” function in the Seurat package [23] and retained cells with mitochondrial gene ratios of less than 0.2% and gene expression numbers between 200 and 10,000. Next, the data are normalized using the “SCTransform” function. Removing batch effects between different samples using harmony package [24] after the principal component analysis (PCA) dimensionality reduction. In addition, the top 30 principal components (PCs) were analyzed by uniform manifold approximation and projection (UMAP) analysis for dimension reduction. “FindNeighbors” and “FindClusters” functions for clustering different cell clusters. For the initial clustering of all TOF cells, we set the resolution to 0.15. And for the clustering of endothelial cells, the resolution was set to 0.1. Finally, we annotated the cell type of each cell according to the marker genes provided by Cell Taxonomy (https://ngdc.cncb.ac.cn/celltaxonomy/), PanglaoDB (https://panglaodb.se/index.html), and CellMarker 2.0 (http://bio-bigdata.hrbmu.edu.cn/CellMarker/) databases.

2.3 Differential Expression Analysis in Endothelial Cells

In order to further analyze the differences between the endothelial cell subtypes of TOF, we first extracted all endothelial cells using the “subset” function, and screened the differentially expressed genes (DEGs) between TOF and its donors using the “FindMarkers” function. The filtering criteria were |avg logFC| > 0.25 and p val adj < 0.05.

2.4 Enrichment Analysis

We uploaded the gene sets of interest into the Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) and analyzed them based on the Gene Ontology (GO) enrichment analysis to explore the biological process (BP) of the relevant cell subtypes. Additionally, gene sets were also uploaded into Kyoto Encyclopedia of Genes and Genomes (KEGG) database for pathway enrichment analysis. And p-value < 0.05 was set as the threshold values.

2.5 Trajectory Analysis of Cell Subtypes

To explore the fate of cell differentiation in TOF, we performed pseudotime analysis of cell types of interest using Monocle 2. We first use Monocle 2 to read the count data of the expression matrix and merge the phenotypic information of the cells, and use the “newCellDataSet” function to construct the Monocle object. Subsequently, we filtered out cells with less than 10 expressed genes and utilized the “FindAllmarkers” function to calculate the DEGs between TOF and donors. Next, we use the “reduceDimension” function to reduce the dimensionality of the above data (max_components = 2, method = “DDRTree”), and use the “orderCells” function to order the cells to complete the construction of the trajectories. We set more branches of cells within the donor as the starting point of the trajectory. The “differentialGeneTset” function (fullModelFormulaStr = “~sm.ns(Pseudotime)”) was used to calculate the pseudotime-related genes (q val < 0.01), and the “plot_pseudotime_heatmap” function was used to plot the heatmap of these genes with respect to pseudotime expression. Finally, we utilize the “plot_genes_in_pseudotime” function to plot the scatterplot of the gene of interest with respect to pseudotime expression.

2.6 Prediction of Core Transcription Factors (TFs)

To infer the core TFs for each branch based on Monocle identification, we used the SCENIC algorithm to infer the regulatory activity in each cell state [25,26]. We used the GENIE3 method to calculate the potential target genes for each TFs according to the official tutorial provided on the SCENIC website (https://github.com/aertslab/SCENIC), and used the top10perTarget approach to construct the transcription factor regulatory network. Subsequently, we identified TF-target gene relationship pairs with high confidence and utilized the AUCell package to calculate the degree of regulon activity within each cell. Each regulon is a TF and its set of genes that directly regulate target genes, and the SCENIC package scores the activity of each regulon in individual cells. A higher score represents a higher level of activation for that gene set. Finally, we used the cytoscape package [27] to demonstrate the target gene network regulated by TFs.

2.7 Potential Drugs Targeting Core TFs

Comparative Toxicogenomics Database (CTD) was used for searching and download drugs which targeting core TFs.

2.8 Statistical Analysis

In this study, we compared the differences between the two groups of continuous variables by using the Wilcoxon rank sum test. The Pearson algorithm was used to evaluate the correlation between the AUCell score and pseudotime for each cellular transcription factor. All computational procedures and plots were done using the R software (version 4.3.1). p-values < 0.05 was considered as indicating significant.

3  Results

3.1 TOF scRNA-seq Data Revealed 6 Cell Clusters

In this study, we obtained a total of 62,214 cells for analysis after quality control and normalization of scRNA-seq data (Fig. S1A). After gene expression had been normalized and PCA performed, we co-clustered and identified TOF cell types. These cell clusters are divided into six known cell types by being labeled with genes (Fig. 1A): cardiomyocytes (69.5%, marked with FABP3 and TNNT2), endothelial cells (10.33%, marked with VWF and CDH5), fibroblasts (12.81%, marked with DCN and COL1A1), smooth muscle cells (3.97%, marked with ACTA2 and MYLK), macrophages (2.45%, marked with CTSC and C1QA), and neuronal cells (0.95%, marked with NRXN1 and RELN) (Figs. 1B–1D, Fig. S1B). The detailed cell information could be seen in (Figs. S1C–S1E). In addition, compared with the donor group, the percentage of cardiomyocytes and fibroblasts was significantly higher in TOF (p < 0.05), whereas the percentage of endothelial cells, smooth muscle cells, macrophages, and neuronal cells was lower (p < 0.05, Fig. 1D).

[image: images]

Figure 1: Single-cell landscape and molecular characterization of TOF samples. (A) UMAP plot showing the distribution of six annotated cell types in 62,214 TOF cells based on CellMarker database; (B) Bubble plots showing highly expressed marker gene expression levels for each cell type; (C) Violin plot showing specific marker gene expression for six annotated cell types; (D) Cell proportion difference of each cell cluster in each sample within TOF and Donor groups. *p < 0.05, **p < 0.01, ***p < 0.001

3.2 TOF Endothelial Cells Have the Potential to Transform to Mesenchyme

Endothelial cells in the heart have an important role in the remodeling of the heart. To further investigate the changes in endothelial gene expression after TOF, we calculated 611 up-regulated genes and 25 down-regulated genes based on the “FindMarkers” function (Fig. 2A; Table S1). Subsequently, results based on GO enrichment analysis showed that DEGs with up-regulated expression were mainly enriched in biological processes associated with cell migration, cell division, angiogenesis, Wnt signaling pathway, and epithelial-to-mesenchymal transition (EMT) (Fig. 2B). As shown in Fig. 2C, DEGs with down-regulated expression in TOF were mainly enriched in angiogenesis, stem cell and endothelial cell proliferation, and receptor internalization, among other pathways. Notably, since the entry for GO enrichment analysis was absent regarding the EndoMT pathway, in this study we demonstrated that endothelial cells have the potential to transform to mesenchyme by verifying that endothelial cells are enriched in the EMT pathway. For this purpose, we extracted genes with up-regulated expression in TOF endothelial cells for conversion to mesenchyme. As shown in Fig. 2D, a total of 12 genes were involved in the EndoMT process of TOF, including ITGAV, RAB1A, NCKAP1, LAMB1, WWC2, FLT1, ENG, FGFR1, NOTCH4, ROCK1, DDX5, and DDX17.
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Figure 2: Differential expression analysis of endothelial cells between TOF and Donor groups. (A) Volcano plot of differentially expressed genes (DEGs) in annotated endothelial cells between TOF and Donor groups; (B) biological processes enriched for up-regulated DEGs between two groups; (C) biological processes enriched for down-regulated DEGs between two groups; (D) expression levels of genes involving in transformation to mesenchyme in TOF and Donor epithelial cells

3.3 Identification of Endothelial Cell Subtypes in TOF

To further explore the heterogeneity of endothelial cells at the gene expression level between TOF and Donor, we normalized and down-clustered the scRNA-seq of endothelial cells and obtained five endothelial cell subtypes (Fig. 3A). Subsequently, compared to Donor, we found that endothelial cell 2 (32.73%) and endothelial cell 4 (14.17%) accounted for a higher proportion of the TOF (Fig. 3B). This implies that endothelial cells 2 and 4 are closely related to the development of TOF. For this purpose, we identified genes that were highly expressed in endothelial cells 2 and 4, respectively. THSD4, ELN, PTPRJ, GCNT2, NTRK2, NOS1AP, and GJA5 were significantly expressed in endothelial cells 2. ACTC1, CRYAB, TNNT2, LAMB1, DES, LPL and MYH6 are highly expressed in endothelial cells 4 (Fig. 3C). DEGs between different endothelial cell subpopulations are shown in Table S2. Enrichment analysis showed that endothelial cells 4 was mainly enriched in pathways such as cardiac muscle contraction and cardiac myofibril assembly, suggesting that its biological function is similar to that of cardiomyocytes. Similar results could also be seen in Table S3. Importantly, we found that endothelial cells 2 were mainly enriched in pathways such as cell adhesion, cell migration and extracellular matrix organization (Fig. 3D). This implies that endothelial cell 2 may have the ability to transform to mesenchyme and play a key role in TOF progression.
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Figure 3: Heterogeneity analysis of endothelial cell subgroups in TOF and Donor groups. (A) UMAP plot displaying the classification of endothelial cell subpopulations by specific highly expressed genes; (B) cell proportions of each endothelial cell subpopulation between TOF and Donor groups; (C) bubble diagram demonstrating specific highly expressed genes in endothelial cell subpopulations 2 and 4; (D) GO enrichment analysis for biological processes of specific highly expressed genes in endothelial cell 2 and 4

3.4 Trajectory of Endothelial Cell Differentiation in TOF

To gain insight into the evolution of the endothelial cell 2 subtype from donor to TOF, we mapped the differentiation trajectory of this subtype using the monocle package to observe the dynamic changes in gene expression patterns therein (Fig. 4A). Subsequently, we found that with the prolongation of pesudotime, the expression level of genes related to angiogenesis, endothelial cell migration, Wnt and TGF-β receptor signaling pathway, and positive regulation of cell proliferation were gradually increased (Fig. 4B). This suggests that in TOF, the ability of endothelial cells to transform into mesenchyme increases progressively as the disease progresses. Subsequently, we found that genes within both the TGF-β receptor signaling pathway and the WNT signaling pathway exhibited a conversion process from donor to TOF, which again endothelial cells have the ability to convert to mesenchyme and are closely related to the TGF-β receptor signaling pathway and the WNT signaling pathway (Figs. 4C and 4D).
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Figure 4: Pseudo-time analysis of endothelial cell 2. (A) Differentiation trajectory describing the trajectory of endothelial cell 2 conversion from Donor to TOF status; (B) heatmap of pseudotime-related genes with pseudotime changes and involved pathways; (C, D) scatterplot displaying the expression levels changes of genes participating in the TGF-β receptor (C) and Wnt (D) signaling pathway during pseudotime analysis

3.5 Identification of Markers with the Potential to Promote EndoMT

To further identify TFs that play a regulatory role during EndoMT, we first constructed gene regulatory networks (GRNs) of TFs within endothelial cell 2 subtypes using the SCENIC package. Subsequently, the activity scores of each TFs were calculated by the AUCell algorithm, where a higher score represents a stronger transcriptional regulatory role played by this TF within that cell subpopulation. Notably, we found the highest correlation coefficients of AUCell scores with pseudotime for REG (R = 0.6391) and TEAD1 (R = 0.4539) (Figs. 5A and 5B). In addition, ERG target genes including TEAD4, ACTB, SS18, DOCK4, DOCK9, SH2D3C, BCL2L1, GIT1, and PIK3R4, which are mainly involved in the positive regulation of stem cell population maintenance, regulation of cytokinesis, and GTPase mediated signal transduction (Fig. 5C). As shown in Fig. 5D, TEAD1 and target genes including USP6NL, GNAS, EV15, SMAD3, LTBP4, LATS2, RRAS2, ITGA5, PIAS1, and KHDRBS1, which are primarily involved in the G1/S transition of mitotic cell cycle, positive regulation of GTPase activity, positive regulation of cell migration, and regulation of TGF-β receptor signaling pathway. Among them, the pairs of regulatory relationships between TFs and target genes are shown in Table S4. Finally, in comparison to Donor, we found that ERG, TEAD, and related target genes were all significantly overexpressed in TOF patients (Figs. 5E and 5F). These results confirm the potential of REG and TEAD1 to effectively promote the transformation of endothelial cell subpopulation 2 to mesenchyme in TOF. For a supplement, we also predicted the potential drugs that could reduce the expressions for REG and TEAD1 (Table S5), hoping to provide a direction in drug targets research for TOF disease.
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Figure 5: Identification of TFs of endothelial cell 2 subpopulations in TOF. (A, B) Scatter plots of correlation between AUCell score and pseudotime for ERG (A) and TEAD1(B); (C, D) GRNs of ERG (C) and TEAD1 (D) and their target genes (each color means a kind of biological functions); (E, F) differences in expression levels of ERG and TEAD1 and their target genes between the TOF and Donor groups

4  Discussion

TOF is a typical CHD which accounts for 7%–10% of all CHDs [28]. Endothelial cells are essential for maintaining normal heart function, and damage to them can potentially lead to myocardial infarction and subsequent heart failure [29]. EndoMT is a process that endothelial cells are required to undergo, a process that is accompanied by a series of molecular and cellular changes, which in turn ultimately lead to alterations in the phenotype of mesenchymal cells [30]. Therefore, we based the single-cell nuclear data on TOF in order to explore the mechanism of EndoMT development.

In this study, we found that the percentage of endothelial cell clusters was reduced in TOF patients compared to Donor. To further explore the heterogeneity of endothelial cells in TOF, we categorized endothelial cells into five cellular subpopulations. Endothelial cells 2 seemed to involve in cell adhesion, cell migration, and extracellular matrix processes. EndoMT has been shown to alter the levels of mucins attached to cells and contribute to the remodeling of the extracellular matrix [28,31]. EndoMT is complex in the cardiovascular system, where endothelial cells in the cardiovascular lose intercellular adhesion throughout EndoMT and also acquire a strong ability to migrate and invade [32]. In addition, we found that PTPRJ, GCNT2, and GJA5 were highly expressed in endothelial cell 2 compared to other endothelial cell subpopulations. Among them, negative regulation of PTPRJ expression in endothelial cells can be accomplished by controlling the COX-2/PGE2 signaling pathway [33]. Zhang et al. found in breast cancer that GCNT2 was also able to promote endothelial cell adhesion and cell migration and invasion in vitro, it was also able to participate in the signaling process of EMT and TGF-β, which is a comprehensive mechanism in cancer cell metastasis [34]. Lu and his colleagues found that decreased GJA5 expression in arterial endothelial cells could damage arterial generation in acute ischemic cardiovascular disease [35]. Collectively, these results suggest that reduced endothelial cells in TOF may account for their abilities to transform to mesenchyme by high expression of relevant genes (PTPRJ, GCNT2, and GJA5), decreasing intercellular adhesion as well as promoting cell migration, which in turn promotes the development of TOF.

EndoMT is thought to be important for valve formation and cardiac separation during cardiac development, and its activation requires the involvement of many signaling pathways, including the TGF-β and Wnt signaling pathways [22,32]. The TGF-β signaling pathway is the most common pathway studied for induction of EndoMT. Fan et al. found that it is through activation of the TGF-β/SMAD2 pathway that lactic acid aims to disrupt the function of endothelial cells [36]. When the receptor for TGF-β is activated, TGF-β signaling is transmitted from the cell membrane to the nucleus via transduction of SMAD proteins [37]. Importantly, an important inhibitory protein in SAMD proteins, SMAD6, was identified in our study, which is progressively expressed at elevated levels with prolonged pesudotime in the development of TOF. SMAD6 expression levels are tightly correlated with the development of CHD [38]. Ruter et al. showed that SMAD6 is also a necessary element for endothelial cell flow-mediated responses [39]. Kulikauskas et al., on the other hand, showed that SMAD6 is able to maintain normal vascular development by regulating the balance of ALK1 signaling [40]. Notably, both TGF and Wnt signaling converge in the nucleus, where they will work together to coordinate the transcriptional control of shared target genes [41]. Wnt signaling, on the other hand, is extremely critical for EndoMT in endocardial cushions in the developing heart [42]. Zhong et al. showed that Wnt/β-catenin signaling in EndoMT has the ability to promote myofibrillar production in the valve [43]. MiR-222 was also able to inhibit cardiac fibrosis in diabetic mice by regulating Wnt/β-catenin-mediated EndoMT [44]. These results all further confirm that development in TOF may be accomplished through the EndoMT process mediated by TGF-β and Wnt signaling.

Based on SCIENIC analysis, we identified ERG and TEAD1 as key TFs that promote the transformation of endothelial cell 2 subtypes to mesenchymal in TOF. The ETS family is one of the members of TFs in which ETS-related genes (ERGs) have been shown to be specifically highly expressed in endothelial cells [45]. ERG is one of the factors important for the maintenance of endothelial homeostasis [46,47]. ERG has been shown to protect endothelial cells from EndoMT by regulating the TGF-β/SMAD signaling pathway [48]. Nagai et al. found that ERG expression is down-regulated in tumor endothelial cells and suggested that ERG acts as an activator of key transcription of specific genes on endothelial cells [49]. In addition, as a core component on the Hippo pathway, which is important for cardiac development and regeneration, yes-associated protein 1 (YAP1) requires binding to TFs to function because it lacks a DNA-binding structural domain [50–52]. To date, the importance of TEAD1 in cardiomyocytes, which contributes to cardiomyocyte proliferation, has been established [53]. Liu et al. showed that TEAD1 deficiency leads to acute dilated cardiomyopathy in adults. This is mainly due to the fact that TEAD1 autoregulates cardiomyocyte mitochondrial OXPHOS to result in diminished aerobic respiration and maximal mitochondrial oxygen consumption [54]. Yamada et al. indicated that dysregulation of TEAD1 target genes was observed in cardiac tissues of patients with dilated cardiomyopathy with LMNA gene mutations [55]. Furthermore, in human endothelial cells, TEAD1 can also interact with vestigial-like family member 4 (VGLL4) to promote the production of key TFs by endothelial cells and contribute to the enhancement of endothelial cell lineage specification [56]. These results confirm that the two key TFs we identified, including ERG and TEAD1 are important in CHD and even in TOF. However, in the present study, we found that ERG and TEAD1 and related target genes were progressively up-regulated during the development of TOF and had a contributory role in the EndoMT process. Therefore, in future studies, in-depth exploration of the molecular mechanisms of EndoMT of ERG and TEAD1 in TOF still needs to be further verified by in vivo and in vitro experiments. In addition, our study was based only on scRNA-seq data from the GEO database, which still requires a larger sample size and TOF of clinical samples to validate our results.

Limitations in this study should be noted. All the analysis were conducted based on online database and bioinformatics tools. In the future, web experiment for the role of selected genes on EndoMT process as well as clinical detections on the expression of interested genes are needed to validate our finding.

5  Conclusion

In summary, we analyzed single-cell transcriptome data to identify endothelial cell subtypes in TOF that exhibit a marked ability to transform to the mesenchyme. Based on the analysis of scRNA-seq data, we identified six cell clusters, screened five endothelial cell subtypes associated with EndoMT in TOF, and revealed the differentiation status of endothelial cells 2 and the activity of TFs. Furthermore, enrichment analysis revealed that endothelial cell 2 may mediate the development of EndoMT in TOF by decreasing intercellular adhesion capacity and promoting cell migration, as well as through TGF-β and Wnt signaling pathways. Importantly, we identified two key TFs (ERG and TEAD1) with the potential to promote EndoMT. This not only emphasizes the heterogeneity of endothelial cells present in TOF, but also reveals the molecular mechanism of EndoMT in TOF.
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